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Background

Abnormally changed steroid hormones during pregnancy are closely related to the pathological process of gestational diabetes mellitus (GDM). Our aim was to systematically profile the metabolic alteration of circulating steroid hormones in GDM women and screen for risk factors.





Methods

This study was a case-control study with data measured from 40 GDM women and 70 healthy pregnant women during their 24-28 gestational weeks. 36 kinds of steroid hormones, including 3 kinds of corticosteroids, 2 kinds of progestins, 5 kinds of androgens and 26 kinds of downstream estrogens in serum were systematically measured using a combined sensitive UPLC-MS/MS method. The flux of different metabolic pathways of steroid hormones was analyzed. Logistic regression and ROC curve model analyses were performed to identify potential steroid markers closely associated with GDM development.





Results

Serum corticosteroids, progestins and almost all the estrogen metabolites via 16-pathway from parent estrogens were higher in GDM women compared with healthy controls. Most of the estrogen metabolites via 4-pathway and more than half of the metabolites via 2-pathway were not significantly different. 16α-hydroxyestrone (16OHE1), estrone-glucuronide/sulfate (E1-G/S) and the ratio of total 2-pathway estrogens to total estrogens were screened as three indicators closely related to the risk of GDM development. The adjusted odds ratios of GDM for the highest quartile compared with the lowest were 72.22 (95% CI 11.27-462.71, Ptrend <0.001) for 16OHE1 and 6.28 (95% CI 1.74-22.71, Ptrend <0.05) for E1-G/S. The ratio of 2-pathway estrogens to total estrogens was negatively associated with the risk of GDM.





Conclusion

The whole metabolic flux from cholesterol to downstream steroid hormones increased in GDM condition. The most significant changes were observed in the 16-pathway metabolism of estrogens, rather than the 2- or 4-pathway or other types of steroid hormones. 16OHE1 may be a strong marker associated with the risk for GDM.





Keywords: steroid hormones, gestational diabetes, UPLC-MS/MS, estrogens, corticosteroids, progestins




1 Introduction

Gestational diabetes mellitus (GDM) is an idiopathic complication during pregnancy, characterized primarily by hyperglycemia first diagnosed during pregnancy. It is estimated that GDM affects more than 20 million live births worldwide (1). The prevalence of GDM varies from 1% to 28% in different countries and regions. Compared with European pregnant women, Asian pregnant women were found to have a higher incidence of GDM (2, 3). However, since the lack of uniformity in screening method and diagnosis criteria for GDM, the comparison on the prevalence of GDM between and within countries needs to be further discussed (4).

In terms of short-term effects, GDM can cause high blood pressure during pregnancy, high fetal weight and premature delivery (5). In the later long-term follow-up of women with GDM, they are at higher risk of developing type 2 diabetes (T2D) (6, 7), hypertension (8) and other cardiovascular events (9–12) than those without GDM. Moreover, emerging evidence tends to suggest that GDM also has profound influences on the health of offspring, whether short or long term. The newborns of GDM mothers may develop macrosomia, hypoglycemia, respiratory distress syndrome and some other severe complications (13). Henceforth, they may also risk long-term health problems including insulin resistance (IR), subsequent obesity, T2D, and increased neuropsychiatric morbidity (14).

At present, the pathogenesis of GDM is not very clear. IR, genetic susceptibility, metabolic disorders, and the interaction of complex factors are proved to be closely associated with GDM. In general, IR is considered to underlie the pathophysiology of GDM (15). IR may occur during pregnancy due to impairment of pancreatic islet β-cell function, which makes it fail to compensate for insulin. Current studies suggested other potential factors related to IR in pregnant women, including levels of steroid hormones, placental hormones, and inflammatory mediators, which function as antagonists to insulin (16).

As we all know, steroid hormones exert strong biological activities in our bodies via specific receptors. They could be divided into four classes according to the structures: estrogens, progestins, androgens and corticosteroids. These steroid hormones are closely linked in a metabolic network originated from cholesterol. Steroid hormones could affect insulin function in diverse aspects. For instance, progesterone, cortisol and estrogens were found to affect β-cell function or the sensitivity of peripheral tissues to insulin (17). CAR-mediated signaling pathway was confirmed to be involved in the influence of estrogens and progestins on IR (18). Progesterone may exert a toxic effect on pancreatic β-cells through an oxidative-stress-dependent mechanism that induces apoptosis (19). Hence, the abnormal changes of steroid hormone levels (e.g. testosterone, estradiol and progesterone, etc.) observed in women with GDM (19–24) are correlated with the occurrence and development of IR. Remarkably, most existing studies focused on several or several types of precursor steroid hormones, which are confirmed to have high biological activities and could be easily measured. However, in the metabolic network of steroid hormones, there are dozens of structural analogues with similar or opposite physiological activity (Figure 1). Changes of steroid levels are not only related to the activities of upstream or downstream enzymes but also to the levels of intermediates in the pathways. Focusing only on a few steroid hormones makes it difficult to trace the cause of metabolic changes or to reveal the potential mechanism of GDM pathogenesis. Precursor steroid hormones could be metabolized through reduction, oxidation, methylation, glucuronidation or other metabolic pathways in vivo (25). Despite the relative low levels of some metabolites, they are proved to be involved in some physiological processes, such as fat disposition regulation and muscle mass promotion (26, 27). At present, there is still a lack of research on the overall metabolic network of steroid hormones in GDM pregnant women. The relationship between steroid metabolites and GDM is still unclear.
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Figure 1 | Metabolic network of steroid hormones.



This study aims to systematically profile the changes of steroid metabolic network in pregnancy with GDM by employing a combined sensitive ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). For the first time, the overall metabolic characteristics of steroid hormones in pregnant women with GDM were analyzed and summarized through quantifying 36 kinds of steroid hormones, including 3 kinds of corticosteroids, 2 kinds of progestins, 5 kinds of androgens and 26 kinds of downstream estrogens and their metabolites. This work contributes to further disclosing the correlation between the metabolic disorders of steroid hormones and the pathogenesis of GDM.




2 Materials and methods



2.1 Chemicals and materials

Estradiol (E2), estrone (E1) and estriol (E3) were purchased from China National Institutes for Food and Drug Control (Beijing, China). 2-Hydroxyestrone (2OHE1), 2-hydroxyestradiol (2OHE2), 2-methoxyestrone (2MeOE1), 2-methoxyestradiol (2MeOE2), 4-methoxyestrone (4MeOE1), 4-methoxyestradiol (4MeOE2), 16α-hydroxyestrone (16OHE1), 16-epiestriol (16EpiE3), 17-epiestriol (17EpiE3), aldosterone (ALD) and internal standards (deuterated steroid hormones) were purchased from TRC (Toronto, Canada). Progesterone (P4), 17α-hydroxyprogesterone (17α-OHP4), testosterone (T), dihydrotestosterone (DHT), androstenedione (AD), corticosterone (CORT) and cortisol (F) were purchased from Dr. Ehrenstorfer (Augsburg, Germany). Dehydroepiandrosterone (DHEA) was purchased from Cerilliant (Round Rock, TX, USA). Dehydroepiandrosterone sulfate (DHEA-S) was purchased from ISOscience (Ambler, PA, USA). 4-Hydroxyestrone (4OHE1), dansyl chloride, L-ascorbic acid, and β-glucuronidase/arylsulfatase were obtained from Sigma-Aldrich (St. Louis, MO). Methanol (HPLC grade) and formic acid were purchased from Merck (Darmstadt, Germany) or Fisher (Waltham, MA, USA). Deionized water was prepared using a Milli-Q system (Millipore, Milford, MA, USA). Acetone was obtained from Nanjing Chemical Reagent CO., LTD.




2.2 Study population and sample collection

This study was approved by the ethical committee of Drum Tower Hospital Affiliated to Medical School of Nanjing University (No.2021-021-01) and was registered to ChiCTR (identifier: ChiCTR2100048675). Written consent has been obtained from each patient or subject after full explanation of the purpose and nature of all procedures used. All women in this study had singleton pregnancies and underwent routine 75-g oral glucose tolerance test (OGTT) screening at 24-28 gestational weeks. GDM was diagnosed based on IADPSG guideline to meet one or more of the following diagnostic criteria (28): (1) fasting blood glucose≥5.1 mmol/L; (2) 1 h≥10.0 mmol/L; (3) 2 h≥8.5 mmol/L. The final study population was determined after excluding pregnant women with any of the following characteristics: (1) <18 years of age; (2) severe maternal or fetal illness (malignancy, decompensated liver disease, heart disease, hypertension, congenital anomaly, etc.); (3) pre-existing diabetes mellitus or overt diabetes; (4) polycystic ovarian syndrome; (5) presence of drug use that interferes with steroid metabolism (progestin drugs); (6) non-singleton pregnancies; (7) newborns diagnosed with congenital anomaly (heart disease, neurological disease, metabolic diseases, etc.) or missing health assessment information for the newborns. Finally, a total of 40 GDM women and 70 healthy pregnant women aged 26–42 were recruited for analysis.




2.3 Anthropometric and biochemical measurements

A detailed medical history including age, gestational age, height and other basic information was recorded for each participant. Maternal weight at 24-28 weeks of gestation was measured by the standard method. The pre-pregnancy weight was recorded according to patient statements. BMI value was calculated by dividing the weight (kilograms) by the square of height (meter2). Each participant underwent a 75-g OGTT after an overnight fast of 10–12 hours. Blood lipids (triglycerides (TG), total cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) and liver enzymes, including aminotransferase (ALT), aspartate aminotransferase (AST), g-glutamyl transferase (GGT) and plasma glucose were measured by using a biochemical autoanalyzer (Beckman, CA, USA).




2.4 Quantification of the serum steroid hormones based on UPLC-MS/MS method

Steroid hormones in serum samples collected at the at 24-28 weeks of gestation were determined using a Waters UPLC I-Class system interfaced with a Xevo TQ-S triple quadrupole mass spectrometer (Waters Corp., Milford, MA, USA). This method validation was performed according to the Guidelines for Bio-analytical Method Validation. For the determination of estrogens, mass spectrometry was performed in positive mode and multiple reaction monitoring (MRM). Liquid chromatography separation was achieved on a Waters CORTECS C18 column (2.1 × 150 mm, 1.6 μm) at 40°C. The flow rate was 0.3 mL/min. The mobile phase consisted of solvent A, deionized water (containing 0.05% formic acid and 2 mM ammonium acetate) and solvent B, methanol. The elution gradient was as follows: 0.0-4.1min, isocratic 78% B; 4.1-4.2 min, linear gradient 78-81% B; 4.2-8.0 min, isocratic 81% B; 8.0-8.01min, linear gradient 81-78% B; 8.01-10.0min, isocratic 78% B. The total run time was 10.0 min. For the determination of corticosteroids, progestins and androgens, mass spectrometry was performed in a positive and negative ion switching mode and MRM. Liquid chromatography separation was achieved on a Phenomenex Kinetex XB-C18 (3.0 × 50 mm, 2.6 µm) at 40°C. The flow rate was 0.3 mL/min. The mobile phase consisted of solvent A, deionized water (containing 100 μM ammonium fluoride) and solvent B, methanol. The elution gradient was as follows: 40% B increased to 98% B from 0.0 min to 3.0 min, maintained for 0.5 min, retuned to initial conditions, and then re-equilibrated for 2.5 min. The total run time was 6.0 min.

Sample preparation procedure was performed as previously described (29, 30). Briefly, charcoal-stripped human serum with no detectable levels of any steroid hormones was used for preparation of calibration standards and quality control samples. Free estrogens, conjugated (-glucuronide/sulfate, -G/S) estrogen metabolites and other steroid hormones were directly or indirectly measured through preparation procedures with or without β-glucuronidase/sulfatase hydrolysis step. Serum samples and enzymatically hydrolyzed serum samples underwent liquid-liquid extraction with methyl tert-butyl ether. After extraction, the organic solvent portion was transferred and evaporated to dryness at 60°C under nitrogen gas. For the determination of estrogens, the dried samples then underwent the derivatization process using dansyl chloride. All residue samples were reconstituted with methanol and analyzed by UPLC-MS/MS.




2.5 Statistical analysis

The normality of values was analyzed by Shapiro-Wilk test. Values with normal distribution were summarized as the mean ± standard deviation (SD), and the corresponding significance was examined by using the Student’s t-test. Values with non-normality were summarized as the median (interquartile range, IQR), and significance was examined by Mann-Whitney U test. P < 0.05 was considered significant. Volcano graph was drawn by GraphPad Prism 8.0 to screen for the obvious changes of serum steroid hormones in GDM women compared to healthy pregnant women. A mixed-effects Least Absolute Shrinkage Selection Operator (LASSO) logistic regression, implemented by STATA/MP version 16.0, was used for multicollinearity elimination and variable selection. Receiver operating characteristic (ROC) curves were plotted to classify the performance of biomarkers. The most relevant steroid hormones are grouped into quartiles to determine the linear trend relationship between the independent variables and the prevalence of GDM.





3 Results



3.1 Establishment and method validation of UPLC–MS/MS analysis

A combined sensitive and rapid UPLC-MS/MS method was developed to profile the steroid network in GDM women. 23 kinds of steroid hormones, including 5 kinds of upstream C21 steroid hormones (corticosteroids and progestins), 5 kinds of C19 steroid hormones (androgens) and 13 kinds of downstream C18 steroid hormones (estrogens), were directly measured through the UPLC-MS/MS method. 13 kinds of conjugated Phase II metabolites were indirectly measured by the β-glucuronidase/sulfatase hydrolysis method. As shown in Figure 2, we optimized the elution gradient of chromatographic mobile phases to achieve rapid separation of multiple isomers. The peaks for each steroid appeared sharp and symmetrical. The total running time kept within 6 mins and 10 mins. This method validation was performed according to the guidelines for Bio-analytical Method Validation published by the US FDA and fulfilled the acceptance criteria, as shown in Supplementary Tables S1–4. The linear range of the measured steroid hormones was as follows: estrogens (0.001-2 ng/mL), T (0.05-10 ng/mL), DHT (0.025-5 ng/mL), 17α-OHP4(0.05-10 ng/mL), P4 (0.05-10 ng/mL), CORT (0.1-20 ng/mL), DHEA (0.1-20 ng/mL), AD (0.05-10 ng/mL), F (1-200 ng/mL), ALD (0.01-2 ng/mL), DHEA-S (50-10000 ng/mL).
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Figure 2 | Typical chromatograms of multiple reaction monitoring for target steroid hormones. (A) Corticosteroids, progestins and androgens. (B) Estrogens and the metabolites.






3.2 Monitoring parameters

A total of 110 pregnant women participated in this study, including 40 GDM women and 70 healthy pregnant women. The baseline characteristics of the GDM group and corresponding controls are shown in Table 1. There was no statistical significance in age and weight between GDM and healthy pregnant women. GDM women had higher BMI values and higher levels of serum fasting and post-load glucose, TG and HDL compared with healthy pregnant women. The liver function index and other serum lipids were comparable between the two groups.


Table 1 | Clinical characteristics of GDM cases.
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3.3 Profiling of serum steroid hormones in women with GDM

The levels of 36 steroid hormones measured by UPLC-MS/MS are presented in Table 2. Briefly, in addition to androgens, there was a statistically significant increase in serum corticosteroid, progestin and some downstream estrogen levels of GDM women, compared with the healthy. The levels of serum androgens are roughly comparable. Changes in serum concentrations of progestins and corticosteroids were relatively mild between GDM and healthy women, except for 17-OHP4 (p<0.05, FC 1.6), an active intermediate derived from P4 via 17-hydroxylase.


Table 2 | The concentrations of serum steroids and metabolites in GDM women and healthy pregnant women.

[image: Table comparing biochemical markers between control (n=70) and GDM (n=40) groups, categorized into corticosteroids, progestins, androgens, and estrogens. It shows values, trends, fold change (FC), and p-values, highlighting statistically significant differences.]

Among all changed steroid hormones, estrogens showed relatively large changes. Among all kinds of estrogens measured, 3 kinds of conjugated metabolites, including E1-G/S, E3-G/S and 16OHE1-G/S, have absolute advantages in serum concentrations. The median concentrations of serum parent estrogens (E1, p<0.05; E2, p<0.001) and the conjugate metabolite (E1-G/S, p<0.001) in GDM women were higher than those in healthy women. E1-G/S was nearly 10 times higher in serum than its precursor E1. However, E2-G/S was not detected in serum samples. Interestingly, almost all metabolites via the 16-hydroxylation pathway from parent estrogens were higher in GDM women. Among these 16-hydroxylated metabolites, the median concentrations of 5 metabolites, including E3, E3-G/S, 16OHE1, 16OHE1-G/S, and 16EpiE3 (p<0.001), changed more than 1.5 times in the serum of GDM women compared with healthy women. In contrast, most estrogen metabolites via 4-hydroxylation pathway and more than half of the metabolites via 2-hydroxylation pathway were not significantly different in serum between the two groups. Besides, 2MeOE2-G/S and 4MeOE2 were not detected in all serum samples. 2MeOE1-G/S was not detected in more than 80% of serum samples.

From the perspective of metabolic flux, there was a significantly higher flux of hydroxylation metabolism of estrogens (p<0.001, FC 1.55) in GDM women, and this elevation of hydroxylation was mainly contributed by 16- hydroxylation pathway, as shown in Table 3. No significant difference was observed in the total calculated concentration of metabolites via 2- or 4-hydroxylation pathways. In addition, the metabolic ratios of 2- and 4-pathways to total estrogens decreased significantly in GDM women.


Table 3 | Analysis on the tendency of metabolic pathway.

[image: Table comparing estrogen levels and metabolic pathway ratios between control and GDM groups. GDM shows higher total estrogens, hydroxylation, and conjugated estrogens with significant trends and fold changes. Some pathways lack significant trends or changes.]




3.4 Correlation analysis reveal potential steroid markers associated with GDM

As shown in Figures 3, 4, a total of 23 kinds of steroid indicators were screened out according to Student’s t-test results and fold change values (p<0.05, FC>1.2). ROC analysis was further employed to preliminarily evaluate the diagnostic performance of serum metabolites in the discrimination of GDM from controls. The area under the curve (AUC) values of 9 directly measured steroid hormones (16OHE1, 16OHE1-G/S, E3, E1-G/S, E2, 16-EpiE3-G/S, 17-EpiE3, 16-epiE3 and 2OHE2) and 4 indirectly calculated indicators (total estrogens, conjugated estrogens, total hydroxylated estrogens, and total 16-hydroxylated estrogens) achieved good AUC values (>0.7), which indicated good diagnostic efficacy and close correlation. Among these indicators, 16OHE1 achieved the highest AUC value of 0.85. Based on all quantitative results, a combined model was established through LASSO logistic regression considering the basic biochemical characteristics, directly measured and indirectly calculated steroid indicators to eliminate the multicollinearity and find the specific markers associated with GDM. With parameter lambda of 0.05 obtained by cross-validation, we identified a diagnostic panel of 5 elements, including BMI, TG, 16OHE1, E1-G/S and the ratio of total 2-pathway estrogens to total estrogens. The equation Logit (P) = 0.172*BMI+0.438*TG+0.104*E1-G/S+7.381*16OHE1-29.131* ratio (2-pathway: total)-10.172. The AUC-ROC of the model was 0.89, which indicated that the screened markers are closely related to the development of GDM.
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Figure 3 | Changes of steroid metabolism in GDM women. (A) Phase diagrams showed the changes in different types of serum steroid hormones in GDM women compared with the health controls. (B) Volcano plot of serum steroid hormones in GDM women compared with the health controls. FC, fold change.




[image: Six ROC curve graphs labeled A to F, displaying various models’ sensitivity and specificity. Each graph includes multiple curves with corresponding AUC values, ranging from 0.62 to 0.89. Each panel has different labels, representing different pathways or biomarkers, emphasizing the predictive power of the models.]

Figure 4 | The ROC analyses of significantly changed indicators. (A) ROC curves of the combination model and the screened individual elements. (B–F) ROC curves of the steroid indicators with statistically significant change in GDM. B: Progestins, androgens and parent estrogens; C: Estrogens in 2- or 4- pathway; D: Estrogens in 16- pathway; E: Calculated pathway flux; F: Calculated pathway ratio.



To further explore the correlation between the screened steroid hormones and the risk of GDM, the concentrations of serum 16OHE1, E1-G/S and the ratio of 2-pathway metabolites to total estrogens were stratified into quartiles to perform binary logistic regression analysis, as shown in Table 4. It was observed that 16OHE1 and E1-G/S were significantly positively correlated with GDM risk. This association was also enhanced in the age, BMI and TG–adjusted models. The age, BMI and TG adjusted odds ratios (ORs) of GDM for the highest quartile compared with the lowest were 72.22 (95% CI 11.27-462.71, Ptrend <0.001) for 16OHE1 and 6.28 (95% CI 1.74-22.71, Ptrend< 0.05) for E1-G/S. Besides, the ratio of total 2-pathway estrogens to total estrogens was negatively associated with the risk for GDM, whether with or without adjustment for potential confounders. After adjustment by potential confounders, the negative association between the ratio of total 2-pathway estrogens to total estrogens and the risk for GDM was not significant (adjusted OR for the highest versus the lowest quartile, 0.65; Ptrend= 0.108).


Table 4 | Multivariate-adjusted association of the selected indicators and the risk of GDM.

[image: A table showing odds ratios (OR) across four quartiles for three characteristics: 16OHE1, E1-G/S, and 2-pathway: total. Data includes crude and adjusted ORs with confidence intervals, and corresponding p-values. Quartile values range from 0.309 to 15.339. The table notes conditional logistic regression adjusted for age, BMI, and triglycerides.]





4 Discussion

So far, various factors related to the pathogenesis and development of GDM have been investigated. Although the occurrence of IR in pregnant women may be closely related to the levels of steroid hormones, there is no data available on the alteration of the whole steroid metabolic network during the pregnancy process of GDM. Limited studies reported several kinds of serum steroid hormones in GDM patients based on immunoassay with lower specificity. Due to the different commercial kits, the results vary across laboratories (31–33) and the types of analyzed steroid hormones are limited. Hence, some potentially important steroid hormones have not been fully explored.

Generally, large amounts of progestogens and estrogens are produced in the mother’s body to adapt to the homeostasis during pregnancy (34). Claudio Villarroel et al. (24) studied 24 GDM cases and 24 control women during the second half of pregnancy and found that GDM pregnant women had lower E1 and E2 serum levels but a higher T level. Junguk Hur et al. (35) showed that an early second trimester serum unconjugated E3>95th percentile of the values generated from the overall screen population was associated with an increased risk for GDM (OR 2.05, p<0.001). However, conjugated E3 was not detected in the study. As a supplement, our results indicated that both conjugated and unconjugated E3 levels in GDM women were significantly higher than those in the healthy pregnant controls. Consistent with the previous findings that GDM women had higher P4 levels (36), our results demonstrated that GDM women also had significantly higher levels of 17-OHP4 (an active metabolite of P4) compared to the healthy pregnancy controls.

Abnormal levels of steroid hormones have been reported to modulate pancreatic function and susceptibility to develop IR (37). Vejrazkova D et al. (38) proposed that the effect of progesterone was probably related to the increase of IR due to a reduction of GLUT4 expression. Another study provided new insights that progesterone can be toxic to β-cells through oxidative stress mechanism that induces apoptosis (19). Besides, estradiol was proved to exert effects on carbohydrate metabolism and showed bidirectional regulation effects in many studies. Estradiol was found to prevent IR in female mice (39). However, estradiol at a high level could suppress GLUT4 gene expression (40), which may contribute to the process of IR. For a long time, the research on the relationship between estrogens and IR is limited and inconclusive.

Our results suggested that the risk for GDM seemed to be significantly elevated with increased 16-pathway metabolism and decreased 2-pathway metabolism. It is worth mentioning that 16OHE1 may be a strong marker associated with the risk for GDM (adjusted OR for the highest versus the lowest quartile, 72.22; Ptrend < 0.001). 16OHE1 is a metabolite derived from 16-hydroxylase metabolism of estrone and could exert potent biological estrogenic effects. Most studies focused on exploring the relationship between 16OHE1 and breast cancer or other gynecological cancer (41). The ratio of 2OHE1 to 16OHE1 is inversely correlated with the risk for breast and cervical cancer. Hence, 16OHE1 is traditionally considered to be a harmful estrogen metabolite, while 2-hydroxylation of estrogen is contrary. The potential mechanisms include that high level of 16OHE1 could exert a strong biological estrogenic effect, which may promote cytotoxicity and cause cell changes or apoptosis (42). To some extent, this viewpoint is consistent with our results. However, further studies are needed to clarify the relationship between 16OHE1 and the pathological process of GDM or the destruction of β cell function. Besides, the gene polymorphisms of CYP1A1 and CYP1B1 were reported to be involved in regulating the ratio of 2OHE1 to 16OHE1 in vivo (43, 44), and their correlation with the pathogenesis of GDM still needs further clarification.

As our results indicated, E1-G/S is closely related to the risk of GDM. E1-G/S represents the metabolites of glucuronidation and sulfation of E1. Previous studies revealed that UGT1A10 and SULT1E1 are key enzymes involved in E1 glucuronidation and sulfation, respectively (45, 46). UGT1A10 is an extrahepatic enzyme and is exclusively expressed in gastrointestinal tract, kidneys, etc. SULT1E1 has the highest affinity for E1, E2 and catechol estrogens and is expressed in lung, liver and kidneys. The expression of SULT1E1 is highly related to breast and endometrial cancers since it could inactivate estrogens in vivo. E1-S was supposed to give a better indication of the extent of aromatase inhibition than E1 or E2 (47). Besides, genetic polymorphisms of SULT1E1 and UGT1A10 (e.g., SULT1E1 rs11569705, rs11569705; UGT1A10 rs2741049) have been validated to be associated with a significant change in enzyme activity or protein level (48, 49). So far, however, no research has been performed on analyzing the expressions, activities, and gene polymorphisms of UGT1A10 and SULT1E1 in GDM condition. Whether the elevation of serum E1-G/S concentration is related to the expressions or activities of the metabolic enzymes needs to be further confirmed, and the specific structures of the glucuronidation and sulfation metabolites changed in GDM need to be clarified. However, this study also has limitations, it is of great clinical significance to further confirm whether the steroid hormone indicators including 16OHE1 and E1-G/S exhibit similar changes in the first trimester of pregnancy, which may make the early prediction of GDM possible.

In summary, for the first time, the overall metabolic characteristics of steroid hormones in GDM women at second trimester during pregnancy were analyzed and summarized through quantifying 36 kinds of steroid hormones. Serum corticosteroids, progestins and especially the estrogen metabolites via 16-pathway from parent estrogens were higher in GDM women compared with healthy pregnant controls. Three estrogen-related markers, especially 16OHE1, may be closely associated with the risk for GDM. It is suggested that more attention should be paid to estrogen metabolism during pregnancy. Further research on the role of estrogen metabolites in the pathological process of GDM should be implemented.
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Aim

It was the aim of this study to assess static postural control characteristics in people with type 2 diabetes mellitus (T2D) of different ages using a force platform. A relationship was also established between static postural control parameters and age in this study.





Methods

A total of 706 participants with T2D were included in this study. The participants were stratified into three age groups: Group 1 (<60 years old), Group 2 (60–70 years old), and Group 3 (>70 years old). Static postural control assessment during two-leg stance was performed on a force platform by all participants. The center of pressure (CoP)-related parameters were measured under two stance conditions (eyes open and closed). Kruskal–Wallis tests were applied to explore the difference among the different age groups. Multivariate regression analysis was performed to determine the relation between age and static postural control parameters.





Results

Group 1 (<60 years old) had significantly less CoP total tracking length (TTL), sway area (SA), and CoP velocity along the Y direction (V-Y) under both eyes-open and eyes-closed conditions compared with Group 2 (60–70 years old) and Group 3 (>70 years old). Group 1 (<60 years old) had significantly less CoP maximum sway length along the X direction (MSL_X) and longer tracking length each area unit (TTL/SA) under the eyes-open condition compared with Group 2 (60–70 years old) and Group 3 (>70 years old). There was a significantly positive correlation between age and the most static postural parameters such as CoP TTL, SA, MSL-X, MSL-Y, and V-Y. There was a significantly negative correlation between age and TTL/SA.





Conclusion

This study suggested that older T2D participants had worse static postural control ability than younger ones. Most static postural parameters presented a significant correlation with age; the higher the age, the worse the static postural control.





Keywords: type 2 diabetes mellitus, age, center of pressure (COP), static postural control, cross-sectional





Introduction

According to the IDF (International Diabetes Federation) Diabetes Atlas reports, the global diabetes prevalence was estimated to be 10.5% in 2021, which is over 536 million people, and increasing with age (1). The diabetes prevalence globally was expected to increase to 12.2% (783.2 million people) in 2045, and over 90% of all diabetes was type 2 diabetes (T2D) (1). China was the country with the largest number of people with diabetes aged 20–79 years in 2021 (1).

As a primary cause of both fatal and non-fatal injuries in the elderly, falls appeared to be a growing and costly public health challenge (2). Fall injuries limited individuals’ activities of daily life and social engagements, which resulted in further physical capacity decline, social isolation, and feelings of helplessness. In 2015, the total cost of fatal fall was $637.2 million, and the treatment cost of non-fatal fall was $31.3 billion; the average medical treatment cost of a fall was up to $9,780 in America (3). Compared with healthy adults of similar age, the patients with T2D were at high risk of falling (4). As one of the mostly identified risk factors, postural control impairment was recognized to increase the risk of falls and fracture incidence in the patients with diabetes (5).

Clinical tests were usually used to evaluate the postural control ability, such as Time Up and Go (TUG), Berg Balance Scale (BBS), and One Leg Standing Test (OLST). However, these clinical tests were not sensitive enough to evaluate the postural control ability (6). Laboratory testing collecting CoP data from the force platform was a quantitative assessment for postural control (7). For patients with diabetes, the decline of static posture control ability is one of the common complications (8). A previous cross-sectional study found that T2D participants had more falls than healthy controls, and increased static postural instability was associated with the falls (9).

Static posture control refers to the ability to maintain the center of pressure (CoP) within the base of support (10). The CoP displacements derived from the force platform were considered the most reliable approach to assess the static postural balance control (11). The efficiency of multiple systems including the visual, vestibular, and proprioception system was important for the subject to maintain postural balance. Age is a crucial factor that affects the physiological and metabolic functions of the human body, including the function of the nervous system (12). Age-related physiological changes were expected to cause postural balance impairment and higher fall risk (13). A previous study found that older adults demonstrated larger CoP swaying areas under both eyes-open and eyes-closed conditions compared with younger individuals (14). A greater CoP sway velocity was found in the older adults who had fallen at least once in the last year compared with the non-fallers (15).

Previous studies have found that postural balance of healthy adults deteriorated with aging, and the postural balance measures were significantly associated with age (16, 17). Our previous research found that T2D patients had poor static postural balance compared with the control group (18). It is important to understand the influence of age on the static posture control of T2D patients. Firstly, it can help doctors and patients become aware of this impact and take measures to prevent or reduce aggravation. Secondly, doctors can be guided to develop rehabilitation plans for T2D patients of different age groups, helping them improve their static posture control ability and functional activities. Finally, although the influence of research age on static posture control has been confirmed, a more in-depth research in this field is needed, especially for diabetes management strategies for T2D patients of different ages. Therefore, the objective of this study was to explore the influence of age on the static posture control in T2D patients.





Methods




Participants

A total of 706 T2D participants were included in the study. All participants were recruited from the health examination department of Fujian Province Second People’s Hospital from January 2015 to June 2020. Potential participants were contacted and encouraged to complete relevant questionnaires to identify their eligibility for this study. The relevant questionnaire contained the research introduction, inclusion criteria, exclusion criteria, and static postural control assessment process.

The inclusion criteria were as follows: adults who were diagnosed as having T2D by the clinician and voluntarily participation in this study. The exclusion criteria were as follows (1): blindness or deafness; (2) symptoms and signs related to rheumatic disease, osteoarthritis, cardiovascular disorders, and neuromuscular disease that affect postural balance; (3) dementia or malignancy; (4) history of spine or lower limb surgery; and (5) lower limb-related injuries in the past 12 months. This research was approved by the Fujian Province Second People’s Hospital Ethics Committee (approval number SPHFJP-K2019059-02).





Assessment

Demographic and clinical information, such as age, gender, body mass index (BMI), systolic and diastolic blood pressure, smoking, heart rate, and FBG (fasting blood glucose), were collected in the initial recruitment period.

A certified and experienced physiotherapist evaluated the participants’ static postural balance function using a force platform (Super Balance, Bismarck, Germany). These measurements were taken in a separate, quiet, and bright room. The participants were told to remove their shoes and stand on the firm force platform with their feet hip-width and arms at their sides. The participants maintained their body upright, and kept a stable CoP as possible, with the static postural control evaluation phases including the following: firstly, 30 s of eyes-open standing on the force platform, followed by 30 s of eyes-closed standing following a 1-minbreak. Each trial was only completed once for each participant, and they were all evaluated in this sequence. With eyes open, participants faced forward; with eyes closed, they voluntarily closed their eyes. All of the participants’ sessions took place in the morning. With eyes open and closed, the CoP’s change track (posture diagram) was captured. If the participants made their steps, or grabbed the handrails, the evaluation would be interrupted and restarted. To protect the participants, the assessor stood next to them.

The following parameters were collected: (1) total tracking length (TTL, mm) refers to the distance traveled by CoP in a given time; the overall CoP tracking length shows the amount of spontaneous body shaking; (2) sway area (SA, mm2) is the size of the CoP trajectory map and is negatively related to the postural control ability, which could be used to assess overall postural balance; (3) tracking length each area unit (TTL/SA, mm) is the quotient of TTL divided by SA, which also reflects the postural stability; (4) CoP maximum sway length on the X axis (MSL-X, mm) and Y axis (MSL-Y, mm) corresponds to the CoP longest shaking distance along the medial–lateral and anterior–posterior directions, respectively; (5) CoP velocity on the X axis (V-X, mm/s) and Y axis (V-Y, mm/s) refer to the speed of CoP shaking along the medial–lateral and anterior–posterior directions, respectively; (6) Romberg quotient (RQ) refers to the tracking map area ratio with eyes closed and open (19), which shows the compensatory strategy ability of vestibular function and proprioception in posture control with the absence of visual factors, reflecting the effect of visual feedback in posture control (18–21).





Statistical analysis

Statistical Package for the Social Sciences (SPSS, version 24.0) was used for statistical analysis. Kolmogorov–Smirnov test was used to assess the normality distribution of the variables. The normally distributed continuous variables were presented as means and standard deviation (SD), non-normally distributed variables were presented as median and interquartile range (IQR), and categorical variables were presented as frequencies or percentages.

One-way analysis of variance (ANOVA) or Kruskal–Wallis tests were used to determine the difference among the different age groups, and post-hoc pairwise comparisons were adopted. Chi-square analysis was used for categorial data. Multivariate regression analysis was performed to explore the relation of age and static postural control parameters while adjusting for hypertension, current smoking status, and heart rate. p < 0.05 was considered statistically significant.






Results

A total of 706 participants were divided into different age groups: Group 1 (<60 years old, n = 233), Group 2 (60–70 years old, n = 287), and Group 3 (>70 years old, n = 186). Table 1 demonstrates the characteristics of the participants for three groups. No significant differences were found for gender, BMI, BMI category, diastolic pressure, and fasting blood glucose in the three groups (p > 0.05). Significant differences were displayed in age, systolic pressure, number of hypertension, current smoking status, and heart rate among the three groups (p < 0.05).


Table 1 | Characteristics of participants.
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Table 2 demonstrates the static postural balance differences across the three groups. For the static postural balance measurements with eyes open, there were statistically significant differences in TTL, SA, TTL/SA, MSL-X, MSL-Y, and V-Y in all groups. Post-hoc pairwise comparison results found that Group 1 had significantly less TTL, SA, MSL-X, and V-Y compared to Group 2 and Group 3; Group 1 showed significantly less MSL-Y compared to Group 3; Group 1 had significantly more TTL/SA compared to the other two groups. For the static postural balance measurements with eyes closed, there were statistically significant differences in TTL, SA, MSL-X, MSL-Y, and V-Y in all groups. Post-hoc pairwise comparison results found that Group 1 had significantly less TTL, SA, MSL-X, MSL-Y, and V-Y compared to Group 3; Group 1 had significantly less V-Y compared to Group 2; and Group 2 had significantly less MSL-X compared to Group 3. Regarding RQ, no significant difference was found in the three groups.


Table 2 | Static postural balance parameters across the three groups.

[image: A table compares balance measurements in three age groups: under 60, 60-70, and over 70 years. Variables include TTL, SA, TTL/SA, MSL-X, MSL-Y, V-X, V-Y, and Romberg quotient for both eyes-open and eyes-closed conditions. Statistical significance is indicated with "p" values for group comparisons (1 vs. 2, 1 vs. 3, 2 vs. 3). Definitions: TTL (total tracking length), SA (sway area), TTL/SA (tracking length per area unit), MSL-X (CoP maximum sway length on X-axis), MSL-Y (Y-axis), V-X (velocity on X-axis), and V-Y (Y-axis).]

Table 3 demonstrates the multivariate regression analysis results between age and static postural balance parameters when adjusting for hypertension status, current smoking status, and heart rate. We found a significantly positive relationship between age and the most static postural balance measurements (TTL, SA, MSL-X, MSL-Y, and V-Y) with eyes open. We also found a significantly positive relationship between age and most static postural balance measurements (TTL, SA, MSL-X, MSL-Y, V-X, and V-Y) under the eyes-closed condition. A significantly negative relationship between age and TTL/SA was found with eyes open and closed. No significant difference was found between age and RQ.


Table 3 | Multivariate regression analysis for the relationship of age and static postural control parameters.
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Discussion

This study explored the static postural balance control characteristics regarding different age T2D participants and the relationship of age and different postural balance measurements. This study demonstrated that most static postural balance control measurements were poorer with age, and worse in the oldest age group (70–80 years old). Our study confirmed that the longer TTL, MSL-X, and MSL-Y, the bigger the SA, and the faster V-Y with eyes open and closed in the older T2D age group. Moreover, this study found a significant relationship between age and static postural balance measurements for T2D participants; the higher the age, the poorer the balance function.

Previous studies have found that balance function was worse in subjects with T2D compared to healthy controls (22, 23). The reasons that T2D subjects had impaired balance were multifaceted. Since postural balance control required the integration of multiple sensorimotor systems and cognitive process, the diabetes-related and age-related deterioration in sensorimotor systems as well as cognitive function could disrupt the ability of maintaining postural balance (24). Moreover, autonomic damage of the subjects with T2D masked much of the stress of the inability to optimize postural balance, while the older subjects had more severe autonomic damage (22). Diabetic peripheral neuropathy (DPN) is a common complication of T2D that causes impairment of proprioception and balance functions. Vibration perception threshold, age, and muscle strength were important predictors of balance function and falling fear in T2D patients (25). Similarly, Yumin et al. concluded that both T2D patients with and without DPN experienced worse balance, sensation, and mobility when compared to healthy control subjects (26). Significant differences were detected in those with longer diabetes duration and excessive medication use (26). The fact that older T2D adults are at heightened risk for postural balance impairments and falls is not surprising.

Consistent with the findings of this study, a previous study demonstrated that postural stability measured by the Biodex Stability System was significantly related to age, and older age was correlated with worse postural stability (27). Similarly, a previous study found that older adults had more difficulty and may have needed more attention to stand still than young adults (28). Furthermore, dysfunction of motor coordination was also found in T2D patients along with an increasing risk of falling, compared to healthy controls in a similar age group (29). The static postural balance with vision control worsened as the T2D patients’ age increased (29). In addition, Collins et al. suggested the increased heterogeneity of postural control ability in healthy older adults compared with young adults (30). Postural control is achieved by integrating information inputs from the visual, somatosensory, and vestibular systems at the central nervous system level (31). However, the function of visual, somatosensory, and vestibular systems continued to deteriorate due to aging (31, 32). The T2D participants with higher falls risk showed greater anterior–posterior postural sway under the eyes-open condition compared to those T2D participants with lower falls risk (32). The T2D participants with higher falls risk showed greater anterior–posterior and medial–lateral postural sway with eyes closed compared to those T2D participants with lower falls risk (32). Wettasinghe et al. reported that increased postural sway with eyes open and closed was significantly associated with falls (33). Most postural sway parameters in the older age group were significantly higher than those in the relatively younger group from this study. In addition, the older age group showed increased CoP sway compared with the younger age group, and age was significantly positively associated with most CoP sway length and velocity, indicating that increasing age may increase the falls risk in the T2D patients. The significantly negative relation between age and TTL/SA was found in this study; the mechanism may be that T2D individuals triggered a stiffening strategy in the postural task (32), while older T2D individuals performed a worse stiffening strategy. Lee et al. found that older T2D patients had more decrease in reactivity equilibrium control, and these changes may result from muscle weakness and plantar insensitivity (34). These findings combined with our research results suggested that older T2D patients should have higher falls risk.

The influence of age on posture control in T2D patients may be complex, and may vary depending on the patient’s health and disease status. However, generally speaking, the older the patient is, the worse the posture control of diabetes patients may be. This may be due to a decrease in physical function, muscle and joint stiffness, and a decrease in balance and reaction time in elderly individuals, which makes it difficult to maintain the correct posture and balance when standing. In addition, the nervous system of elderly people may also be damaged, which can affect their sensory and coordination abilities, further affecting posture control. The severity of frailty in elderly people with T2D increased with age, and frailty was associated with lower systolic blood pressure, higher triglyceride levels, poorer nutritional status, and less independence in performing instrumental activities of daily life and poorer postural balance (35). Fear of falling was common in T2D patients, and was associated with impaired postural function and increased risk of falls (36, 37). Fear of falling and insufficient balance confidence were highly prevalent, and much more severe in older T2D patients (37). Older age adversely affected foot sensitivity, and decreased foot sensitivity was associated with poorer balance and postural stability (38). Cognitive function may play an important role in postural balance function among different T2D age groups. Blackwood found that executive function was associated with falls after adjusting for demographic and physical mobility and strength-related variables (39). As a well-known risk factor, impaired postural control during quiet stance was common in T2D and correlated well with a higher prevalence of falls (8, 40). Therefore, older patients with T2D may need more active posture control training and rehabilitation exercise to help them maintain correct posture, reduce symptoms, and reduce the risk of falls and other injuries.

The strengths of this study were the number of participants and the quantitative evaluation of the static postural balance. This study had several limitations: firstly, some issues affecting static postural balance were not collected, like diabetes course, diabetes drug use, muscle strength, body composition, and physical activity status. Thus, only two-leg standing on a firm force platform with eyes open and closed was assessed in this study. Moreover, future research could focus on the differences in posture control measures between diabetes and normal controls at different age groups. Finally, this cross-sectional designed study cannot explore the causal effect inference. The finding of this study provides healthcare professionals a deep understanding of the static postural balance control characteristics and targeted interventions to improve static balance function in T2D patients.





Conclusion

This study suggested that older T2D patients had worse static postural control performance than younger ones. Most static postural control parameters presented a significant correlation with age; the higher the age, the worse the static postural control. Future research with reference to the aforementioned suggestions is needed.
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Background

Lipoprotein(a) [Lp(a)] is a well-established risk factor for cardiovascular diseases. However, the relationship between Lp(a) and insulin resistance (IR) remains controversial. The aim of the current study was to investigate the association between Lp(a) concentrations and IR in Chinese adults.





Methods

Cross-sectional study of 1908 cases and 5725 controls was performed for identifying the association of Lp(a) with IR. IR was assessed using the triglyceride glucose (TyG) index, and patients with a TyG index greater than the third quartile were defined as having IR.





Results

The distribution of Lp(a) in Chinese adults was skewed, with a median of 7.90mg/dL. Lp(a) concentrations were significantly and progressively lower with increasing TyG index values in Chinese adult males, but not in females. Multiple regression analysis adjusted for a wide range of risk factors showed that Lp(a) concentrations were inversely and independently associated with IR in Chinese adult males, but not in females. The suggested Lp (a) cutoff for discriminating IR from non-IR was 4.7 mg/dL in Chinese adult males. Lp(a) interacts with gender in IR on both additive and multiplicative scale in Chinese adults.





Conclusion

Lp(a) concentrations inversely associated with IR in Chinses adult males, but the association in women needs further study. In Chinese adults, Lp(a) interacts with gender in IR.
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1 Introduction

Insulin resistance (IR) is a physiological condition characterized by reduced responsiveness of insulin-targeting tissues to high physiological insulin levels and is considered the pathogenic driver of many modern diseases, including metabolic syndrome, nonalcoholic fatty liver disease, atherosclerosis, and type 2 diabetes mellitus (T2DM) (1). Hyperinsulinemia euglycemic clamp (HIEC) was first introduced by De Fronzo in 1979 and till date, remains the “gold standard” to assess IR (2). Due to its invasive nature and technical complexity, the utilization of this technique is infrequent in clinical settings (2). The triglyceride glucose (TyG) index is a simple, reliable, and reproducible index which is capable of measuring IR (3). Previous studies showed that the TyG index was superior to the HOMA-IR, which was widely used as a means for detecting IR at present, in assessing IR in individuals with and without diabetes (4).

Lipoprotein(a) [Lp(a)] is a well-established risk factor for cardiovascular diseases (5–7). Since strong evidence demonstrated a causal relationship between Lp(a) and cardiovascular disease, novel drugs that specifically lower Lp(a) levels were developed (8). However, the relationship between Lp(a) and IR as well as T2DM remains contentious, as previous studies have produced conflicting results (7, 9–17). A study of middle-aged and elderly Chinese population showed that there was an inverse association between Lp(a) and IR (11). The inverse association between Lp(a) and IR was also observed in hypertensive patients and in dyslipidemic subjects (12, 13). However, another study showed that IR in pregnancy was not affected by Lp(a) (14).

There is not enough evidence to clarify the relationship between Lp(a) and IR in Chinese adults. Therefore, this study enrolled participants from the China Health and Nutrition Survey (CHNS) cohort to investigate the association between Lp(a) concentrations and IR measured by the TyG index in Chinese adults, and to investigate the potential interaction between Lp(a) concentrations and gender on IR.




2 Materials and methods



2.1 The dataset

All study data were obtained from the CHNS cohort. The CHNS was designed as a prospective household-based study that includes cohorts across nine diverse provinces between 1989 and 2009 (18). The CHNS is a collaborative project between the Carolina Population Center (CPC), University of North Carolina at Chapel Hill, and the National Institute of Nutrition and Food Safety, CCDC. Each CHNS participant has given written informed consent, and the study received approval from the institutional review boards at the University of North Carolina at Chapel Hill and the National Institute of Nutrition and Food Safety (18). Data available at https://www.cpc.unc.edu/projects/china.




2.2 Patients

Patients with blood assay results, abstracted from the CHNS dataset, were included for potential analysis. Exclusion criteria: 1) younger than 18 years old; 2) diagnosed with diabetes; 3) unknown diagnosis of diabetes; 4) HbA1c level ≥ 6.5%; 5) blood glucose level ≥ 126.0mg/dL.




2.3 Dependent variable

The main dependent variable in the current study was the TyG index, which is a simple and useful indicator of IR (4). The TyG index was calculated using the formula: ln [triglyceride (mg/dL) × fasting blood glucose (mg/dL)]/2 (3, 19). We define the individuals with the highest TyG index quartile (>4.8184) as IR.




2.4 Independent variable

The main independent variable in the current study was Lp(a). Lp(a) concentrations were measured by immunoturbidimetry using reagents from Denka Seiken Ltd., Japan. To avoid the influence of extreme values, Lp(a) concentrations that exceeded the 99th percentile were substituted with the Lp(a) value corresponding to the 99th percentile.




2.5 Covariables

Control variables that can act as potential confounding variables include demographic factors, lifestyles, personal histories of cardiovascular and cerebrovascular diseases, and biochemical examination.

In this study, demographic factors included age, gender, province, body mass index, and educational level. Lifestyles included smoking, alcohol consumption, and total calorie intake. Personal histories of cardiovascular and cerebrovascular diseases included myocardial infarction, stroke, hypertension. Biochemical examinations included low-density lipoprotein cholesterol, hemoglobin A1c (HbA1c), and insulin.




2.6 Statistical analysis

Continuous variables were tested for normality using Shapiro-Wilk test. All of the continuous variables in the current study, failing to conform to normality, were expressed as median (inter quartile range, IQR) and compared using Kruskal-Wallis rank test. Categorical variables were expressed as frequency(percentage) and compared using Pearson’s chi square test or Fisher’s exact test as appropriate. Missing values were imputed using multiple imputation.

The correlations between Lp(a) concentrations and other factors were evaluated according to Pearson correlation coefficients. Unconditional logistic regression was performed to assess the independent association between IR and the TyG index: model 1 (crude model), model 2 (partially adjusted model) adjusted for age, gender, and province, and model 3 (fully adjusted model) adjusted for demographic factors, lifestyles, personal histories of cardiovascular and cerebrovascular diseases, biochemical examinations. Categorization of the Lp (a) concentrations was based on the non-IR controls. The Lp (a) was categorized into quintiles and incorporated into regression models as dummy variable. The 1st quintile of Lp(a) was chosen as the reference category. Odds ratios (ORs) were calculated for the 2nd, 3rd, 4th, and 5th quintiles relative to the reference category. Receiving operating characteristic (ROC) analysis was employed to define the Lp (a) cutoff for discriminating between IR and non-IR. We assessed the interactions with the measures of effect modification on both additive and multiplicative scale. By considering the presence (A and B) and absence (A and B) of two risk factors, and using the terms R for risk and RR for relative risk, we defined RERI as follows (20):

RERI= {R(AB)- {R(AB)- R(AB)}- {R(AB)- R(AB)}- R(AB)}/R(AB)

=RR(AB)- RR(AB)- RR(AB)+ 1

All statistical analyses were completed using STATA 15.1. Two-tailed P <0.05 was considered to be statistically significant.





3 Results

A total of 9549 respondents were enrolled for potential analysis, among whom, 848 were excluded because of younger than 18 years old; 1068, because of diagnosed with diabetes, unknown diagnosis of diabetes, taking antidiabetic drugs, high HbA1c level or high fasting blood glucose level. As a result, a total of 7633 participants were enrolled in the final analysis, among whom, 1908 with IR, and 5725 with non-IR. Details were seen in flow chart in Figure 1.


[image: Flowchart from the China Health and Nutrition Survey shows participant selection for blood assay results. From 9549 individuals, 848 under 18 were excluded. Of 8701 remaining, 1068 were excluded due to diabetes diagnosis, unknown diabetes status, HbA1c level above 6.5 percent, or blood glucose level above 126.0 milligrams per deciliter. Final analysis included 7633 participants, with 1908 classified as insulin-resistant (IR) and 5725 as non-insulin-resistant (non-IR).]

Figure 1 | Flow chart of participants selection.





3.1 Distribution of Lp (a) concentrations and the TyG index

Frequency distribution diagrams showed that Lp(a) concentrations and the TyG index fail to conform to normal distribution. On average, the Lp (a) concentrations were 7.90 (12.70) [median (IQR, inter quartile range)] mg/dL, and the TyG index values were 4.59 (0.43) [median (IQR)] in all participants. See Figure 2.


[image: Panel A shows a histogram of Lipoprotein(a) distribution, with a median of seven point nine milligrams per deciliter and an interquartile range of twelve point seven. Panel B displays a histogram of the Triglyceride Glucose Index distribution, with a median of four point five nine and an interquartile range of point four three. Both have a Shapiro-Wilk P value less than 0.0001, indicating non-normal distributions.]

Figure 2 | Distribution of Lp(a) concentrations and the triglyceride glucose index. (A) distribution of Lp(a) concentrations, (B) distribution of the triglyceride glucose index.






3.2 Baseline characteristics of study subjects grouped by IR

A total of 7633 participants were enrolled in the current study, of which 1908 were classified as IR. Individuals with IR were characterized by older age, a higher proportion of males, higher rates of current smoking and alcohol consumption. They also exhibited a greater prevalence of hypertension and stroke, higher BMI, and elevated TyG index values. Details in Table 1.


Table 1 | Baseline characteristics of the study population grouped by IR.

[image: A table comparing characteristics between IR (irritable region) and Non-IR groups. It includes factors like age, gender, province, educational level, health metrics (e.g., height, weight, blood pressure), lifestyle aspects (e.g., smoking, drinking), and biochemical markers (e.g., urea, cholesterol). Statistical significance is shown with p-values. Key differences are highlighted in relative measurements and proportions for each group.]




3.3 Correlation between Lp(a) and triglyceride glucose index

There was a negative correlation between Lp(a) concentrations and the TyG index in the overall population (r = -0.045, 95%CI: -0.068 to -0.023, P< 0.001) as well as in men (r = -0.086, 95%CI: -0.119 to -0.053, P< 0.001). However, no significant correlation was found between Lp(a) concentrations and the TyG index in women (r = -0.005, 95%CI: -0.036 to 0.025, P= 0.734). See Figure 3.


[image: Three scatter plots show the relationship between triglyceride glucose index (x-axis) and Lp(a) levels in mg/dL (y-axis). Plot A (Total) shows a slight negative correlation (r = -0.045, P < 0.001). Plot B (Men) also indicates a negative correlation (r = -0.086, P < 0.001). Plot C (Women) shows no significant correlation (r = -0.005, P = 0.734). Each plot includes a line of best fit indicating the trend.]

Figure 3 | Scatter plots of Lp(a) with TyG index, respectively in total, in men, and in women.






3.4 Correlations of Lp (a) with conventional risk factors

Overall, the Lp(a) concentrations were weakly, although significantly, correlated with gender (r= 0.045, 95%CI: 0.022 to 0.067, P<0.001), BMI (r=-0.048, 95%CI: -0.070 to -0.025, P<0.001), age (r= 0.078, 95%CI: 0.056 to 0.101, P< 0.001), and LDL-c (r= 0.195, 95%CI: 0.173 to 0.216, P<0.001).




3.5 Relative risk of Lp (a) for IR on a continuous scale

Table 2 showed risk ratios for IR per 10mg/dL higher Lp(a) concentrations. In crude model, risk ratios for Lp(a) were significant in the total population and in men, while not in women. In both partially adjusted and fully adjusted models, the risk ratios for Lp(a) remained significant in the total population and in men, but not in women.


Table 2 | Risk ratios of per 10 mg/dL higher Lp (a) levels for IR on a continuous scale.

[image: Table showing odds ratios (OR) and p-values for insulin resistance (IR) and non-IR groups. It includes data for total, men, and women in crude, partially adjusted, and fully adjusted categories. Crude ORs range from 0.90 to 0.98, with p-values from less than 0.01 to 0.25. Partially adjusted ORs range from 0.91 to 0.96, with p-values under 0.01. Fully adjusted ORs range from 0.94 to 0.96, with p-values from less than 0.01 to 0.09. The table notes adjustments for various risk factors.]




3.6 Relative risk of Lp (a) for IR on a categorical scale in men

Compared with those with the lowest quintile of Lp(a) concentrations, participants with higher Lp(a) quintiles had decreased risk of IR in men (P <0.01 for trend). See Table 3. 


Table 3 | Risk ratios of per 10 mg/dL higher Lp (a) levels for IR on a categorical scale in men.

[image: Table presenting odds ratios (OR) and confidence intervals (CI) for Lp (a) levels measured in milligrams per deciliter across five ranges: ≤3.7, 3.7-6.5, 6.5-10.8, 10.8-21.95, and ≥21.95. The analysis shows crude, partially, and fully adjusted odds ratios with corresponding P values, all indicating statistical significance with P values less than 0.01, suggesting a trend across adjustments.]




3.7 Cut-off of Lp(a) for discriminating between IR in men

Lp(a) cutoff for discriminating between IR and non-IR in Chinses adult males was 4.7 mg/dL according to ROC analysis. Correspondingly, the AUC (area of the ROC curve) was 0.58, 95% CI (0.56-0.60); sensitivity and specificity, 70% and 43%, respectively.




3.8 Sensitivity analysis

Sensitivity analysis by excluding individuals with missing values stepwisely was performed, and the association of Lp (a) with IR in men didn’t alter materially (see Supplementary Table 1).




3.9 Interaction of Lp(a) with gender on IR

Compared with reference group (women and in the 5th quintile of Lp(a)), multivariable adjusted analysis revealed that ORs(95%CI) of IR for men were 1.20 (0.83-1.74), 1.24 (0.87-1.77), 1.31 (0.93-1.85), 1.29 (0.91-1.84), and 2.08 (1.50-2.87), respectively (see Supplementary Table 2). According to the high (Q5) and the lower levels (Q4-Q1) of Lp (a), and to the gender classifications for women and men, 4 RERIs (95%CI) at Q4-Q1 were calculated: 0.19(-0.19~0.58), 0.13(-0.28~0.53), 0.04(-0.39~0.48) and 0.81(0.33~1.28), among which, the RERI at Q1 did not cover zero, indicating significant interaction between Lp(a) and gender. The P value of multiplicative at Q1 were 0.01. see Table 4.


Table 4 | Interaction of Lp(a) with gender on IR on additive and multiplicative scale.

[image: Table showing Lp(a) levels and related statistics. Columns include Lp(a) quartiles, RERI with 95% CI, P-value, product term OR with 95% CI, and P-value. Quartiles range from Q4 (<21.95 mg/dL) to Q1 (≤3.7 mg/dL). RERI values range from 0.04 to 0.81. Product term OR ranges from 1.01 to 1.62. Table notes adjustments as in Table 2.]





4 Discussion

The main findings in the current study were as follows: (a) Lp(a) concentrations independently associated with IR in men, but not in women; (b) The association between Lp(a) and IR in men stepwisely intensified as Lp(a) concentrations or quintiles increased; (c) the Lp(a) cutoff for IR was 4.7 mg/dL in Chinese adult males; (d) In Chinese adults, Lp(a) interacts with gender in IR.

In the current study, Lp(a) concentrations showed a skewed distribution with a median of 7.9mg/dL. This observation aligned with a previous study conducted on the Chinese Han ethnic population, which similarly reported a skewed distribution of Lp(a) with a median of 7.4 mg/dL (21). Interestingly, the Copenhagen City Heart Study reported a considerably higher median Lp(a) concentrations of up to 18 mg/dL (22). Additionally, a study conducted using data from the UK Biobank revealed that individuals of white, South Asian, and black ethnicities exhibited significantly higher Lp(a) concentrations compared to the Chinese population (23). Lp(a) is composed of an LDL-like particle in which Apo B is covalently bound by a single disulfide bond to Apo A, the pathognomonic component of Lp(a) (24). There was an inverse relationship between Apo A size and the plasma concentration of Lp(a), and isoform size may explain up to 70% of plasma levels (9). Low Lp(a) concentrations in Chinese could be explained by a high frequency of the S4 allele and a low frequency of the S3, S2, S1 and B alleles (25).

The application of the corrected formula for the TyG index in the present study resulted in a median value of 4.59, which was found to be lower than the medians reported in studies conducted on the Korean National Health and Nutrition Examination Survey (KNHANES) and the China Health and Retirement Longitudinal Study (CHARLS) (26, 27). The TyG index has been established as a reliable and easily accessible indicator for assessing IR, as demonstrated by previous studies (4). However, the cut-off of the TyG index for discriminating between IR and non-IR is still controversial, because the cut-offs varied between the existing studies (28). According to the results in clamp studies, IR individuals could be defined as the 25% of the population with the highest IR, providing the population under study could be thought to be representative of the nondiabetic population (29). In the current study, individuals diagnosed with diabetes were intentionally excluded. Consequently, we established the threshold for IR by defining the highest quartile of the TyG index (>4.8184) as the cut-off value.

Our study showed that Lp(a) concentrations were inversely associated with IR, in agreement with the results reported in previous studies (11–13). A large cross-sectional Chinese study also showed that low Lp(a) associated with increased risk of pre-diabetes, IR, and hyperinsulinaemia (11). As Lp(a) is a well-established independent risk factor for cardiovascular diseases (CVD), one possible explanation is that mortality may be increased at younger ages in those with high Lp(a) and T2DM, as well as IR (8, 11). However, Ding et al. showed that the inverse association between Lp(a) and T2DM remained robust after the exclusion of patients with CVD (11). In the current study, patients with IR were slightly older than those without IR after the exclusion of patients with diabetes, which also does not support a survival bias explanation.

The mechanisms underlying the association of Lp(a) concentrations with T2DM and IR have not been well explained. Although Lp(a) concentrations are mainly influenced by genetics (>90%), non-genetic factors may also modulate Lp(a) concentrations (8). Neele et al. showed that high concentrations of insulin inhibited apolipoprotein (a) synthesis in monkey hepatocytes at the (post) transcriptional level (30). This theory could partly explain the low concentrations of Lp(a) in patients with T2DM and IR. Meanwhile, Apo A isoforms were significantly larger in individuals with elevated insulin or glucose levels, and the size of Apo A was inversely related to the plasma concentrations of Lp(a) (9, 17).

Interestingly, our study demonstrated little evidence for an association between Lp(a) and IR in women. Previous studies showed that Lp(a) concentrations were approximately 5% to 10% higher in women than in men in both black and white individuals (8). The level of Lp(a) in women tends to increase during menopause, whereas Lp(a) in men remains constant (31). Derby et al. suggested that follicle-stimulating hormone, but not estradiol, associated with elevated Lp(a) in women at menopause (31). Similarly, gender correlated with Lp(a) concentrations in the current study. We hypothesized that elevated Lp(a) levels in women, especially in menopausal women, may affect the association between Lp(a) and IR.

To the best of our knowledge, this is the first study to assess the interaction of Lp(a) with gender on IR. Rothman et al. proposed that the interaction should be classified as either a statistical or a biologic interaction and that the biologic interaction should be measured using an additive model (32). In the current study, the risk of IR within Q1 of Lp(a) and men was 2.08 times the risk of IR within Q5 of Lp(a) and women, and RERI (95% CI) was 0.81(0.33~1.28) at Q5 of Lp(a). As for the positive additive interaction in our study, there was synergetic effect between Lp(a) and gender on IR. Estrogen has been implicated in sex differences in IR (33). Clinical studies showed that postmenopausal women are more likely to have dyslipidemia and impaired glucose tolerance than premenopausal women, which was consistent with the findings in animal models (33, 34). The mechanism of the interaction between low Lp(a) concentration and gender on IR needs further investigation.



4.1 Limitations

There are several limitations to the current study. First, this study is a large, household-based cross-sectional study, enabling us to gain insights into the distribution pattern and overall levels of Lp(a), as well as its correlation with IR in Chinese adults. However, the cross-sectional study design inherently introduced confounding factors, which have the potential to either exaggerate or weaken the association of exposure with the main outcome. Second, Lp(a) concentrations were reported in the form of total mass (i.e., mg/dL) in the current study. Currently, there is an increasing trend for Lp(a) concentrations to be reported as particle number (i.e., nmol/L) (35). Because of the heterogeneity of Lp(a) particle size, a direct conversion between total mass and particle number is not feasible, which may have implications for the findings (24). Third, it should be noted that the TyG index, while not considered the gold standard for detecting IR, offers distinct advantages in terms of accessibility and cost-effectiveness compared to the gold standard methods. As a result, the TyG index is suitable for the screening of IR in clinical practice (2).





5 Conclusion

Lp(a) concentrations inversely associated with IR in Chinses adult males, but the association in women needs further study. In Chinese adults, Lp(a) interacts with gender in IR.
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Objective

This investigation aimed to assess the correlation between the triglyceride-glucose (TyG) index and gestational diabetes mellitus (GDM) in pregnant women in the United States.





Methods

We calculated the TyG index utilizing data from pregnant women who participated in the National Health and Nutrition Examination Survey (NHANES) through 1999 to March 2020, and then employed multivariate logistic regression, smoothed curve fitting, and subgroup analysis to investigate the association between the TyG index and gestational diabetes during pregnancy.





Results

Logistic regression models revealed a positive association between the TyG index and GDM, remaining significant even after adjusting for all confounding variables (OR=3.43, 95% CI: 1.20-9.85, P = 0.0216). Subgroup analysis demonstrated consistent correlations and showed that there is no difference in the TyG index among first trimester subgroup. The TyG index had limited diagnostic efficacy for GDM (AUC=0.57, 95% CI: 0.50-0.63).





Conclusion

The TyG index correlates positively with the GDM, however its diagnostic efficacy is limited. Further research on the TyG index as an early predictor of GDM is required.





Keywords: triglyceride-glucose index, gestational diabetes mellitus, cross-sectinal study, NHANES, insulin resistance





Introduction

Gestational diabetes mellitus (GDM) refers to varying degrees of glucose intolerance that occur or are identified for the first time during pregnancy, irrespective of pre-existing diabetes (1). Over the last few years, the incidence of GDM has gradually increased, ranging from 9.3% to 25.5% (2). GDM is often associated with preeclampsia, macrosomia, perinatal anomalies, and mortality, while being closely linked to the onset of metabolic syndrome and hyperglycemia in both mother and offspring (3). This condition significantly affects the well-being of pregnant women and fetuses and poses a concealed risk for future ailments (4, 5). Clinical diagnosis of GDM typically occurs during the 24-28 week gestational period using a 75g oral glucose tolerance test (OGTT) (6). However, empirical evidence suggests that by the time GDM is diagnosed at this stage, both the mother and fetus may have already been adversely affected to varying degrees, despite the potential benefits of symptom management (5, 7). Thus, early recognition of pregnancies at risk for GDM is essential in preventing negative outcomes for pregnancy and intergenerational transmission of metabolic disorders.

Early detection of insulin resistance (IR) in pregnant women has been shown to assist in predicting the onset of GDM before clinical diagnosis (8, 9). The TyG index, calculated from fasting plasma glucose (FPG) and serum triglycerides (TG), is considered a straightforward, economical, replicable, and reliable surrogate for IR (10, 11). While many studies have investigated the relationship between the TyG index and GDM, suggesting its potential as an early GDM risk indicator (12, 13), there may be variations between ethnic groups. For instance, Sánchez-García et al. (14) found no significant difference in TyG index values between Latin American pregnant women with and without gestational diabetes. A meta-analysis by Song et al. (15) indicated that a higher TyG index may predict GDM in Asian women but not in non-Asian women. Therefore, using data from the National Health and Nutrition Examination Survey (NHANES), we conducted a cross-sectional investigation with a population of pregnant women in the United States to assess the connection between the TyG index and GDM.





Materials and methods




Study populations

The present investigation utilized the NHANES database, covering data from 1999 through March 2020. NHANES was originally designed to collect comprehensive data on the nutritional and health conditions of adults and children in the United States, employing a complex multi-stage random sampling process for its surveys. The study protocols for these surveys were authorized by the National Center for Health Statistics Ethics Review Committee, and all participants provided informed consent before data collection. For more detailed information, refer to http://www.cdc.gov/nchs/nhanes/index.htm.

The study’s cohort comprised women between the ages of 20 and 44 years (n=1469) who had positive urine test result for human chorionic gonadotropin (hCG). Participants lacking FPG and TG data (n=781), as well as those diagnosed with diabetes or using diabetic medication or insulin (n=27), were excluded. Ultimately, the final sample size consisted of 661 individuals.





Measurements and definitions

Samples of blood were collected in the morning hours after an 8.5-hour fast and processed to determine the concentrations of fasting blood glucose and fasting total triglycerides with an automatic biochemical analyzer. The TyG index was calculated using the formula: Ln [TG (mg/dL) × FPG (mg/dL)/2] (11). GDM was ascertained according to the fasting plasma glucose threshold of 5.1 mmol/L from the strategy recommended by the International Association of Diabetes and Pregnancy Study Groups (IADPSG) Consensus Panel (16) and the American Diabetes Association’s one-step OGTT (17) for the identification and evaluation of hyperglycemia conditions in pregnancy.





Covariates

This study incorporated various covariates that could potentially influence the association between the TyG index and the risk of developing GDM. The demographic variables considered were age, race, education level, poverty income ratio (PIR), body mass index (BMI), hypertension, hypercholesterolemia, smoking status, alcohol consumption, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glycohemoglobin (HbA1c), and self-reported gestational age.





Statistical analysis

Continuous variable data was presented as mean ± SD (standard deviations), while categorical variables were represented as percentages. To assess differences in baseline characteristics between the non-GDM and GDM groups, the Kruskal-Wallis H test (for continuous variables) and the chi-square test (for categorical variables) were used. The logistic regression model was then applied to evaluate the association between the TyG index and GDM. Multiple models were used to measure the odds ratio (OR) and 95% confidence interval (CI) while adjusting for confounding factors. The first model (crude model) did not include any covariate adjustments, while Model 1 accounted for age and race. Model 2 included additional adjustments for education level, BMI, PIR, HDL-C, LDL-C, TC, HbA1c, gestational age, hypertension history, and hypercholesterolemia history, building upon the adjustments made in Model 1. Furthermore, the TyG index was divided into tertiles, with the first tertile serving as the reference for trend analysis. Three models were employed for multivariate analyses, controlling for variables and fitting a smooth curve. Subgroup analyses were conducted based on age, race, education level, BMI, hypertension status, hypercholesterolemia status, and gestational age using stratified multivariate regression analysis. Log-likelihood ratio analysis was performed to assess interaction and investigate heterogeneity of connections among subgroups. A P value < 0.05 was considered statistically significant. To determine the diagnostic effectiveness of the TyG index for GDM, the receiver operating characteristic (ROC) curve was used and the area under the ROC curve (AUC) was calculated to quantify its screening value. All statistical analyses were conducted using R packages 3.4.3 and EmpowerStats software 4.1.






Results




Baseline characteristics of the participants

The present study comprised 661 pregnant women with an average age of 28.01 ± 5.30 years. Among the participants, 119 (18%) were diagnosed with GDM. Table 1 presents a comprehensive comparison between non-GDM and GDM pregnancies. The occurrence or absence of GDM showed significant associations with age, BMI, drinking status, gestational age, TC, LDL-C, HDL-C, HbA1c, and TyG index (P < 0.05). Compared to non-GDM pregnant women, those with GDM were characterized by advanced age, abstinence from alcohol consumption, lower levels of TC and LDL-C, higher HbA1c and BMI, and elevated levels of TyG index.


Table 1 | Baseline characteristics of participants.
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TyG index and GDM correlation in various models

The logistic regression models were used to examine the correlation between different TyG index levels and GDM. In the crude model (Table 2), a significant positive association was observed between the TyG index and GDM (OR=1.16, 95% CI: 1.11-2.35, P=0.0124). After full adjustment in Model 2, this positive association remained consistent (OR=3.43, 95% CI: 1.20-9.85, P=0.0216), indicating that each incremental unit of the TyG index was associated with a 2.43-fold increased risk of gestational diabetes.


Table 2 | Logistic regression analysis for the relationship between various TyG index and GDM in different models.
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For sensitivity analysis, we categorized the TyG index into tertiles. In Model 2, the OR for Tertile 3-TyG index was 3.92 (CI: 1.16-13.25, P=0.0282) compared to Tertile 1-TyG index, representing a significant 2.92-fold increase in the likelihood of GDM in Tertile 3. However, there was no statistically significant difference between Tertile 1 and Tertile 2 (OR=1.62; 95% CI: 0.69–3.08; P=0.2660).

The results of the smoothing curve fitting further demonstrated a positive association between the TyG index and the likelihood of GDM incidence, as shown in Figure 1 (P for nonlinearity > 0.05).


[image: Scatter plot showing the relationship between TyG Index and GDM. The x-axis represents the TyG Index ranging from 7.0 to 10.5, and the y-axis represents GDM ranging from 0.0 to 1.0. Blue circles represent data points with a visible upward trend, while a red curve highlights the general pattern.]

Figure 1 | The association between TyG index and GDM. The solid red line represents the smooth curve fit between variables. Blue bands represent the 95% confidence interval from the fit.







Subgroup analysis

The findings of our subgroup analysis indicate that the associations among the TyG index and GDM were inconsistent, as presented in Table 3. This was observed across subgroups stratified by age, race, education level, PIR, BMI, hypertension, hypercholesterolemia, and gestational age. However, interaction testing revealed that these parameters had no significant effect on the correlation that existed between gestational diabetes and the TyG index (all P values for interaction>0.05).


Table 3 | Subgroup analysis of the associations between the TyG index and GDM.
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Diagnostic efficacy of TyG index for GDM

Analyzing the diagnostic effectiveness of the TyG index using a receiver operating characteristic (ROC) curve (Figure 2). The TyG index cut-off value for diagnosing GDM is 9.07 (AUC=0.57, 95% CI: 0.50-0.62, sensitivity=40.34%, specificity=74.54%). AUC values higher than 0.5 are regarded as having diagnostic utility.


[image: ROC curve illustrating the performance of the TyG index as a diagnostic test. The curve plots sensitivity versus one minus specificity, with an area under the curve (AUC) of 0.57, indicating limited discriminative ability.]

Figure 2 | The ROC curve of the TyG index for diagnosing GDM. AUC = 0.57 (95% CI: 0.50-0.62, cut-off value is 9.07, sensitivity = 40.34%, specificity = 74.54%).








Discussion

This study further explored the correlation between TyG index and GDM using the nationally representative NHANES database. According to the results, pregnant women in the highest quartile of the TyG index had a 2.92-fold increased risk of developing GDM compared to those in the lowest quartile. The association between gestational diabetes mellitus and TyG index remains significant even after adjusting for all possible confounders, while the AUC of TyG index for predicting GDM was 0.57. It is noteworthy that the present study is the first to report a linear positive association between TyG index and GDM after adjusting for confounding variables, utilizing a population of pregnant women from the NHANES database from 1999 to 2020. Furthermore, the results of the subgroup analyses demonstrate the robustness of our findings.

The TyG index is a composite biochemical indicator that reflects the integrated influence of blood lipids and glucose. It has been reported to demonstrate high sensitivity in identifying insulin resistance among healthy individuals (11). Li et al. (18) conducted a cohort study that demonstrated a distinct association of the TyG index with an elevated probability of incident diabetes, suggesting its potential as a predictive indicator for type 2 diabetes mellitus (T2DM). The TyG index has been shown to be valuable in various cardiovascular disease types, including stable coronary artery disease, acute coronary syndromes, in-stent restenosis, arterial stiffness, coronary artery calcification, and heart failure (19). Meanwhile, multiple research investigations have revealed a strong correlation between the various factors of the TyG index and the risk of cardiovascular disease occurrence in both normal-weight individuals (20) and those suffering from non-alcoholic fatty liver disease (21). In a study of pregnant women, Pan et al. (22) observed that the TyG index in the early trimester of pregnancy is closely associated with the development of gestational hypertension and adverse pregnancy outcomes. Moreover, recent cohort studies have demonstrated a statistically significant association between the TyG index and the risk of developing gestational diabetes mellitus (GDM), indicating its efficacy as a predictor for both GDM and large for gestational age newborns (12, 23, 24).

GDM’s pathophysiology involves beta cell dysfunction and tissue insulin resistance during pregnancy. Elevated glucose levels can trigger islet beta cells to create reactive oxygen species, leading to oxidative stress and cell dysfunction, culminating in insulin resistance (25). Pregnant women, especially those with GDM, often exhibit elevated serum triglyceride levels, potentially impairing pancreatic beta cell function (26, 27). Early identification of GDM risk using reliable insulin resistance indicators is crucial to prevent adverse consequences. The TyG index is considered a cost-effective and efficient indicator of insulin resistance compared to other methods like Homeostatic Model Assessment for Insulin Resistance (HOMA-IR), as it eliminates the need for measuring insulin levels (28, 29). Its advantage lies in its ability to be derived from a single sample, making it highly suitable for various clinical applications (30).

Age, race, obesity, inheritance, smoking, and various risk factors collectively contribute to insulin resistance or GDM occurrence (31, 32). In this investigation, we comprehensively considered age, race, BMI, history of hypertension, hypercholesterolemia, alcohol use, smoking status, and gestational age as stratifying variables. Subgroup analysis and interaction tests consistently demonstrated correlations across different groups. Interestingly, our results from the subgroup analysis revealed that individuals aged <35 years, Mexican Americans, and those with a BMI ≥25 kg/m² exhibited a higher risk of GDM. BMI and age, two important characteristics related with insulin resistance, have a major influence on the development of GDM. It has been observed that maternal pre-pregnancy obesity substantially increases the risk of developing GDM, with an odds ratio (OR) of 1.63 (95% CI: 1.320-2.019), whereas the adjusted OR for older mothers (≥35 years) was 1.45 (95% CI: 1.184-1.776). This suggests that while age is indeed a risk factor for GDM, BMI exerts a greater influence on its development (33). Moreover, BMI serves as a crucial indicator for GDM in pregnant women with polycystic ovary syndrome (PCOS). Previous reports have highlighted that pregnant women affected by PCOS face an elevated risk of developing GDM if their BMI exceeds 28 kg/m² (34). However, the results of our analysis showed that a higher maternal TyG index during the first trimester of pregnancy did not significantly associate with GDM, raising concerns about using the TyG index as an early predictor of GDM. This finding aligns with a recent meta-analysis, suggesting that triglyceride variations during pregnancy and individual differences may contribute to these results (35). The limitations of the TyG index, derived from static measurements of fasting glucose and triglycerides, might not fully capture the intricate interactions of insulin sensitivity, insulin secretion, and glucose metabolism as assessed through oral or intravenous glucose tolerance tests (22, 36). Moreover, various factors affecting triglyceride metabolism, such as nutrition, alcohol use, antioxidants, medications, liver function, and genetic variations, could also impact the TyG index (19, 37, 38).

The predictive ability of the TyG index for GDM has been extensively investigated by multiple researchers. Liu et al. (24) reported an AUC of 0.686 (95% CI: 0.615-0.756) for the TyG index in predicting the risk of GDM. Similarly, Li et al. (12) demonstrated the potential of the TyG index in detecting the risk of GDM, with an AUC of 0.637 (95% CI: 0.626~0.649). Another study by Khan et al. (39) found that the TyG index exhibited the highest AUC, surpassing HbA1c and other biomarkers, with a predictive AUC of 0.712 (95% CI: 0.631-0.793) for GDM. In our study, we observed a limited effectiveness of the TyG index in predicting GDM, with an AUC of 0.57 (95% CI: 0.50-0.62). Differences in the reported ROC curves for the diagnosis of GDM using the TyG index may arise from various factors, including disparities in study populations, sample sizes, calculation methods, and reference standards utilized to diagnose GDM. Notably, in our study, the use of fasting blood glucose rather than the oral glucose tolerance test (OGTT) as the reference standard for GDM may have contributed to the observed discrepancy. While the TyG index as a composite indicator seems to reflect insulin resistance in pregnant women, further research is indispensable to fully explore its potential for early prediction of gestational diabetes.

Acknowledging the limitations of our research is essential. Firstly, the cross-sectional design using data from the NHANES database prevented us from establishing a direct causal association between the TyG index and the risk of developing GDM during pregnancy. Secondly, GDM recognition in this study relied solely on fasting plasma glucose, rather than using the more comprehensive OGTT. Several studies have indicated that our GDM categorization based only on fasting glucose may have an approximate 26% misclassification rate (40), potentially leading to an underestimation of GDM instances and influencing result interpretation. Thirdly, due to the cross-sectional design of the NHANES, all variable measurements were taken at a single point during a woman’s pregnancy, and trimester verification relied on pregnant women’s self-reports. Additionally, to avoid biased results, we did not compare the TyG index and HOMA-IR as distinct risk parameters for GDM, as the data for insulin levels in pregnant women had a substantial number of missing values. Future research is necessary to better predict GDM and its complications by incorporating the TyG index along with other clinical and biochemical parameters. Investigating potential mechanisms underlying the association between the TyG index and GDM, including the roles of adipokines, oxidative stress, inflammation, and insulin resistance, is also crucial. Despite these limitations, our study demonstrates a correlation between the gestational TyG index and GDM.





Conclusion

The present research demonstrated a positive correlation between the TyG index and gestational diabetes in pregnant women in the US. However, the diagnostic validity of TyG index for GDM is limited. Further investigation is needed to fully explore the potential of the TyG index as a predictor of GDM risk in early pregnancy.
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Background

Sex hormones and sex hormone-binding globulin (SHBG) may play a role in fatty liver development. We sought to examine the association of various endogenous sex hormones, including testosterone (T), and SHBG with liver fat using complementary observational and Mendelian randomization (MR) analyses.





Methods

The observational analysis included a total of 2,239 participants (mean age 60 years; 35% postmenopausal women) from the population-based KORA study (average follow-up time: 6.5 years). We conducted linear regression analysis to investigate the sex-specific associations of sex hormones and SHBG with liver fat, estimated by fatty liver index (FLI). For MR analyses, we selected genetic variants associated with sex hormones and SHBG and extracted their associations with magnetic resonance imaging measured liver fat from the largest up to date European genome-wide associations studies.





Results

In the observational analysis, T, dihydrotestosterone (DHT), progesterone and 17α-hydroxyprogesterone (17-OHP) were inversely associated with FLI in men, with beta estimates ranging from -4.23 to -2.30 [p-value <0.001 to 0.003]. Whereas in women, a positive association of free T with FLI (β = 4.17, 95%CI: 1.35, 6.98) was observed. SHBG was inversely associated with FLI across sexes [men: -3.45 (-5.13, -1.78); women: -9.23 (-12.19, -6.28)]. No causal association was found between genetically determined sex hormones and liver fat, but higher genetically determined SHBG was associated with lower liver fat in women (β = -0.36, 95% CI: -0.61, -0.12).





Conclusion

Our results provide suggestive evidence for a causal association between SHBG and liver fat in women, implicating the protective role of SHBG against liver fat accumulation.





Keywords: sex hormones, sex hormone-binding globulin, fatty liver index, liver fat, Mendelian randomization, European cohort





Introduction

Fatty liver, a condition characterized by excessive ectopic fat accumulation in the liver (≥5%), is affecting one fourth of the world population. It is increasingly contributing to the global healthcare burden with the late stage of liver disease, liver cirrhosis, being the 11th most common cause of death (1).

Epidemiological evidence reported that fatty liver is more prevalent among men than women (2). Several mechanisms have been proposed to explain these differences focusing mainly on the role of sex hormones, namely androgens and estrogen, on glucose-, cholesterol- and lipid- metabolism in the liver (3). Endocrine diseases such as male hypogonadism, a condition defined by reduced sex hormone levels, or polycystic ovary syndrome (PCOS), a condition usually resulting in excessive androgen levels in women, have been consistently shown to be associated with higher fatty liver risk (3).

A recent meta-analysis of population-based studies found that higher serum testosterone (T), the major form of androgen, was associated with lower risk of fatty liver among men, but not in women (4). Other studies on precursors of T such as dehydroepiandrosterone (DHEA) and its sulfate form DHEA-sulfate (DHEAS), have consistently shown an involvement in metabolic disorders (5). For example, supplementation of DHEA improved insulin sensitivity and increased lean body mass in older adults (6, 7). However, whether DHEA or DHEAS modulate fatty liver risk remains controversial (4, 8). In peripheral tissues, such as skin, DHEA and T are converted into dihydrotestosterone (DHT), and the latter has been related to lower risk of diabetes among older men (9). Nevertheless, there is no population-based evidence directly linking DHT to fatty liver.

Postmenopausal women exhibited higher fatty liver risk compared to premenopausal women, highlighting the protective role of estrogens, such as estradiol (E2), in cardiometabolic health (10). Other important sex hormones, such as progesterone and its derivative, 17α-hydroxyprogesterone (17-OHP), have also been linked to metabolic derangements, such as insulin resistance, obesity and diabetes (11, 12), conditions closely related to fatty liver (1). Sex hormone-binding globulin (SHBG), on the other hand, a liver derived protein that transports sex hormones in the blood and affects their bioactivity (13), has been associated with lower odds of fatty liver in both men and women in a recent meta-analysis (4).

In this study, we firstly aimed to investigate the cross-sectional and longitudinal association of serum sex hormone levels (e.g. T, DHEA) and SHBG with the fatty liver index (FLI), a validated non-invasive and cost-efficient tool for the estimation of fatty liver in population-based studies (14, 15). Secondly, to investigate whether the observed associations are causal, we used genetic instruments to investigate the role of sex hormones and SHBG on liver fat by Mendelian randomization analysis using the largest up to date genome-wide association studies (GWAS) (16–19).





Methods




Population

The study was performed among participants of the prospective population-based Cooperative Health Research in the Region of Augsburg (KORA) study. A total of 4,261 adults, aged 25-74 years, were included at baseline between 1999 and 2001 (S4 visit) with the primary aim to assess health and disease in Southern Bavaria, Germany. Follow-up examinations were conducted after 7 years (F4 visit, 2006 -2008) and after 14 years (FF4 visit, 2013 - 2014) (20–22). All study participants have provided written informed consent. The study was approved by the Ethics Committees of the Bavarian Chamber of Physicians (Ethical Approval Number 06068) adhering to the declaration of Helsinki.

The present analysis includes data from the F4 visit as baseline and FF4 visit as follow-up (average follow-time: 6.5 years). Excluding premenopausal women (n = 602), women with hysterectomy or bleeding due to hormone replacement therapy and younger than 60 years (n = 188), women with missing menopausal status (n = 4), participants without valid FLI information at baseline (n = 47), a total of 2,239 participants (1,456 men and 783 postmenopausal women) were included in the cross-sectional analysis (Figure 1). Due to missing sex hormones information at baseline (n = 60 to 244), the final number of participants for the regression analyses differed by sex hormone (1,328 to 1,417 men; 667 to 762 postmenopausal women) at baseline. For the longitudinal analysis, we further excluded participants lost to follow-up (n = 720) and those without FLI information (n = 14) at the FF4 visit, leaving a sample size of 1,505 participants (941 to 1,003 men; 408 to 468 postmenopausal women).


[image: Flowchart detailing the selection and analysis process for KORA F4 study participants. Initially, 3,080 participants are considered. Exclusions include premenopausal women, women with a hysterectomy or hormone therapy, and missing baseline data, leaving 2,239 for cross-sectional analysis. Further exclusions for missing sex hormone and SHBG data are noted. Longitudinal analyses at FF4 focus on specific groups, with adjustments for losses to follow-up and missing follow-up data. Specific hormones studied include testosterone, free testosterone, DHEA, DHEAS, DHT, free DHT, progesterone, 17-OHP, and SHBG, split between men and postmenopausal women.]

Figure 1 | Flow chart of the KORA study population for the observational analysis. DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone-sulfate; DHT, dihydrotestosterone; SHBG, sex horhome-binding globulin; 17-OHP, 17α-hydroxyprogesterone.



Details of laboratory, clinical and anthropometric measurements as well as interviews are provided in the Supplementary Materials.





Sex hormones and SHBG assessments

T, DHEA, DHEAS, DHT, progesterone, and 17-OHP were quantified in serum samples which were stored at -80°C until being assayed. The detailed assessment procedure has already been described in detail (23). Samples were prepared and sex hormones were quantified using the AbsoluteIDQ™ Stero17 Kit and electrospray ionization liquid chromatography-mass spectrometry (ESI-LC-MS/MS). The quantification method of the AbsoluteIDQ™ Stero17 Kit has been proved to follow the European Medicines Agency’s Guideline on bioanalytical method validation (July 21st 2011) (24). Metabolite concentrations were calculated using internal standards and reported in nM or ng/ml. Missing values of sex hormones were imputed (11). Sex hormones were then normalized, and different batches were calibrated (11). SHBG was measured in serum using the chemiluminescent microparticle immunoassay ARCHITECT for the absolute quantification of SHBG (Abbott Diagnostics).

In order to be transported in blood, sex hormones are bounded to SHBG or weakly bounded to albumin. The free circulating sex hormones [e.g. free T (fT), free DHT (fDHT)] represent the bioactive hormones that target tissues. The sum of albumin-bound and free sex hormone is bioavailable sex hormone (e.g. bioavailable T). In the KORA study, fT and fDHT were calculated using mass action equations based on the concentrations of the total hormones and their binding constants to serum SHBG and albumin according to Rinaldi et al. (25).





Calculation of FLI

FLI was calculated from BMI, waist circumference, triglycerides (TG) and gamma-glutamyl-transferase (GGT) with the algorithm developed by Bedogni et al. (14):

FLI = (e 0.953*loge (TG) + 0.139*BMI + 0.718*loge (GGT) + 0.053*waist circumference - 15.745)/(1 + e 0.953*loge (TG) + 0.139*BMI + 0.718*loge (GGT) + 0.053*waist circumference - 15.745) * 100, with TG measured in mmol/l, GGT in U/l, and waist circumference in cm, resulting in a score ranging from 0 to 100, with a FLI < 30 ruling out and a FLI ≥ 60 ruling in fatty liver.





Genetic instrumental variables

We searched the GWAS Catalogue using the full name of the sex hormones and identified the largest GWAS in the European population including total T, bioavailable T (bioT), E2, SHBG (18, 26), DHEAS (17), progesterone and 17-OHP (19). For DHT, the only GWAS in the European population was conducted in a study population at particular high risk of prostate cancer (men only, n= 3225) (27). One GWAS identified a SNP (rs34670419) associated with DHEA in a European population (n=1023); however, the association (p=2e-9) did not reach a genome-wide cut-off of p<5e-11 after multiple-testing adjustment (28). Therefore, we did not include DHT and DHEA in the MR analysis. Summary statistics for total T in men and women, bioT in men and women, E2 in men, SHBG in men and women (Ruth et al., 2020 (18)), DHEAS in men and women combined (Zhai et al., 2011 (17)), and progesterone in men and women, 17-OHP in men and women (Pott et al., 2021) (19) were obtained from the respective publications. Of note, a genetic instrument for E2 in women was not included, as in the GWAS of Ruth et al. most of the women were postmenopausal and showed E2 levels below the limit of detection (78%), which substantially reduced the power of analysis for genetic instruments of E2 and biased the associations towards loci associated with age at menopause (18).

After we included the genome-wide significant SNPs (p<5e-8) for sex hormones and SHBG, we clumped the SNPs if they were in linkage disequilibrium (LD) (LD r2>0.001). The SNP-outcome associations were extracted from the largest GWAS available up to date for MRI measured hepatic proton-density fat fraction (PDFF) in the European population by Parisinos et al. using data from a subsample of UK Biobank (29) (Supplementary Table 1). We chose this study because MRI has been demonstrated as the most definitive non-invasive medical imaging to quantify liver fat content (30). Afterwards, we harmonized the SNP-exposure and SNP-outcome associations and excluded palindromic SNPs (Supplementary Figure 1). Three genetic instruments that could not be matched in the outcome dataset (rs543504257, rs2275560, rs78058190) were excluded from further MR analysis.





Statistical analyses

Baseline characteristics of the participants were compared among the FLI categories stratified by sex. For continuous variables, the arithmetic mean and standard deviation (SD) are shown if normally distributed or the median and interquartile (IQR) if non-normally distributed. For categorical variables, counts and percentages (%) were displayed. Analysis of variance (ANOVA) was used for continuous variables and chi-square test was used for categorical variables to test the differences between the groups.





Observational analysis in the KORA study

Sex-specific correlations of sex hormones were examined by Pearson’s rho. Sex hormone concentrations were sex-specifically z-standardized. The associations between sex hormones and baseline FLI as well as FLI at the follow-up were investigated with linear regression stratified for men and postmenopausal women. Model adjustment was defined a priori. The main model was adjusted for age, conventional lifestyle and cardiometabolic risk factors for sex hormone derangement and ectopic fat accumulation, including smoking (never, ex-smoker, smoker), physical activity (active, inactive), alcohol consumption (no intake, moderate intake, excessive intake), systolic blood pressure (SBP), high-density lipoprotein-cholesterol (HDL-C), low-density lilpoprotein-cholesterol (LDL-C) (all continuous), clinically diagnosed diabetes (yes, no), use of antihypertensive medication (yes, no) and lipid lowering medication (yes, no) (Supplementary Material). The model for the longitudinal analysis was additionally adjusted for baseline FLI. In a sensitivity analysis, we further adjusted for continuous C-reactive protein (CRP), thyroid stimulating hormone (TSH), serum albumin and SHBG, which are either closely related to sex hormone derangement or determinant for bioavailable sex hormones. The significance level was set to p<0.0056 to account for multiple tests (9 exposures) using Bonferroni correction.





Mendelian randomization analysis

MR analysis was conducted to investigate the causal relationship between sex hormones/SHBG and hepatic PDFF. More detailed explanation of the methodology is provided in the Supplementary Material. Firstly, we conducted MR analysis with the inverse-variance weighting (IVW) approach. One of the MR assumptions (exclusion restriction) is that the association between the genetic instrument and the outcome goes only through the exposure (Supplementary Materials). The IVW approach is only valid if all genetic instruments fulfill the “exclusion restriction” assumption. In case of genetic pleiotropy where the “exclusion restriction” is violated and genetic variants are also associated with other risk factors of the outcome, other robust MR methods provide valid and consistent MR estimates. The weighted-median approach allows up to 50%, the weighted-mode approach 50% - 100% and the MR-Egger approach up to 100% for pleiotropic variants (31, 32). A statistically significant IVW result with directionally consistent MR estimates from all three sensitivity analyses was considered to be a potential causal effect (33). The existence of directional horizontal pleiotropy was defined if the intercept term of the MR-Egger regression significantly differed from zero (p for pleiotropy < 0.05).

For DHEAS, progesterone and 17-OHP, we conducted two-sample MR analysis. Whereas for total T, bioT, E2 and SHBG, MR analysis was carried out in a two-sample setting with population overlap (<10%), since summary statistics for both exposure and outcome were obtained from the UK Biobank. In large scale studies, the precision and bias of MR estimates (except for MR Egger approach) are similar in both two-sample or one-sample (with complete sample overlap) MR settings (34, 35).

In order to investigate the causal effect of T or E2 independent of SHBG, we conducted MR analysis using clusters of genetic instruments with primary effects on specific sex hormone (T or E2 or SHBG) identified previously by Ruth and colleagues (Supplementary Table 1) (18). We also conducted sensitivity analysis excluding the SNPs with larger effects on the metabolic risk factors closely related to fatty liver, including fasting glucose, type 2 diabetes, coronary artery disease, HDL-C, LDL-C, triglycerides, total cholesterol, SBP, DBP, BMI and waist-to-hip ratio adjusted for BMI, than their effects on sex hormones identified by Steiger-Filtering previously (18). The Steiger test filters out SNPs that explain more variance in one phenotype (e.g. outcome/trait closely related to the outcome) than another (e.g. exposure), to reduce potential pleiotropic effects of these SNPs and avoid reverse causality (36).

All analyses were conducted using R statistical software, version 4.2.1, including the MR analyses for which we used the “TwoSampleMR” R package. We used multiple imputation with 5 imputed datasets for covariates with missing values less than 5% for the observational analysis. In the MR analysis, a p<0.0071 (0.05/7 exposure) was considered significant with Bonferroni correction for multiple testing.






Results




Observational analyses

Among 2,239 participants eligible for the cross-sectional analysis, the prevalence of FLI ≥ 60 was higher in men (54%, mean age 57 years) than in postmenopausal women (38%, mean age 66 years). For both men and women, participants with higher FLI were significantly older, had higher BMI, larger waist circumference and they were less physically active. They had higher blood pressure, higher blood lipid concentrations, higher CRP levels and higher liver enzyme levels. They also suffered more from diabetes, and were more likely to use antihypertensive or lipid lowering medication (Table 1, Supplementary Table 2). Among men, lower levels of sex hormones and SHBG were seen with higher FLI. Whereas among postmenopausal women, higher fT and lower DHEA, DHT and SHBG concentrations were observed with higher FLI (Table 2). A correlation matrix between the sex hormones and SHBG is shown in Supplementary Figure 2.


Table 1 | Baseline characteristics of KORA F4 study participants among men and postmenopausal women.

[image: A detailed table compares various health metrics between men and postmenopausal women with different FLI scores. It includes categories such as age, BMI, waist circumference, smoking, physical activity, alcohol consumption, blood pressure, cholesterol levels, diabetes, and medication use. The table shows P-values for statistical significance, with significant differences highlighted in bold. Values are presented as means or medians, with statistical methods like ANOVA used for analysis.]


Table 2 | Baseline characteristics of KORA F4 study participants including sex hormones, SHBG and related variables among men and postmenopausal women.

[image: The table shows hormone levels in men and postmenopausal women, divided by fatty liver index (FLI) categories: less than 30, 30 to 60, and greater than or equal to 60. Measures include testosterone, free testosterone, DHEA, DHEAS, DHT, free DHT, progesterone, 17-OHP, SHBG, and use of hormone replacement therapy. Statistical significance is indicated by P values, with significant values in bold. Missing data percentages are provided. Values are expressed as mean and standard deviation for continuous variables or median and interquartile range for non-normally distributed variables.]

Multivariable adjusted regression analyses showed that among men, lower T [β, 95%CI: -4.89 (-6.12, -3.66)], DHT [-2.97 (-4.20, -1.73)], progesterone [-2.75 (-4.02, -1.49)], 17-OHP [-3.57 (-4.80, -2.34)] and SHBG [-4.64 (-5.89, -3.39)] were associated with higher FLI at baseline. Among postmenopausal women, higher fT [2.27 (0.77, 3.77)] and lower SHBG [-9.00 (-11.13, -6.87)] were associated with higher FLI at baseline (Figure 2 and Supplementary Table 3). In longitudinal analysis, similar trends followed for both men and women (Figure 2 and Supplementary Table 4). In the sensitivity analysis, additionally adjusting for CRP, TSH, serum albumin and SHBG hardly changed the associations (Supplementary Table 5).


[image: Dot plots compare β estimates with 95% confidence intervals for sex hormones in men and postmenopausal women at baseline (blue) and follow-up (red). Hormones include testosterone, dihydrotestosterone, and sex hormone-binding globulin, among others. Significant differences are marked with asterisks.]

Figure 2 | Sex-specific associations of sex hormones with fatty liver index at baseline KORA F4 study (blue) and at follow-up KORA FF4 study (red). Models were adjusted for age, smoking, physical activity, alcohol consumption, SBP, HDL-C, LDL-C, diabetes, antihypertensive medication and lipid lowering medication. Significant associations were labeled with *. T, testosterone; fT, free testosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; DHT, dihydrotestosterone; fDHT, free dihydrotestosterone; P, progesterone; 17-OHP, 17α-hydroxyprogesterone; SHBG, sex hormone-binding globulin; FLI, fatty liver index; SBP, systolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.



All associations in the longitudinal analysis were attenuated after adjustment for baseline FLI (Supplementary Table 4), possibly due to reverse causation. However, baseline adjustment is only occasionally advantageous, and whether it eliminates or introduces bias depends crucially upon the causal structure relating the variables (37).





Mendelian randomization analysis

For sex hormones, the MR IVW estimates for total T [-0.09 (-0.16, -0.01)] in men and bioavailable T [0.13 (0.03, 0.23)] in women were nominally significant (p<0.05), but they did not pass the significance level of p< 0.0071 after Bonferroni correction. MR analyses with the IVW approach revealed that higher SHBG among women [-0.36 (-0.61, -0.12)] was associated with lower hepatic PDFF. Among men, the estimate was smaller [-0.19 (-0.33, -0.05)], and did not pass the Bonferroni threshold. Sensitivity analyses with weighted median, weighted mode and MR-Egger yielded estimates directionally consistent to the IVW estimates (Table 3). There was no indication of directional horizontal pleiotropy in the above MR analyses (p for pleiotropy from MR-Egger ≥ 0.05) (Table 3).


Table 3 | Mendelian randomization estimates of the relationship between sex hormones/SHBG on hepatic proton density fat fraction.

[image: Table displaying the results of Mendelian randomization analyses on various exposures across men and women. It includes columns for exposure type, sex, number of instruments, and statistical values from different methods: IVW, Weighted Median, Weighted Mode, and MR-Egger. Each method's results show β coefficients, confidence intervals, p-values, and p-values for pleiotropy where applicable. Notable results include significant IVW findings for total testosterone, bioavailable testosterone, and SHBG for women, and SHBG for men. Additional footnotes provide methodological context and significance level information.]

Due to genetic overlap between T, E2 and SHBG, we used clusters of instrumental SNPs with primary effects on T or E2 or SHBG to investigate the potential causal effect of T or E2 on hepatic PDFF independent of SHBG. MR analysis with clusters of T or E2 showed that there was no association between T and hepatic PDFF independent of SHBG in either men or women. Nor was there any association between E2 and hepatic PDFF independent of SHBG in men (Supplementary Table 6). The IVW estimates for both male SHBG cluster [-0.20 (-0.34, -0.06)] and female SHBG cluster [-0.43 (-0.61, -0.25)] reached statistical significance after Bonferroni correction. All three sensitivity analyses resulted in estimates in the same direction as the IVW estimates (Supplementary Table 6). The male SHBG cluster includes SNPs with primary SHBG increasing effect and secondary increasing effect on total T and decreasing effect on bioT as well as increasing effect on E2, and the female SHBG cluster includes SNPs with primary increasing effect on SHBG and secondary opposing effect on T and bioT. Taken together, this indicated that genetically determined higher SHBG has a decreasing effect on hepatic PDFF in both men and women, probably also through its effect on sex hormones (Table 3).

In order to minimize the pleiotropic effect of SNPs closely associated with metabolic risk factors, we further excluded them from the MR. The association between SHBG and hepatic PDFF attenuated, but maintained the same directionality (Supplementary Table 7).






Discussion

In this study, we investigated the observational and possible causal association of endogenous sex hormones and SHBG with liver fat combining evidence from a population-based study and summary-level data from the largest up to date GWAS. We observed that higher sex hormones, such as T, DHT, progesterone, 17-OHP, as well as SHBG were associated with lower FLI both at baseline and follow-up among men. Among postmenopausal women, lower fT and higher SHBG were both associated with lower FLI at baseline and follow-up. The MR analyses showed suggestive evidence for an inverse causal association of genetically determined SHBG on hepatic fat content in women, but no other potential causal effect was found for sex hormones on liver fat.

A recent meta-analysis including 16 studies found that higher T was associated with lower odds of fatty liver [0.59 (0.42, 0.76)] in men, but not in women. In KORA, we confirmed these results. Interestingly, although we did not find an association between T and FLI among women, higher fT was associated with higher FLI both cross-sectionally and longitudinally. Previous epidemiological evidence also suggested similar associations between fT or bioT levels and higher risk of fatty liver in women (38, 39). This indicates that not the total amount of circulating T but rather the amount of directly available T to the tissues is strongly related with fatty liver risk, especially in women. This could also be a secondary effect of SHBG, whose increase can reduce the levels of fT.

In a clinical trial, obese men treated with T had substantially increased muscle mass and improved insulin sensitivity as well as reduced liver fat, possibly owing to the protective role of T to regulate body composition and glucose metabolism in men (3, 40). However, T seems to exert a distinct metabolic effect in women, potentially due to decreased conversion of T to E2. Additionally, postmenopausal women are be at higher risk of fatty liver, as a result of weight gain, lipid dysregulation and unfavorable adipose distribution due to declining E2 levels (2, 10). In alignment, we found that fT was associated with FLI in opposite ways for men (inversely) and women (positively) in our study.

Although lower DHEAS levels were observed in the group of biopsy-proven more advanced fatty liver disease involving inflammation and fibrosis in a small study (8), we did not find any association between DHEA or DHEAS with FLI in our study sample. Our finding was supported by the null association in a population-based study comparing the risk of ultrasound diagnosed fatty liver in relation to DHEA and DHEAS levels (4). Our analysis also suggested inverse associations of DHT, progesterone and 17-OHP with FLI in men. Experimental studies have shown that DHT, progesterone and 17-OHP influence lipid and glucose metabolism and regulate inflammatory proteins, such as by interacting with insulin signaling in adipocytes or activating glucocorticoid receptor in the liver (12, 41, 42). However, there isn’t yet consistent evidence from population-based studies linking these sex hormones to fatty liver. Further studies are needed to examine the role of these sex hormones and fatty liver risk longitudinally.

We noted that lower SHBG levels were associated with higher FLI in both men and women, which is consistent with the findings from a recent meta-analysis (4). Previous literature has shown that lower endogenous SHBG level is associated with higher risk of cardiometabolic disorders and fatty liver, and this association is reported to be constant in both sexes across age groups (4, 43, 44). Moreover, lower SHBG has been associated with older age, obesity, and lifestyle risk factors, such as being physically inactive and alcohol consumption, all closely related to liver fat accumulation (45, 46). In our study, the association between SHBG and FLI remained significant after adjusting for all these factors. However, given the multifactorial nature of fatty liver, there might be other risk factors confounding the observed associations, which we were not able to correct for. Although the mechanism underlying the association between SHBG and liver fat regulation remains uncertain, animal experiments implied that increased SHBG level can downregulate the expression of the crucial enzymes involved in the hepatic lipogenesis, such as the adenosine triphosphate (ATP) citrate lyase (production of precursor for fatty acid), Acetyl-CoA-carboxylase and fatty acid synthase (further restriction of fatty acid synthesis) in the liver (47, 48), which could consequently reduce liver fat content. Meanwhile, in vitro experiments showed that SHBG can repress inflammatory cytokines, including interleukin-6 and tumor necrosis factor-alpha in adipocztes and macrophages, modulating inflammatory processes (48). Furthermore, SHBG may indirectly impact liver fat content by regulating the bioavailability and balance of sex hormones. On the other hand, liver cell function and other metabolic factors, such as insulin, can also regulate SHBG production (13). Additionally, the genetic determinants of SHBG overlap with those of other metabolic risk factors for fatty liver, as captured in our MR analysis. Therefore, the observational association between SHBG and risk of liver fat accumulation could be subject to residual confounding and reverse causation, which can be better addressed with MR analysis.

Previous MR studies have suggested the protective role of SHBG against the development of metabolic disorders, such as type 2 diabetes (18) and hypertension (49), both risk factors for fatty liver. Accordingly, we found that genetically determined circulating SHBG were inversely associated with liver fat content in women, consistent with the observational evidence. However, among men, this association was only nominal (p<0.05) but did not pass the Bonferroni correction threshold of p<0.0071. Although we did not detect any pleiotropy using a battery of robust MR methods, the associations between SHBG and hepatic PDFF should be interpreted with caution, since the association was attenuated after we excluded SNPs closely related to metabolic risk factors identified by Steiger-filtering in a previous study (18). This finding highlights the importance of carefully evaluating the assumptions underlying the MR analysis and employing appropriate methods to address potential confounding effects of metabolic risk factors, highly intermingled in fatty liver pathophysiology. We did not find implication regarding potential causal effect of sex hormones on liver fat.

This is the first study investigating the sex-specific role of a wide range of sex hormones in liver fat accumulation with both observational evidence from a well-characterized population-based study as well as genetic data. Sex hormones were quantified by mass spectrometry, increasingly recognized as the gold standard, being more accurate and sensitive compared to the widely-used immunoassay (50). Using multiple genetic instruments and several MR sensitivity analyses, we could address the potential existence of horizontal pleiotropy and the robustness of the MR estimates. Nevertheless, our study also entails several limitations. We were unable to quantify the role of E2 in relation to liver fat. Although there is evidence indicating a protective role of E2 on liver injury and liver fat accumulation (2, 51), epidemiological studies comparing the risk of fatty liver related to the endogenous levels of E2 could not find a significant association between these two (4). Meanwhile, even though the administration of exogenous E2 has been shown to be associated with an increase in SHBG levels (52), we expect the effect of circulating E2 on SHBG to be neglectable in our study population of postmenopausal women and men since E2 levels are low and stable in this group (53). Nevertheless, future studies should focus on determining the impact of endogenous E2 levels and liver fat and, in particular, addressing the challenge of periodic fluctuations in E2 in premenopausal women. MRI has been deemed to be the gold standard for non-invasive measurement for liver fat content, but the high cost of MRI precludes it for large scale investigations. We did not use sex-specific genetic associations with hepatic PDFF for the MR analysis, but we don’t expect large differences - a GWAS from the UK Biobank indicated no sex difference in the genetic signals for steatohepatitis (29). Up to date, the GWAS from UK Biobank include the highest number of genetic instruments for T, E2 and SHBG. Therefore, we employed the two-sample approach with sample overlap (<10%) for these exposures, which could bias the MR estimates towards the observational associations (weak instrument bias). However, in case of large study population, using strong genetic instruments (p < 5e-8) which explain high genetic heritability of the phenotypes (2% -21%), potential bias due to weak instruments is expected to be low (35).





Conclusion

Our complementary observational and MR results support suggestive causal associations between SHBG with liver fat, particularly in women, indicating that interventions targeting this pathway, along with management of accompanying risk factors, may help the prevention of fatty liver. Further observational studies are needed to examine the sex-specific associations between sex hormones and liver fat accumulation quantified by MRI using population-based data.
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Background

Glyoxalase 1 (GLO1) plays a crucial role in defending against glycation. Single nucleotide polymorphism (SNP) variants in the GLO1 gene may affect gene expression and alter enzyme activity. However, there have been limited studies evaluating the association between GLO1 and diabetes, especially gestational diabetes mellitus (GDM). Therefore, this study is the first to explore the association of GLO1 SNPs and GDM risk.





Methods

The study included a total of 500 GDM patients and 502 control subjects. The SNPscan™ genotyping assay was used to genotype rs1781735, rs4746 and rs1130534. To assess the disparities in genotype, allele, and haplotype distributions and their correlation with GDM risk, the independent sample t-test, logistic regression, and chi-square test were employed during the data processing phase. Furthermore, one-way ANOVA was conducted to determine the differences in genotype and blood glucose and methylglyoxal(MG) levels.





Results

Significant differences were observed in prepregnancy body mass index (pre-BMI), age, systolic blood pressure (SBP), diastolic blood pressure (DBP), and parity between GDM and healthy subjects (P < 0.05). After adjusting for these factors, GLO1 rs1130534 TA remained associated with an increased risk of GDM (TA vs. TT + AA: OR = 1.320; 95% CI: 1.008-1.728; P = 0.044), especially in the pre-BMI ≥ 24 subgroup (TA vs. TT + AA: OR = 2.424; 95% CI: 1.048-5.607; P = 0.039), with fasting glucose levels being significantly elevated in the TA genotype compared to the TT genotype (P < 0.05). Conversely, the GLO1 rs4746 TG was associated with a decreased risk of GDM (TG vs. TT: OR = 0.740; 95% CI: 0.548-0.999; P = 0.049; TG vs. TT + GG: OR = 0.740; 95% CI: 0.548-0.998; P = 0.048). Additionally, the haplotype T-G-T of rs1781735, rs4746 and rs1130534 was associated with a decreased risk of GDM among individuals with a pre-BMI ≥ 24 (OR = 0.423; 95% CI: 0.188-0.955; P = 0.038). Furthermore, the rs1781735 GG genotype was found to be more closely related to maternal MG accumulation and neonatal weight gain (P < 0.05).





Conclusion

Our findings suggested that GLO1 rs1130534 was associated with an increased susceptibility to GDM and higher blood glucose levels, but GLO1 rs4746 was associated with a decreased risk of GDM. The rs1781735 has been associated with the accumulation of maternal MG and subsequent weight gain in neonates.





Keywords: gestational diabetes mellitus (GDM), GLO1, rs1781735, rs4746, rs1130534, MG




1 Introduction

Gestational diabetes mellitus (GDM) is a common pregnancy disorder in women (1), with a prevalence ranging from 10% to 15% (2). GDM has detrimental consequences on both maternal and fetal development and increases the risk of developing type 2 diabetes mellitus (T2DM) in postpartum women (3). Previous research has proposed that the pathogenesis of GDM may be related to genetic factors (4). Therefore, single nucleotide polymorphism (SNP) variants may be associated with the development of GDM (5).

The glyoxalase 1 (GLO1) plays a crucial biological role in detoxifying methylglyoxal (MG) (6). Elevated levels of MG have been linked to diabetes, cardiovascular disease, and cancer (7–9), potentially due to the down-regulation of GLO1 expression and activity (10–12). GLO1 gene SNP variants may impact its expression and activity and have been associated with diabetes risk (13–16). Specifically, the CA genotype and C allele of GLO1 rs4647 have been shown to increase the risk of T2DM, while the AT genotype and A allele of rs1130534 are associated with decreased susceptibility to T2DM. Notably, T2DM patients have been found to exhibit significantly increased serum MG concentrations (17). Furthermore, the minor allele of rs1130534 and rs1049346 has been related to decreased enzyme activity, with an increase in the number of risk alleles closely associated with decreased GLO1 activity (18). These findings suggest that polymorphic variation independently impacts GLO1 activity, with GLO1 SNP potentially contributing to decreased enzyme activity and increased susceptibility to T2DM. Interestingly, the CC genotype of rs4647 has been associated with T2DM neuropathy (19).

The association between GLO1 SNPs and diabetes, particularly GDM, has not been extensively researched. This study aims to investigate the association between GLO1 rs1781735, rs4746 and rs1130534 polymorphisms and GDM and MG. The study seeks to determine the effect of GLO1 polymorphic variants on GDM.




2 Materials and methods



2.1 Study subjects

The study enrolled 1002 participants, including 500 GDM patients and 502 healthy pregnant women as control subjects. The enrollment criteria consisted of several requirements: participants must have given written informed consent voluntarily, be Han Chinese ethnicity, aged 18 years or older, have no pregnancy complications, and not use glucose-lowering medications. The Obstetrics Clinic of Shunde Maternal and Child Health Hospital of Guangdong Medical University conducted the study between August 2021 and January 2022.

All pregnant women underwent a routine 75-gram oral glucose tolerance test (OGTT) during the 24-28 weeks of gestation. The International Association of Diabetes and Pregnancy Study Groups (IADPSG) diagnostic criteria were used to diagnose GDM. GDM was diagnosed if one or more points meet the following criteria:fasting blood glucose (FBG) ≥ 5.1 mmol/L, 1-hour postprandial glucose (PG) ≥ 10.0 mmol/L, or 2-hour PG ≥ 8.5 mmol/L. Pregnant women who did not exceed these values were included in the healthy control group.

The Ethics Committee of Shunde Maternal and Child Health Hospital of Guangdong Medical University approved the study, and it was conducted in accordance with the principles of the Declaration of Helsinki.




2.2 Data collection

The clinical data collected included information about ethnicity, age, pre-pregnancy weight, height, blood pressure, parity, and blood glucose levels. We calculated the pre-pregnancy body mass index (pre-BMI) by dividing the pre-pregnancy weight by the square of the height in meters. We classified obesity according to Chinese standards, which include four categories: underweight, normal, overweight, and obese.




2.3 SNP genotyping

Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Kit from Qiagen, Germany, and then genotyped using the SNPscan method from Genesky Technologies Inc. in Shanghai, China. Quality control measures were taken to ensure the accuracy of the raw data obtained from sequencing. A subset of samples was selected for further quality control.




2.4 Statistical analyses

Statistical analyses were conducted using SPSS 20.0 software. Continuous variables were analyzed using independent samples t-tests for normally distributed data, and nonparametric tests were used for data that did not follow a normal distribution. The chi-square test was used for analyzing discontinuous variables, including the Hardy-Weinberg equilibrium (HWE) test for control groups. The study examined six genetic models: codominant homozygous, codominant heterozygous, dominant, recessive, overdominant, and allele models. Logistic regression was used to correct for potential confounders, and the risk of GDM was evaluated using the dominance ratio (OR) and 95% confidence interval (CI). Associations between SNP and glucose levels, neonatal weight, and MG concentrations were analyzed using one-way analysis of variance (ANOVA) with multiple comparisons (LSD) between the two groups. Subgroup analyses were conducted for age and pre-BMI. Haplotypes with a frequency below 0.03 were excluded from frequency distribution calculations. GraphPad Prism version 5.01 (GraphPad Software Inc., San Diego, CA, USA) was used to generate the statistical graphs.




2.5 ELISA

MG concentrations were determined by Jiangsu Meibiao Biotechnology Co. according to the manufacturer’s instructions. Standard and sample wells were prepared, with 50μL of each standard added to the standard well and 10 μL of the sample to be measured added to the sample well, followed by 40 μL of sample dilution. The blank well was left unaltered. Horseradish peroxidase (HRP)-labeled detection antibody (100μL) was added to each well, except for the blank wells. The wells were then incubated at 37°C for 60 minutes and washed five times. Subsequently, 50μL of substrate A and B were added to each well and incubated at 37°C for 15 minutes. Finally, 50μL of termination solution was added to each well, and the OD value of each well was measured at 450nm within 15 minutes.




2.6 Meta-analysis

A comprehensive search of the literature was conducted through the PubMed, Google Scholar, and Chinese National Knowledge Infrastructure databases for various combinations of the terms rs4746 (rs2736654), rs11305354, type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM), and gestational diabetes mellitus (GDM). Inclusion criteria included case-control or cohort studies that assessed the association of rs4746 and rs11305354 with T1DM, T2DM, or GDM, with adequate raw data. Studies that did not meet the diagnostic criteria and studies with data that were not in Hardy-Weinberg equilibrium were excluded. Two authors extracted the relevant data from the articles. Meta-analysis of six genetic models was conducted using either the fixed or random effects model, depending on the level of heterogeneity. Publication bias was assessed using Egger’s and Begg’s tests. All meta-analyses were carried out using STATA v.16.0 software.





3 Results



3.1 General clinical characteristics

We conducted a case-control study with 500 individuals diagnosed with GDM and 502 healthy controls. We examined their genotypes of GLO1 rs1781735, rs4746 and rs1130534, and also collected basic clinical information and stratification characteristics. Our findings revealed that individuals with GDM had significantly higher mean age, pre-BMI, systolic blood pressure (SBP), diastolic blood pressure (DBP), and glucose levels compared to the control group (P < 0.05). Additionally, the parity (primipara/multipara) differed significantly between the two groups (P < 0.05). See Table 1 for details.


Table 1 | Basic and stratified characteristic of participants of the study.

[image: Table comparing cases and controls across several variables. Variables include age, pre-BMI, blood pressure, glucose levels, and parity. Significant differences are noted with bold p-values. Pre-BMI and blood pressure show significant differences, with cases generally having higher values than controls.]




3.2 The association of rs1781735, rs4746 and rs1130534 with GDM risk



3.2.1 Overall analysis results

Table 2 presents essential details about three SNPs, including the minimal allele frequency (MAF), and the results of the Hardy-Weinberg equilibrium (HWE) analysis in the control group. A P-value greater than 0.05 indicates adherence to HWE. Our research results showed that the MAFs of rs1781735, rs4746, and rs1130534 are 0.355, 0.149, and 0.261, respectively. Furthermore, the control groups for each SNP are in HWE.


Table 2 | SNPs information and HWE test in the controls.

[image: Table displaying genetic information for three SNPs. Columns include SNP identifiers, minor/major alleles, chromosome position (chr6 with positions 38672079, 38650628, 38650588), regions (5'-flanking, nonsynon_exon4, synon_exon4), functions (/, p.Glu111Ala, p.= (Gly124Gly)), minor allele frequencies (MAF of 0.355, 0.149, 0.261), and Hardy-Weinberg equilibrium P-values (0.839, 0.431, 0.208).]

The study evaluated the associations between six models (codominant homozygous, codominant heterozygous, dominant, recessive, overdominant and allele models) and GDM for each SNP to determine unadjusted and adjusted ORs with 95% CI and associated P-values. After adjusting for age, pre-BMI, SBP, DBP, and parity, GLO1 rs1130534 showed a significant association with an increased risk of GDM in the overdominant model (TA vs. TT+ AA: OR = 1.320; 95% CI: 1.008-1.728; P = 0.044). In contrast, the heterozygous model (TG vs. TT. OR = 0.740; 95% CI: 0.548-0.999; P = 0.049) and the overdominant model (TG vs. TT+ GG: OR = 0.740; 95% CI: 0.548-0.998; P = 0.048) of GLO1 rs4746 significantly reduced the risk of GDM. However, no significant correlation was found between GLO1 rs1781735 and GDM (Table 3).


Table 3 | The associations between GLO1 rs1781735, rs4746 and rs1130534 and GDM risk in overall subjects.

[image: A table displays genetic association data for three SNPs (rs1781735, rs4746, rs1130534) across various models. Columns include cases and controls frequency, crude and adjusted odds ratios with confidence intervals, and P-values. Bold values indicate P-values less than 0.05, suggesting statistical significance. The table applies logistic regression with adjustments for age, BMI, SBP, DBP, and parity.]




3.2.2 Stratified analysis results

We conducted stratified analyses based on age and pre-BMI to investigate the association between SNPs and GDM susceptibility in six genetic models. We found that in the subgroup of women aged less than 30 years, the GLO1 rs1130534 recessive model significantly decreased the risk of GDM (AA vs. TA+TT: OR = 0.369; 95% CI: 0.145-0.935; P = 0.036) (Table 4). In contrast, in the subgroup of women with a pre-pregnancy BMI of 24 or higher, the GLO1 rs1130534 codominant heterozygous model significantly increased the risk of GDM (TA vs. TT+ AA: OR = 2.424; 95% CI: 1.048-5.607; P = 0.039). The GLO1 rs4746 codominant homozygous model (GG vs. TT: OR = 0.142; 95% CI: 0.026-0.780; P = 0.025), allele model (G vs. T: OR = 0.464; 95% CI: 0.244-0.884; P = 0.020), and recessive model (GG vs. TG+ TT: OR = 0.156; 95% CI: 0.029-0.839; P = 0.030) significantly decreased the risk of GDM, but no significant correlation was found after correction (Table 5). No significant correlation with GDM was found in any other groups (Supplementary Tables 1-3). Our findings suggest that certain genetic variations may affect the risk of developing GDM in specific subgroups of women based on their age and pre- BMI.


Table 4 | The associations between GLO1 rs1781735, rs4746 and rs1130534 and GDM risk in age < 30 subjects.

[image: A table displaying the frequency and odds ratios of three SNPs (rs1781735, rs4746, rs1130534) across different genetic models (codominant, allele, dominant, recessive, overdominant). Each SNP includes data for cases and controls, with crude and adjusted odds ratios, and P-values. Adjusted P-values are calculated with adjustments for age, BMI, SBP, DBP, and parity. Bold values indicate significance with P < 0.05.]


Table 5 | The associations between GLO1 rs1781735, rs4746 and rs1130534and GDM risk in pre-BMI ≥ 24 subjects.

[image: Genetic association table showing single nucleotide polymorphisms (SNPs) rs1781735, rs746, and rs1130534 across five genetic models. Columns detail cases and controls, crude and adjusted odds ratios (ORs) with confidence intervals, and p-values. Bold indicates significant p-values below 0.05. Adjustments were made for age and systolic blood pressure.]





3.3 Association between haplotype and GDM risk

Linkage disequilibrium between the three SNPs was strong(D’ > 0.85), and haplotype analysis revealed that the T-G-T haplotype of rs1781735, rs4746 and rs1130534 significantly decreased the risk of GDM in individuals with pre-BMI ≥ 24 (OR = 0.423; 95% CI: 0.188-0.955; P = 0.038) (Table 6). No significant correlation between haplotypes and GDM risk was found in other groups (Supplementary Table 4).


Table 6 | Haplotype analysis of the GLO1 rs1781735, rs4746 and rs1130534and GDM risk in pre-BMI ≥ 24 subjects.

[image: Table displaying haplotype data for cases and controls with frequencies, odds ratios, and P-values. TTT has 45 cases and 16 controls with P-value as reference. GTT has 64 cases, 24 controls, odds ratio 0.948, P-value 0.888. TGT has 25 cases, 21 controls, odds ratio 0.423, P-value 0.038 (bold). TTA has 58 cases, 23 controls, odds ratio 0.897, P-value 0.775. Bold values indicate P less than 0.05.]




3.4 Association between genotype and blood glucose level

In the < 30 years age subgroup, individuals with the rs1130534 AA genotype had a significantly lower 2-hour glucose level than those with the TT and TA genotypes (P < 0.05) (Table 7). In the pre-BMI≥24 subgroup, individuals with the TA genotype of rs1130534 showed a significantly higher fasting glucose level than those with the TT genotype (P < 0.05) (Table 7). No significant differences were observed between genotypes and blood glucose levels in other groups (P ≥ 0.05) (Supplementary Table 5).


Table 7 | Association between polymorphisms genotype and blood glucose level and neonatal weight.

[image: A detailed table displays data on the association between SNP genotypes and various health metrics, divided by age and BMI groups. Metrics include fasting blood glucose (FBG), 1-hour postprandial glucose (1 h-PG), 2-hour postprandial glucose (2 h-PG), and neonatal weight. Statistical values (F and P) are indicated, with significant P-values marked.]




3.5 Association between genotype and neonatal weight

In the < 30 years age subgroup, the TA genotype of rs1130534 was associated with a significantly lower impact on neonatal weight compared to the TT genotype (P < 0.05) (Table 7). The GG genotype of rs1781735 had a significantly higher impact on neonatal weight than the TG genotype (P < 0.05) (Table 7). The GG genotype of rs4746 had a significantly lower impact on neonatal weight than both the TT and TG genotypes (P < 0.05) (Table 7). No significant differences were observed between genotypes and neonatal weight in other groups (P ≥ 0.05) (Supplementary Table 5).




3.6 Association between genotype and MG level

The study conducted measurements of MG levels in 34 cases and 36 controls, and analyzed the relationship between different genotypes and MG. The findings revealed that the GG genotype of rs1781735 had significantly higher levels of MG compared to the TT genotype (P < 0.05), particularly in the subgroups of age ≥ 30 and 18.5 ≤ pre-BMI < 24 (Figure 1). However, no correlation was observed between any of the genotypes and MG in the other groups (Supplementary Table 6).


[image: Bar graphs labeled A, B, and C depict methylglyoxal concentrations (nanomolars) for TT, TG, and GG groups. In all graphs, GG shows the highest concentration, followed by TG, with TT the lowest. Asterisks indicate significant differences.]

Figure 1 | Discrimination of methylglyoxal (MG) levels in genotypes of rs1781735 in serum (A) in the overall subjects (B) in the age ≥ 30 subjects (C) in the 18.5 ≤ pre-BMI < 24 subjects. *P < 0.05 indicates statistical significance.






3.7 Meta-analysis results

The final analysis comprised of five studies (including our own) examining the associations of rs4746 and rs1130534 with DM (GDM, T1DM and T2DM). Supplementary Table 7 outlines the characteristics of the studies. The overall analysis did not show any significant association between the two SNPs and DM. However, subgroup meta-analysis of the rs4746 heterozygous model (TG vs. TT: OR = 1.473; 95% CI: 1.105-1.964; P = 0.008) and the overdominant model (TG vs. TT+ GG: OR = 1.385; 95% CI: 1.075-1.783; P = 0.012) revealed a significant increase in the risk of DM (T1DM and T2DM) in the Caucasian population (Figure 2). No significant difference was observed in other genetic models. The results were consistent with Egger’s tests (all P > 0.05), suggesting no evidence of publication bias.


[image: Side-by-side forest plots labeled A and B showcase meta-analysis results. Both plots list studies by Alhujaily et al. (2022), Skrha et al. (2014), and Sakhi et al. (2013), displaying odds ratios, confidence intervals, and weights. Plot A demonstrates an overall odds ratio of 1.47 with an I-squared of 46.9%, p=0.130. Plot B shows an overall odds ratio of 1.38 with an I-squared of 0.0%, p=0.449. Each study's confidence interval is represented by horizontal lines and boxes, indicating weight by size.]

Figure 2 | Subgroup meta-analysis for the association between GLO1 rs4746 and DM susceptibility in a Caucasian population in fixed effects model. (A) Heterozygous model, TG vs. TT (B) Overdominant model, TG vs. TT+ GG. OR odds ratio, CI confidence interval, I2: measurement to quantify the degree of heterogeneity in meta-analyses.







4 Discussion

In instances of diabetes and metabolic disorders, there is an increase in MG that can surpass the intracellular detoxification capacity of GLO1, leading to the formation of advanced glycation end products (AGEs). These AGEs may cause cellular dysfunction and tissue damage (12, 20, 21). It has been suggested that genetic variations in the GLO1 gene may result in altered expression, conformational modifications, or enzymatic activity, resulting in an isozyme with a reduced detoxification capacity (22, 23).

One of the earliest SNPs identified in the GLO1 gene is rs4746 (also referred to as rs2736654). This SNP is situated in the fourth exon, and the mutation rs4746 T > G results in a substitution of glutamate with alanine (24). This substitution may be linked to decreased GLO1 enzyme activity (24). Given that glutamate is negatively charged, and alanine is uncharged at physiological pH, rs4647 A > C could potentially exert a significant influence on the structure and function of GLO1. According to the findings of Alhujaily et al., individuals with the rs4647 A > C genotype exhibited higher levels of fasting glucose and HbA1c. Moreover, those with the CA genotype and C allele were found to be more susceptible to developing T2DM (17). The study also revealed that patients with T2DM had significantly elevated concentrations of MG, which could be attributed to the reduced activity of the GLO1 enzyme caused by structural perturbations. This accumulation of MG, a cytotoxic substrate, is known to cause insulin resistance and ultimately lead to the development of T2DM (25, 26).

The results of our study demonstrated that the TG genotype of rs4746 may have a protective effect against GDM. Additionally, we found that the GG genotype and G allele in the pre-BMI ≥ 24 group were associated with a lower risk of GDM before accounting for confounding factors. Interestingly, neonatal weight was found to be significantly lower in the GG genotype compared to the TG and TT genotypes. These findings align with previous research on diabetic complications and neurological disorders, where the rs4746 AA genotype was found to reduce enzyme activity (22), but not CC. It has been suggested that individuals who carry the CC genotype may have a lower incidence of diabetic neuropathy (23, 27, 28). On the other hand, the A allele is more prevalent in individuals with autism, which leads to reduced activity of the Glo1 enzyme in brain extracts and results in the accumulation of advanced AGEs in the damaged brain (22). Furthermore, lymphoblastoid cells that are homozygous for the A allele have been found to have reduced enzyme activity, resulting in elevated levels of MG and the receptor for advanced glycation end products (RAGE) (16, 24, 29). Therefore, the presence of the GLO1 A allele appears to play a role in neurological disorders associated with chronic inflammatory processes and AGE formation.

Our meta-analysis results indicated that rs4746 TG genetype was significantly increased the risk of diabetes (T1DM and T2DM) in Caucasian population, which is contrary to our results. This discrepancy could be attributed to ethnic differences. Additionally, due to the lack of studies on rs4746 and diabetes in Asian people, further research is necessary.

The GLO1 rs1130534 T > A genetic variant results in a codon 124 synonymous substitution, which does not alter the glycine amino acid (30). Our study found that the TA genotype of rs1130534 significantly increases the risk of GDM, particularly in the pre-BMI ≥ 24 group. Correspondingly, fasting glucose levels were significantly higher in individuals with the TA genotype compared to those with the TT genotype. In individuals aged < 30 years, the AA genotype was found to be a protective factor against gestational diabetes. Furthermore, the 2-h glucose test was significantly lower in the AA genotype than in the TA and TT genotypes, and neonatal weight was significantly lower in the TA genotype compared to the TT genotype. These findings were consistent with previous research indicating that GLO-1 rs1130534 T > A and the AT genotype of the A allele are associated with reduced susceptibility to T2DM. Additionally, rs1130534 T >A was significantly different in patients with normal and elevated glucose, as well as in those with normal and abnormal lipids. The T allele of rs1130534 was found to be associated with decreased GLO1 activity in whole blood samples, but the possible functional involvement of rs1130534 in relation to reduced GLO1 activity remains unclear (17). However, previous research has suggested that other synonymous SNPs can alter the phenotype by disrupting gene regulation (31). Further functional studies, including the estimation of mRNA and/or protein levels, are required to confirm the function of the studied polymorphisms.

The rs1781735 variant is located in the promoter of GLO1 and had a significant effect on the transcriptional activity of GLO1 (32). One study in a Chinese population showed that the GLO1 promoter containing the rs1781735 T allele had significantly lower activity than the G allele and was associated with the risk of schizophrenia (30). However, our results did not find an association between rs1781735 and GDM but seemed to be more associated with cumulative neonatal weight and MG levels. In subgroup analysis, the results showed significantly higher neonatal weight in the GG genotype than in the TG or TT genotype. The GLO1 protection against dicarbonyl stress is crucial both developmentally and functionally (10), and further study is needed to investigate the impact of various genotypes on neonatal development. In addition, the results of MG levels measured with a limited sample size revealed that MG levels were significantly higher in the GG genotype than in the TT genotype, especially in the age ≥ 30 and 18.5 ≤ pre-BMI < 24 groups. These results suggested an influence of the GG genotype on MG accumulation. The heightened formation of MG contributes to cellular and tissue dysfunction (10), and the plasma MG level in patients with clinical diabetes was found to be elevated. Specifically, the whole blood MG concentration in patients with Type 1 Diabetes Mellitus (T1DM) increased by 5-6 times, whereas in patients with T2DM, it increased by 3-4 times, as reported in a previous study (10). However, due to limitations in sample size, we were unable to identify any significant differences in serum MG levels between patients with GDM and normal pregnant women. Nevertheless, we did observe that serum MG levels were 2-3 times higher in individuals with the GG genotype compared to those with the TT genotype, as depicted in Figure 1. Therefore, rs1781735 may affect mRNA expression, GLO1 activity, and subsequently MG levels. Further functional validation of these contradictory results may be needed, and with the very limited sample size of our MG assay, further validation with an expanded sample size is essential.

Despite disregarding the limitation of sample size, our findings indicated that there was an association between rs4746 and rs1130534 with GDM, but no correlation with MG. Conversely, rs1781735 was not associated with GDM; However, it was linked to the accumulation of MG. This may be due to the insignificant clinical difference in MG caused by rs1781735. Alternatively, MG accumulation may be a factor in the pathogenesis of GDM. Therefore, we analyzed the association of rs1781735, rs4746 and rs1130534 haplotypes with gestational diabetes, taking into account the synergistic effect of multiple SNP loci. We discovered that the T-G-T haplotypes significantly reduced the risk of developing gestational diabetes in the pre-BMI ≥ 24 group. Hence, the synergistic effect of multiple SNPs is a crucial aspect that requires further consideration and exploration.

This study has certain limitations that need to be acknowledged. Firstly, the sample size was not sufficient to allow for extensive association analysis. Additionally, the sample size for MG testing was even smaller due to the unavailability of serum samples from a larger number of recruits. Moreover, we were unable to measure GLO1 activity as the previously described process was not easily implementable (33). Lastly, the study only included Chinese population subjects and did not explore other genetic backgrounds. Therefore, in the future, it is recommended that a larger sample size be collected to simultaneously test polymorphisms, GLO1 enzyme activity, and MG levels to gain a better understanding of their relevance to GDM.




5 Conclusions

Based on these preliminary findings, it is possible that the GLO1 genes, specifically rs4746 and rs1130534, may play a role in the susceptibility to GDM. Nevertheless, additional validation is essential to confirm this assertion.
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Objective: The purpose of this study was to investigate the pathways by which health literacy (HL), social support, and self-efficacy influence self-management behaviors of pregnant women with Gestational diabetes mellitus (GDM) and the interrelationships between the variables.
Methods: A total of 565 pregnant women with GDM was recruited. The Demographic Characteristics Form, Health Literacy Scale, Perceived Social Support Scale, General Self-efficacy Scale and GDM Self-management Behavior Scale were used for data collection. Descriptive statistics, zero-ordered correlation analysis, and multiple linear regression analysis were performed on the variables; Structural Equation Model (SEM) were constructed for pathway analysis.
Results: A positive correlation was found between health literacy, social support, self-efficacy, and self-management behaviors among pregnant women with GDM after adjusting for age, education level, income level, work status, parity, and family history of diabetes (r ranging from 0.203 to 0.533). A further multiple linear regression analysis showed that functional HL, communicative HL, critical HL, social support, and self-efficacy were all independent influences on self-management behaviors and accounted for 36.3% of the variance. Communicative HL and critical HL explained the strongest self-management behaviors (β = 0.316 and 0.255, respectively, p < 0.001). The SEM model was suitable for χ2/DF = 2.860, RMSEA = 0.060, IFI = 0.953, TLI = 0.943, and CFI = 0.952. The results showed direct positive effects of health literacy on self-management behaviors and self-efficacy, direct positive effects of social support on health literacy and self-efficacy. Social support and self-efficacy have had no significant direct impact on self-management behaviors, but social support may indirectly influence self-management behaviors through the health literacy mediation role.
Conclusion: Healthcare providers should pay attention to the positive impacts of health literacy and social support on self-management behaviors of pregnant women with GDM. Improving the health literacy level of pregnant women with GDM should be the key point of intervention in practice, and the social support system should be fully mobilized to enhance emotional support and life support to promote the improvement of self-management behaviors.

KEYWORDS
 gestational diabetes mellitus, health literacy, social support, self-efficacy, pathway analysis, structural equation model


1. Introduction

Gestational Diabetes Mellitus (GDM) is one of the most frequent pregnancy complications experienced by women during pregnancy. Its high prevalence and morbidity burden make it a global public health issue (1), and the prevalence of GDM in mainland China is 14.8% (2). GDM increases the risk of perinatal complications such as preeclampsia, premature delivery, cesarean delivery, neonatal hypoglycemia, the future risk of type 2 diabetes and cardiovascular disease (3). moreover, the experience of GDM may increase maternal psychological burden and emotional harm, leading to mental health problems such as anxiety and depression (4). Dietary and nutritional therapy, exercise management, glycemic monitoring and control, fetal monitoring, and postpartum monitoring are key components of GDM management, which are strongly dependent on the patient’s capacity for self-management (5–7). Studies have shown that strict dietary and proper exercise can help patients achieve better glycemic control (8, 9), reduce the incidence of adverse pregnancy outcomes among pregnant women with GDM (10), improv patient’s motivation for treatment, and alleviate patient’s anxiety (11). The current status of the self-management of women with GDM in China is unsatisfactory, with only approximately 30% having good self-management behaviors in some areas (12).

Health literacy (HL) is people’s “motivation, knowledge, and ability to acquire, understand, evaluate, and apply health information in order to make judgments and decisions about health care, disease prevention, and health promotion in daily life to maintain or improve quality of life over the life course” (13). In many countries, improving citizens’ HL is considered one of the goals of strategic plans aimed at improving national health (14), including China (15, 16). There is a close relationship between health literacy and health behaviors, which is a precondition and guarantee for the achievement of healthy behaviors. Patients with low levels of HL were found to have inadequate self-management skills, an increased likelihood of adverse health outcomes (17), and affect the level of glycemic control in diabetic patients (18–20).

Social support and self-efficacy are vital psychosocial concepts related to the health and well-beings of populations closely. Social support always refers to the instrumental, emotional, or informational social resources or help which perceived or received by individuals, is a multi-dimensional concept (21). Individuals often need additional social support resources to cope with illness or other challenging events (22). Studies suggested that low social support is significantly associated with the risk of mental health problems such as depression, anxiety and self-harm during pregnancy (23). Social support also influences pregnant women’s self-management behaviors, a systematic review of qualitative researches showed that lake of social support was one of the barriers to self-management among pregnant women with GDM (24). Self-efficacy is the confidence in the ability to achieve behavioral goals in specified domains, an individual’s belief that he or she can be successful (25), it is a subjective feeling like “I can do it.” Self-efficacy can positively influence patients’ self-management skills and behaviors. In the studies of adults with type 2 diabetes and pregnant women with hyperglycemia, researchers found that higher levels of self-efficacy were associated with better self-management behaviors (26, 27).

There are interconnections among HL, social support and self-efficacy, these variables influence patients’ self-management behaviors. Some studies have explored the mechanisms of factors influence patients’ self-management behaviors. A study revealed that social support and HL were significant predictors of self-management behaviors (28). Another study showed that HL and self-efficacy played a partial mediating role in the process of social support influencing self-management (29). HL has also been found to influence glycemic control and self-management behaviors in patients with type 2 diabetes by direct effects as well as indirect effects mediated by self-efficacy (30–33).

The mechanisms of the influence of HL, social support and self-efficacy on self-management behaviors in pregnant women with GDM are not clear. The objective of this study was to investigate the pathways by which health literacy, social support, and self-efficacy influence self-management behaviors and the interrelations of the variables, attempt to provide new ideas for improving the self-management behaviors in pregnant women with GDM. The research hypothesis for this study is presented from previous studies: (a) Health literacy, social support, and self-efficacy are factors that influence self-management behaviors among pregnant women with GDM; (b) Health literacy directly influences self-management behaviors and influences self-management behaviors by playing the role of mediator of self-efficacy; (c) Social support directly influences self-management behaviors and influences self-management behaviors though the mediation role of health literacy and self-efficacy; (d) Self-efficacy directly influences self-management behaviors.



2. Materials and methods


2.1. Participants and data collection procedure

This study was a cross-sectional survey study. All subjects met the following criteria: (i) Initial diagnosis of GDM during pregnancy and met the diagnostic criteria for GDM of the IADPSG 2010 (34); (ii) Age ≥ 18 years; (iii) Those who have an elementary understanding of reading and no communication disabilities; and gestational weeks ≥28 weeks. Pregnant women with GDM who had pre-pregnancy diabetes, multiple pregnancies, and combined severe medical, surgical or obstetric complications were excluded. Using a convenience sampling method, women with GDM who underwent obstetric examination or were hospitalized in the West China Second University Hospital, Sichuan University between December 2021 and June 2022 were selected. The study was approved by the Medical Ethics Committee of the West China Second University Hospital, Sichuan University (No. 2021-219), and verbal informed consent was obtained from each of the participants. All the questionnaires were distributed by our team members after obtaining the consent of the pregnant women, and they were instructed to fill them out. A total of 620 pregnant women with GDM were invited to participate in the study, with 565 agreeing and 55 refusing to participate. Questionnaires with greater than 10% missing items or greater than 50% missing items on any subscale were treated as invalid. Missing values for scales were filled using multiple interpolation method, and missing data for demographic variables are not filled in.



2.2. Measures


2.2.1. Demographic characteristics form

Basic demographic information included in age, education level, income level, marital status, occupation, parity, length of pregnancy, family history of diabetes, and so on.



2.2.2. Health literacy scale

This is a multidimensional health literacy scale developed by Japanese scholars Ishikawa et al. (35), based on Nutbean’s Health Literacy Model (36). It consists of 14 items 3 dimensions: functional HL, communicative HL, and critical HL. The Chinese version was translated and culturally adapted by Zhao et al. (37). It’s scored on a four-point Likert scale, with each item rated on a scale of 1–4 from “never” to “often” (functional HL dimension is reverse scored). The final result is typically expressed as the mean score of the 14 items. The Cronbach’s α was 0.853 in our study.



2.2.3. Perceived social support scale

This is a widely used scale to measure social support, developed by Zimet and revised by Zhong et al. (38). The scale has 12 items and is divided into three dimensions: family support, friend support and other support. Each item was rated from 1 to 7 on a 7-point Likert scale from “strongly disagree” to “strongly agree,” with a score range of 7–84. The final result is the sum of the scores of all items, with higher total score indicating stronger social support. The Cronbach’s α was 0.953 in our study.



2.2.4. General self-efficacy scale

General self-efficacy measures, to some extent, the confidence of an individual in the face of a variety of unfamiliar environments or encountering new things, and helps people to develop a comprehensive and in-depth understanding and achieve good results. German scholars Schwarzer and his colleagues developed this scale in 1981, which contains 10 items on a 4-point Likert scale, with each item scoring from 1 to 4 on a scale from “not at all correct” to “completely correct” (39). The Cronbach’s α was 0.930 in our study.



2.2.5. GDM self-management behavior scale

This scale was developed by Li (40), it contains 7 dimensions of diet management, exercise management, weight management, medication use, glucose monitoring, risk assessment and management, and psychosocial adaptation with 37 items to assess the self-management behaviors of GDM patients (The medication use dimension was used to assess the self-management behaviors of pregnant women with GDM who used insulin and other glucose control drugs). The retest reliability coefficient of the total scale was 0.930 and the Cronbach’s α was 0.951. The scale was scored on a 5-point Likert scale, with a total score of 33–185. The level of self-management was determined based on the standardized scores, with scores >80 being good, 60–80 being moderate, and <60 being poor. The Cronbach’s α was 0.938 in our study.




2.3. Statistics

SPSS 21.0, AMOS 26.0 ware used for the analysis of the collected data. Descriptive analyses were performed as Mean ± SD. Normality of continuous variables was tested using the kurtosis coefficient method and P–P plot. Continuous variables conforming to a normal distribution were analyzed for correlation using partial correlations, and factors influencing self-management behaviors were analyzed using multiple linear regression. Structural equation modeling was constructed with AMOS 26.0 to perform a path analysis of health literacy, social support, and self-efficacy influencing self-management behaviors in GDM. The maximum likelihood method was chosen as the model parameter estimation method, and the model fitness index was selected and evaluated on the criteria (41): χ2/DF < 3.0, RMSEA < 0.08, IFI, TLI, and CFI were > 0.9. p < 0.05 indicates statistical significance.




3. Results


3.1. Demographic characteristics and pregnancy-related conditions

A total of 565 pregnant women with GDM were surveyed in this study, and a total of 523 valid questionnaires were obtained, excluding 42 questionnaires that were not properly or incompletely completed. The average age of the participants was 32.11 ± 3.92 years old, the average length of pregnancy was 35.36 ± 2.91 weeks, 97.9% were Han Chinese, 94.2% lived in urban areas, 98.7% were married, 71.3% had a bachelor’s degree or above, 87.6% were employed, 89.5% had social security, 66.5% had a per capita monthly household income >8,000 RMB (equivalent to approximately US$1,160). 68.6% were pregnant with their first child; 93.9% did not use insulin for blood glucose control, and 75.1% had no family history of diabetes.



3.2. Descriptive statistics and partial correlations among the variables

Normality test results showed health literacy, social support, self-efficacy, and self-management behavior scores were normally or approximately normally distributed. We then performed a Partial Correlations analysis on the variables, the results are shown in Table 1. After adjusting for variables such as age, health literacy, social support, and self-efficacy were significantly correlated with self-management behaviors of pregnant women with GDM (r = 0.533, 0.299, 0.248, respectively; p < 0.001), there is also a correlation between each of the two variables (r ranging from 0.203 to 0.533, p < 0.001).



TABLE 1 The descriptive results and partial correlations among the variables (n = 523).
[image: A table displaying variables with their mean and standard deviation, including correlations between health literacy, social support, self-efficacy, and self-management behavior. Health literacy has a mean of 3.26, social support 65.10, self-efficacy 26.64, and self-management behavior 76.63. Each variable shows significant correlations annotated with asterisks indicating statistical significance at p<0.001. Adjusted variables include age, education, income, work status, parity, and family history of diabetes.]



3.3. Multiple linear regression analysis of the factors influencing self-management behaviors

The self-management behavior score was included as a dependent variable in the multivariate linear regression equation, and the three dimensions of health literacy, social support and self-efficacy scores were included as independent variables. The results showed that there was no multicollinearity among the variables, and all three variables were influential factors in self-management behaviors, with an adjusted R2 of 0.363, indicating that health literacy, social support, and self-efficacy together accounted for 36.3% of the variance in self-management behaviors. Among these variables, communicative health literacy and critical health literacy explained the strongest self-management behaviors (β = 0.316 and 0.255, respectively, p < 0.001) (Table 2).



TABLE 2 Multiple linear regression analysis of factors influencing self-management behaviors (n = 523).
[image: A regression analysis table displays various variables: Functional HL, Communicative HL, Critical HL, Self-efficacy, and Social Support. Each variable features coefficients (B), standard errors (SE), standard coefficients (β), t-values, p-values, 95% confidence intervals, tolerance (Tol), and variance inflation factors (VIF). Notable p-values are less than 0.05, indicating statistical significance. The table also includes R-squared values: R² = 0.369, adjusted R² = 0.363, with F = 90.145, p < 0.001, and a Durbin-Watson statistic of 2.058.]



3.4. The pathway analysis between health literacy, social support, self-efficacy and self-management behaviors

The SEM model was fitted using the maximum likelihood method, and the SEM model was suitable for χ2/DF = 2.860, RMSEA = 0.060, IFI = 0.953, TLI = 0.943, and CFI = 0.952. As shown in Figure 1, four paths were statistically significant (P < 0.05), health literacy had a direct positive effect on self-management behaviors and self-efficacy (direct effect coefficient = 0.759 and 0.137, respectively, p < 0.05), social support had a direct positive effect on health literacy and self-efficacy (direct effect coefficient = 0.486 and 0.360, respectively, p < 0.05). Social support and self-efficacy did not have a direct effect on self-management behaviors (p > 0.05), but social support could indirectly influence self-management behaviors through the mediating effect of health literacy (Indirect effect coefficient = 0.394) (Table 3). Self-management behaviors of pregnant women with GDM were most influenced by health literacy level, followed by social support. In the pathway of social support affected self-management behaviors, health literacy played a full mediating role, and social support affected self-management behaviors in pregnant women with GDM by influencing their HL.

[image: Diagram illustrating relationships between variables. Health Literacy is connected to Social Support (0.486**), Self-efficacy (0.137*), and Self-management behavior (0.759**). Social Support connects to Self-management behavior (0.360**). Self-efficacy connects to Self-management behavior (0.060). Connections between Social Support and Self-efficacy, and Self-management behavior and Social Support, are weak or insignificant (-0.018, dotted lines). This visualization suggests interactions influencing self-management behavior.]

FIGURE 1
 The SEM on the relation between health literacy, social support, self-efficacy and self-management behavior. *p < 0.05, **p < 0.001.




TABLE 3 The interrelationships among the variables and their effect coefficients (n = 523).
[image: Table showing the effect coefficients between various path beginnings and path ends, with distinctions between direct and indirect effects. Health literacy has a direct effect of 0.486 with social support. Self-efficacy is influenced by social support with a direct effect of 0.360 and indirect effect of 0.067, and by health literacy with a direct effect of 0.137. Self-management behaviors have a direct negative effect of -0.018 with social support and a direct effect of 0.759 with health literacy. Total effects are also listed with notes indicating significance levels of p less than 0.05 and p less than 0.001.]




4. Discussion

In this study, we analyzed the impact of HL, social support, and self-efficacy on self-management behaviors in pregnant women with GDM by constructing an SEM and explored the interplay between the factors, with results that partially supported our research hypothesis: Health literacy and social support are factors affecting self-management behavior in pregnant women with GDM; health literacy directly affects self-management behavior, and social support affects self-management behavior through the mediation of health literacy. It is important to note that HL directly influences GDM self-management behaviors, while social support indirectly influences self-management behaviors through the mediation of HL, which acts as a sufficient mediator between the two. Adequate social support positively affects self-management in pregnant women with GDM through higher levels of health literacy.

Health literacy is an important concept in promoting health behaviors, it can facilitate patient empowerment and adoption of health behaviors that are closely related to people’s health conditions (42). In this study, communicative HL, critical HL, and functional HL were all influential factors in self-management behaviors in pregnant women with GDM, with communicative HL and critical HL having a greater influence on self-management behaviors. Possibly due to the high level of education of the participants in this study. Functional HL primarily assesses basic health-related literacy skills, and our participants are largely free of literacy deficits. Communicative HL and critical HL refer to the dynamic process of obtaining health information from various forms of communication, and critically analyzing the information through rational judgment and applying the processed information to health management, the core of which lies in the effective acquisition, scientific selection and correct application of information (43), these two core health literacies may become more influential on pregnant women with GDM who have a high level of cognitive self-management behavior.

Social support is the perceived and actual instrumental or expressive support provided by communities, social networks, and intimate partners, and social support may indirectly increase maternal psychological well-being by acting as a buffer against the potentially adverse effects of stressful events (44). During pregnancy, pregnant women always require additional psychosocial support to cope with various stressful events related to pregnancy, including support for concerns related to the consequences of illness, interpersonal support, infrastructural support, and health education support (45). Studies have found that social support is strongly associated with pregnancy stress (46), self-care behaviors and self-efficacy during pregnancy (47, 48), affecting maternal quality of life, physical and mental health. Pregnant women with GDM in our study had high levels of social support, but in previous studies, it was found that psychosocial support interventions for pregnant women with GDM tend to focus on information support and there is an underutilization of emotional support such as family (49). enhancing support from spouses or family members could promote self-management, increase psychological resilience, active coping with stress in pregnant women with GDM (50).

The positive impact of HL on self-management behaviors in diabetics has been demonstrated in number of studies. Juul et al. (51) previously investigated 194 Danish patients with type 2 diabetes found that functional HL was associated with following recommended dietary recommendations, functional HL may be an important driver of dietary management behaviors, but no significant association was found between following physical activity recommendations and health literacy (68% with >11 years of education). Souza et al. (52) investigated 129 older adults with type 2 diabetes in Brazil, also found that patients with inadequate functional HL were more likely to have poor glycemic control than those with adequate functional HL, but participants in the study were less educated, with 82.9% having only a high school education or less. Furthermore, health literacy and social support play a joint role in influencing patient self-management behaviors. Zou et al. (53) found that HL and social support in patients with chronic heart failure not only directly influenced the maintenance of self-care, but also indirectly by influencing self-care information. Health literacy and social support were also found to be important factors influencing the decrease in HbA1c levels after hospital discharge for patients with type 2 diabetes (54); they can promote a change in dietary attitudes and seek professional nutrition services among them additionally (55). In contrast to our findings, social support in these studies had a direct effect on patient self-management behaviors and was not mediated through HL. The possible reason for this may be that their participants are mostly older people whose well-managed behavior always needs to be achieved by relying on health care institutions and home environments. In contrast, pregnant women with GDM are younger, have more autonomy in their behaviors and rely more on self-determination to adopt or not to adopt certain health behaviors. HL plays an extremely important role in the health decision-making process (56), thus the precondition for the facilitating effect of favorable social support on self-management behaviors is that pregnant women need to have favorable HL to enable them to make informed self-management decisions.

Our study also confirmed the positive effects of social support and HL on self-efficacy in pregnant women with GDM. HL had a weaker effect on self-efficacy and acted as a partial mediator in the process of social support influencing self-efficacy. Moghadam et al. (57) found that the dimensions of social capital such as community involvement, neighborhood, family and friends, tolerance of diversity, and work relationships were influential factors in the self-efficacy of women with GDM, the enhancement of women’s social capital may increase their self-efficacy in controlling GDM. Self-efficacy represents the confidence and ability of pregnant women with GDM to engage in self-management in some extent, which can alleviate the stress level, improve the quality of life of women with GDM (46), and motivate them to adopt a healthy lifestyle after diagnosis (58). We should focus on the positive impact of well-established social support systems on the self-efficacy of pregnant women with GDM to ensure maternal and infant safety.

Based on our findings, we recommend that health care providers emphasize the active role of HL and social support in actions to improve self-management behaviors in pregnant women with GDM. Improving HL level should be a key point of intervention in practice, and social support systems should be fully mobilized to enhance emotional support and life support to promote improved self-management behaviors.



5. Limitations and future directions

There are several limitations to the current study. First, the study recruited participants from a tertiary teaching hospital in Chengdu, Sichuan Province, and this sample only reflects the situation in southwest China. Second, all information was obtained from questionnaires, which were filled out by pregnant women themselves, and some questions may be subject to recall bias. Third, this study is a survey study and causal interpretation may be inadequate. Therefore, we hope that further studies in other types of hospitals and in other regions of China with prospective cohort studies will yield more reliable results.
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Introduction

Women with type 2 diabetes mellitus (T2DM) face a greater risk of cardiovascular disease (CVD) and encounter challenges in managing cardiovascular risk factors (CVRF); however, limited data are available in individuals with newlydiagnosed T2DM.





Methods

This study aimed to examine differences between women and men at the onset of T2DM in terms of clinical characteristics, glycaemic status, and CVRF management. This was a retrospective cohort study including subjects with newly-diagnosed T2DM from the System for the Development of Research in Primary Care (SIDIAP) database in Catalonia (Spain). Sex differences (Dif) were assessed at baseline and 1-year post-diagnosis, by calculating the absolute difference of means or proportions.





Results

A total of 13,629 subjects with newly-diagnosed T2DM were analyzed. Women were older and had a higher BMI than men. At baseline, women had higher total cholesterol [Dif (95%CI) 10 mg/dL (9.1/10.8)] and low-density lipoprotein cholesterol (LDL-c) [Dif (95%CI) 7 mg/dL (6.3/7.7)], while men had higher rates of smoking and alcohol intake. Lipid target achievement was lower in women, in both primary prevention (LDL-c < 100 mg/dL) [Dif (95%CI) -7.3 mg/dL (-10.5/-4.1)] and secondary prevention (LDL-c < 70 mg/dL) [Dif (95%CI) -8.3 mg/dL (-17.3/0.7)], along with lower statin and antiplatelet prescriptions, especially one year after diagnosis. Changes in clinical and laboratory data one year post-diagnosis revealed that, in the primary prevention group, men experienced greater improvements in total cholesterol, LDL-c and triglycerides, while women had less success in achieving CVRF control targets compared to men. Additionally, cardiovascular events, such as coronary artery disease and peripheral artery disease increased more in men than in women within the first year of diagnosis, especially in primary prevention subjects.





Conclusion

Differences between men and women CVRF are already apparent at the onset of T2DM, particularly in primary prevention, with notable differences in lipid profile and target level attainment.





Keywords: sex, gender, type 2 diabetes, newly diagnosis, cardiovascular risk factor




1 Introduction

The global estimation of diabetes among adults aged 20-79 years is projected to increase from 536.6 million people in 2021 to 783.2 million people in 2045 with a predicted expenditure of USD 1,054 billion, which represents an increase of 9.1% compared to that of 2021 (1). Additionally, diabetes-related mortality in 2021 represented 12.2% of global deaths from all causes in people aged 20-79 years. Diabetes-associated deaths among women are reported to be much higher than in men, especially after the age of 60-70 years (2).

Prospective studies and meta-analysis have shown that women with diabetes have a higher risk of cardiovascular disease (CVD) than men in comparison with their non-diabetic counterparts (3–7), and have greater difficulty in achieving the therapeutic targets of cardiovascular risk factor (CVRF) control, especially lipid control (8–11). An Italian study attempted to establish the precise time at which excess risk begins in women. Their findings revealed that excess risk of acute myocardial infarction and major cardiovascular events started earlier (46 years), and lasted over the age of 85 years, while ‘risk-windows’ started later and had a shorter duration for congestive heart failure (56-65 years) and ischemic stroke (66-75 years) (12).

Most studies have been conducted with prevalent cases of diabetes and have not described the sex differences at the onset of type 2 diabetes mellitus (T2DM). Available data is scarce regarding sex differences in prediabetes, the prelude to diabetes, and in people with newly-diagnosed T2DM. Regarding CVRFs, conversion from prediabetes to diabetes has been shown to be associated with an increased body mass index (BMI), fasting insulin, triglycerides (TGs) and blood pressure (BP), and lower high-density lipoprotein cholesterol (HDL-c), differences that were greater in women than men (13, 14). The Coronary Artery Risk Development in Young Adults (CARDIA) study, a longitudinal observational cohort study done in the US metropolitan communities, found that CVRF worsened more rapidly after the development of T2DM in women than in men, but they did not find differences between women and men before diabetes (15). However, it should be noted that the proportion of those in the cohort who developed diabetes was small. Overall, to our knowledge, no studies have evaluated the differences between men and women in a large cohort at the onset of T2DM. For this reason, this study sought to describe the clinical characteristics, the degree of glycaemic control and cardiovascular risk factor control at the onset on T2DM, together with any changes 1 year post-diagnosis, in a population-based cohort of newly-diagnosed subjects with T2DM in Catalonia (Spain).




2 Materials and methods



2.1 Study design

This was a retrospective population-based cohort study. The data were sourced from the Information System for the Development of Research in Primary Care (SIDIAP) database, a large and comprehensive clinical database that is available for research purposes using the ECAP software information system (16). The SIDIAP database captures pseudo-anonymized data from electronic medical records pertaining to individuals who are registered with the primary healthcare centres of the Institut Català de la Salut (ICS), the largest healthcare provider in Catalonia (Spain), encompassing about 80% of the Catalan population (5.8 million people).

The study was performed using data extracted from the database covering the period of January 1st, 2017 to December 31st, 2018. We included all subjects with a first diagnosis of T2DM, defined as the presence of the diagnostic ICD-10 (International Classification of Diseases 10) codes E11 and E14, during 2017 and followed up during 2018. To be included, subjects had to have been in the SIDIAP database for at least 365 days prior to the diagnosis of diabetes and be aged over 30 years. The exclusion criteria were a previous diagnosis of any type of diabetes mellitus and previous prescription of glucose-lowering drugs. The cut-off dates for the analysis were at the onset of diabetes and 1 year after the onset of diabetes. To assess the magnitude of change in clinical variables and in CVRF targets only those with baseline and 1-year post diagnosis data were included in these analyses.

The study was approved by the Ethics Committee of the Primary Healthcare University Research Institute (IDIAP) Jordi Gol (P22-207), Barcelona.




2.2 Study variables

The variables included in the study were: age, sex, smoking habit, alcohol use (high-risk alcohol use was defined as the consumption of 21 alcohol units/week in men and 14 units/week in women), BMI, blood glucose level, glycated hemoglobin (HbA1c), estimated glomerular filtration rate (eGFR) with the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) formula, lipid profile including total cholesterol, high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c) and triglycerides (TGs), blood pressure (BP) (diastolic [dBP] and systolic ([sBP]), hypertension and dyslipidaemia (defined by the ICD-10 diagnostic code [hypertension I10-13, I15, dyslipidaemia E78] and/or a record of lipid-lowering or antihypertensive drug treatment, respectively). Chronic kidney disease was defined as eGFR <60mL/min and/or albumin/creatinine ratio >30mg/g according to the Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group guidelines (17).

CV risk was measured using the SCORE2-Diabetes, a new algorithm developed to predict 10-year risk of CVD in individuals with T2DM and without prior history of CVD (risk categories are based on age group (5 year) from 40 to 70 years old) (18). For those with previous CVD, diagnostic codes for macrovascular disease were collected, including coronary artery disease (CAD; ICD-10 codes I20-I24), cerebrovascular disease (ICD-10 codes I63, I64, G45, G46) and peripheral artery disease (PAD; ICD-10 code 173.9). New events of these diagnostic codes occurring during the first year after T2DM onset were also collected for all subjects. Variables of glucose-lowering, lipid-lowering, anti-hypertensive and antiplatelet treatments were also included. For antidiabetic treatment, “baseline” was at 3 months after diagnosis to give enough time for the establishment of prescribed drugs in the first instance. Targets for CVRF control were established in accordance with the European Society of Cardiology (ESC) guidelines (HbA1c < 7%, BP < 140/85 mmHg, LDL-c < 100 mg/dL for those at high CV risk and LDL-c < 70mg/dL for those at very high CV risk) (19).




2.3 Statistical analysis

Continuous variables were expressed by mean and standard deviation and categorical variables as frequency and percentage. To evaluate the association between clinical variables and sex, the absolute difference between women and men in the means or proportions (Dif) and their 95% confidence interval (95% CI) were calculated. To evaluate changes from baseline to 1-year after, we estimated the percentage difference ((final value-initial value)/initial value*100) for each individual for each of the continuous variables, and we described the values with mean and standard deviation according to sex. To assess the normality of continuous variables, this study used skewness and kurtosis (20–22). Typically, an absolute skewness value greater than 3 and a kurtosis value greater than 10 may indicate a potential issue with normality. West et al. (23) suggested that the absolute value of skewness and kurtosis should not be greater than 2 and 7. The t-test contrast was used to assess whether there were differences in the percentile changes between sexes. For the categorical variables, the number and percentage of subjects who improved their CVRF control was calculated. We used the chi-square test to analyze if there were differences between sexes since all expected frequencies were higher than 5. An improvement of CVRF was assumed if targets were not achieved at baseline but were achieved 1-year post-diagnosis. A p-value <0.05 was considered to be statistically significant and all contrasts were two-tailed. All analyses were performed using R free software environment for statistical computing (v3.5.1).





3 Results



3.1 Baseline characteristics

A total of 19,253 incident cases of T2DM were identified in the SIDIAP database, of which 13,629 subjects (5,795 women and 7,834 men) were included in the study i.e. subjects with a new diagnosis of T2DM, ≥30 years old, with at least 1 year of data in the SIDIAP database (Figure 1).


[image: Flowchart showing the selection process for a study on T2DM incident cases in SIDIAP for 2017. Starting with 19,253 cases, 19,115 aged 30 or older are considered. Exclusions include 15 with Type 1 diabetes, 4,735 with prior antidiabetic treatment, and 736 with less than 365 days in SIDIAP. The final analysis includes 13,629 individuals, split by gender: 5,795 female and 7,834 male.]

Figure 1 | Flow chart of the sample selection. T2DM, type 2 diabetes mellitus; SIDIAP, Information System for the Development of Research in Primary Care.



The baseline characteristics and sex differences of the population are shown in Table 1. The mean age was 63.4 ± 13.2 years, with a majority in the middle-aged and older age groups. Women had a higher mean age at the onset of T2DM compared to men (65.8 vs. 63.4 years), with a notable difference in the proportion of subjects over 75 years diagnosed with T2DM (26.2% vs 16.0%). Overall, 21.8% of subjects were smokers, while just over half were teetotallers. Smoking and alcohol consumption were significantly higher in men than in women. Nearly twice as many men were smokers or former smokers (65.7% vs. 27.7%) compared to women, while women were more likely to be teetotallers (76.9% vs. 42.6%). Most individuals were either overweight (33.1%) or obese (58.7%). Women had a mean BMI 1.4 points higher than men (32.6 kg/m2 vs. 31.2 kg/m2), with the greatest difference in the proportion of subjects in the ≥35 kg/m2 range (31.1% vs 20.1%).


Table 1 | Baseline characteristics of incident T2DM.

[image: Table displaying health-related data by sex, including age, smoking and alcohol habits, BMI, glucose, and cholesterol levels. It shows means, standard deviations, percentages, and confidence intervals for variables like systolic and diastolic blood pressure, dyslipidemia, chronic kidney disease, and diabetes. Data is divided into total, women, and men, with differences and confidence intervals noted for comparisons between groups.]

Mean glucose and glycosylated hemoglobin levels were significantly lower in women. Dyslipidaemia was present in 52% of the population, with most lipid profile parameters higher in women except for TGs (total cholesterol, 212.8 vs. 202.8 mg/dL; HDL-c, 52.8 vs. 45.5 mg/dL; LDL-c, 127.7 vs. 120.7 mg/dL). Hypertension was present in 62.2% of individuals; it was slightly more prevalent in women (64.9% vs. 60.3%), although women had a 1.8-point lower mean systolic BP and a 1.9-point lower mean diastolic BP. Overall, the proportion of individuals with chronic kidney disease at the time of T2DM diagnosis was 16.4%, and this was higher in women (17.5%) than in men (15.5%). Mean eGFR, although within normal range, was somewhat lower in women than in men (78.0 mL/min vs 80.2 mL/min). Previous CVD was present in 15.3% of the cohort with a significant predominance in men (18.5% vs 11%). Men were more likely to have CAD (60.2% vs 46.4%) and PAD (21.9% vs 10.2%), while women were more likely to have cerebrovascular disease (52.8% vs 31.9%). As expected, CV risk, measured using the Score2DM, increased with age, particularly in those over 65, but was lower in women across all age ranges (ranging from 4.1 to 9.9 in women and from 7.5 to 14.1 in men).

The baseline characteristics were also analyzed separately for subjects in primary prevention (i.e. subjects without a CVD condition when diagnosed with T2DM) (Supplementary Table 1) and for the subjects in secondary prevention (i.e. in subjects with an existing CVD condition at T2DM onset) (Supplementary Table 2), showing similar results to the whole population.




3.2 Glucose control

The antidiabetic treatments at baseline (i.e 3 months after diagnosis) and at 1-year post-diagnosis are shown in Table 2. The majority of subjects did not receive any treatment within 3 months of diagnosis, with 61.4% of women and 56.8% of men not taking any medications. After 1 year of diagnosis, a similar situation persisted, with 57.8% of women and 55.6% of men not taking any medications. Around 33% were prescribed non-insulin antidiabetic drugs (NIAD), increasing up to 35% after 1 year of diagnosis. Other treatments like combined NIAD or insulin were less common but slightly more frequent in men. Changes in prescription patterns were observed over the year following diagnosis, with a decrease in sex differences in medication usage in almost every treatment group.


Table 2 | Antidiabetic treatment during the first year of T2DM by sex.

[image: Table comparing antidiabetic treatment in women and men at baseline and one year post-diagnosis. Categories: no treatment, NIAD, combined NIAD, NIAD & insulin, insulin. Shows patient numbers, percentages, and differences in 95% confidence intervals. Significant differences are marked.]




3.3 Cardiovascular risk factor control

As the management of CV risk factors may differ between primary and secondary prevention, an approach from this perspective was adopted.



3.3.1 Primary prevention

Lipid-lowering and anti-hypertensive drug usage for incident T2DM cases without previous CVD were examined (Table 3). For subjects with dyslipidaemia, statins were the primary treatment, mainly in women (51.6% vs. 43.3%), followed by fibrates mainly in men (12.3% vs. 5.9%). After one year, statin use increased in men. Subjects with hypertension were frequently treated with renin-angiotensin-aldosterone system (RAAS) blockers, especially in men (68% vs. 64.7%), while diuretic treatment was more common in women (62.6% vs. 48.6%). After one year, the use of RAAS blockers increased in men, while diuretic use decreased in both groups.


Table 3 | Pharmacological treatment and cardiovascular risk factor control of incident cases of T2DM in primary prevention by sex.

[image: A detailed table compares baseline and one-year post-diagnosis data on lipid-lowering and anti-hypertensive treatments among women and men. Variables include specific treatments like statins, ezetimibe, and diuretics, with respective percentages, sample sizes, and differences with confidence intervals. It also details target achievement in cardiovascular risk factors such as HbA1c, blood pressure, and LDL cholesterol levels, highlighting significant comparisons.]

The proportion of subjects achieving CVRF control targets was assessed in those having laboratory test results for both the baseline and 1-year follow-up periods. Target achievement rates for HbA1c and BP were higher in women, while men had better achievement for LDL-c levels. Over the year, men improved their HbA1c and BP targets, reducing the sex differences. Target LDL-c levels were less frequently achieved in women compared to men, both at baseline and, most remarkably, one year after diagnosis, increasing the sex differences [LDL-c<100mg/dL: baseline, Dif (95%CI) -3.6 (-6.3/-0.9); 1 year, Dif (95%CI) -7.3 (-10.5/-4.1)].

Changes from baseline at 1 year after diagnosis in clinical and laboratory data among women and among men are shown in Figure 2 and Supplementary Table 3. Significant changes from baseline were observed for all parameters. Changes in total cholesterol and LDL-c were more substantial in men, with a greater mean percentage decrease compared to women for both (Total-c: -5.5% vs. -2.6%, p<0.001; LDL-c: -4.2% vs. -2.2%, p=0.004).


[image: Bar chart titled “Primary prevention” showing the percentage change in five variables for males and females. Variables include diastolic blood pressure, systolic blood pressure, total cholesterol, LDL cholesterol, and triglycerides. Bars for females and males are shown in red and teal, respectively, with differing percentage changes across the variables.]

Figure 2 | Percentage change at 1 year post-diagnosis in clinical characteristics in primary prevention subjects. dBP (mmHg), diastolic blood pressure; sBP (mmHg), systolic blood pressure; Total-c (mg/dL), total cholesterol; LDL-c (mg/dL), low density lipoprotein cholesterol; TGs (mg/dL), triglycerides; *p<0.01; **p<0.001.



Changes in CVRF targets are shown in Figure 3 and Supplementary Table 3. After 1-year post-diagnosis, women had less success than men in achieving most CVRF targets, including quitting smoking (1.8% vs. 3.8%, p<0.001), improving glycaemic control (19.5% vs. 27.8%, p<0.001), and reaching LDL-c<100mg/dL (11.2% vs. 14.6%, p<0.001).


[image: Bar chart showing percentage change in primary prevention targets by sex. Variables include quitting smoking, HbA1c less than seven percent, blood pressure under 140/85 mmHg, and LDL cholesterol less than 100 mg/dL. Female data is in red; male data is in blue. Male percentages are higher for all categories except LDL cholesterol.]

Figure 3 | Percentage change at 1 year post-diagnosis in cardiovascular risk factor targets in primary prevention subjects. HbA1c, glycated haemoglobin; BP, blood pressure; LDL-c, low density lipoprotein cholesterol; **p<0.001.






3.3.2 Secondary prevention

Drug treatments for the control of lipids and BP in those with previous CVD are presented in Table 4. Statins and ezetimibe were the most commonly prescribed lipid-lowering treatments. While there were no significant differences in statin use at baseline between men and women, differences were observed 1 year after diagnosis, (78.2% in women vs 84.5% in men; difference: 6.3%). RAAS blockers were the most commonly used BP-lowering treatment in both sexes, with no significant differences at both time points. Diuretics were more frequently prescribed in women than in men, especially at baseline, with an 18.3% difference. Antiplatelet therapy was more frequently prescribed in men than in women, particularly 1 year after diagnosis, with a 10.9% difference.


Table 4 | Pharmacological treatment and cardiovascular risk factor control of incident cases of T2DM in secondary prevention by sex.

[image: Table comparing baseline and one-year post-diagnosis data for lipid-lowering and anti-hypertensive treatments in women and men. It lists percentages for various treatments, differences with confidence intervals, and target cardiovascular risk factor achievements like HbA1c, blood pressure, and LDL-c. Significant comparisons are marked with an asterisk.]

In the assessment of subjects achieving HbA1c, BP, and lipid targets at baseline and 1-year post-diagnosis (for those having the lab test value in both periods), no statistically significant differences were found, although men had a notable better achievement of LDL-c<70 mg/dL, particularly 1-year post-diagnosis (difference of -8.3%), compared to women.

Changes from baseline at 1 year after diagnosis in clinical and laboratory data are shown in Supplementary Table 4 and Figure 4. The mean percentage change was similar across all variables between the groups, with the most notable change being in glycated hemoglobin, although without statistically significant differences. Changes in CVRF targets are depicted in Figure 5 and shown in Supplementary Table 4. Men showed a greater change in smoking status compared to women (4.5% vs. 1.7%; p=0.002), and the mean percentage change in LDL-c<70 mg/dL was significantly higher in men than in women (13.1% vs. 6.5%; p=0.003).


[image: Bar chart titled "Secondary prevention" showing percentage change in variables for males and females. Variables include diastolic blood pressure, systolic blood pressure, total cholesterol, LDL cholesterol, and triglycerides. Bars show differences between sexes, emphasizing larger changes in total cholesterol and LDL cholesterol.]

Figure 4 | Percentage change at 1 year post-diagnosis in clinical characteristics in secondary prevention subjects. dBP (mmHg), diastolic blood pressure; sBP (mmHg), systolic blood pressure; Total-c (mg/dL), total cholesterol; LDL-c (mg/dL), low density lipoprotein cholesterol; TGs (mg/dL), triglycerides.




[image: Bar chart titled "Targets - Secondary Prevention" showing percentage change for four variables: Quit smoking, HbA1c<7%, BP<140/85mmHg, LDL-c<70mg/dL. Females and males are represented in red and teal. Males show higher percentage changes in quit smoking and LDL-c targets, while females show similar percentages in HbA1c and BP targets.]

Figure 5 | Percentage change at 1 year post-diagnosis in cardiovascular risk factor targets in secondary prevention subjects. HbA1c, glycated haemoglobin; BP, blood pressure; LDL-c, low density lipoprotein cholesterol; *p<0.01.







3.4 Cardiovascular events

CV events occurring within the first year of diagnosis were measured (Table 5). In primary prevention subjects, events such as CAD and PAD significantly increased in men compared to women (CAD: 1% vs. 0.6%, p=0.027; PAD: 0.7% vs. 0.4%, p=0.012). In secondary prevention subjects, the most common events were CAD (5.4% in men and 4.7% in women; p=0.492) in both men and women. No statistically significant differences were observed between sexes for any of the CV events.


Table 5 | Cardiovascular events at first year of diagnosis of incident T2DM by sex.

[image: Table comparing the occurrence of coronary artery disease (CAD), cerebrovascular disease, and peripheral artery disease (PAD) events among women and men for primary and secondary prevention. In primary prevention, CAD events occurred in 0.6% of women and 1.0% of men; cerebral disease in 0.9% of women and 0.8% of men; PAD in 0.4% of women and 0.7% of men. In secondary prevention, CAD events were 4.7% for women and 5.4% for men; cerebral disease 1.9% for women and 2.3% for men; PAD 0.9% for women and 1.3% for men. P-values are provided for each comparison.]





4 Discussion

This study describes the clinical characteristics, degree of control of CVRFs and their change 1 year after diagnosis according to sex in a large population-based cohort of 13,629 subjects with newly-diagnosed T2DM in Catalonia (Spain). To our knowledge, this is the only large population-based study addressing this topic in southern Europe. Only a few studies have included newly diagnosed T2DM as the primary study population (24–26), and far fewer have done so differentiating by sex (27–29) particularly with the main objective of describing men and women at onset of T2DM (15, 30).

Of the total number of subjects with newly-diagnosed T2DM, the proportion of men was higher than that of women. Women were older than men, evenly distributed in the age ranges from 50 years onwards. The distribution among men was higher in the age range 50-65 years. In agreement with our results, the incidence of T2DM has been reported to be higher in men than in women and in the oldest age groups according to studies in Europe (31, 32) and Spain (33). In secondary prevention subjects, the age at the onset of diabetes was higher, which is evident because CVD develops at older ages (34).

Men were more frequently smokers and former smokers than women, especially in secondary prevention. The role of smoking in CV morbidity and mortality is widely known (35–37) but it has also been associated with an increased risk of T2DM. The pooled relative risk (RR) of T2DM has been reported to be 1.37 for current smoking and 1.14 for former smoking (38).

Several sex differences in baseline characteristics were observed. We found a higher BMI in women at time of diagnosis. It has been estimated that women have a BMI 1.8 kg/m2 higher than men at T2DM diagnosis despite similar levels of HbA1c (39). This variance has been primarily linked to sex-specific physiological differences in fat distribution. Notably, women exhibit a distinctive fat distribution characterized by a higher proportion of subcutaneous fat mass and comparatively lower levels of liver and visceral fat content. This favorable pattern changes after post-menopause, when the fat distribution in women transition from a gynoid pattern to an android pattern accompanied by an increase in cardiometabolic risk (40). In parallel, women also tend to display heightened glucose sensitivity in comparison to men (41). A possible consequence of these sex-specific metabolic nuances is that women require a greater weight gain and adiposity accumulation to meet the diagnostic criteria for T2DM. This phenomenon contributes to an extended duration of the prediabetes state in women, where an elevated presence of CV risk factors is evident (42).

In accordance, we observed a poorer lipid profile in women than in men, especially in total cholesterol and LDL-c but not in HDL and TGs. Several studies report similar results in baseline characteristics of prediabetes or newly-diagnosed T2DM subjects (28, 43, 44), and emphasize the more adverse changes in cardiometabolic risk factors in women as a continuous process in the transition from normoglycemia to diabetes (45, 46). Women could potentially face prolonged exposure to hyperglycemia or an inadequate state of glucose levels, leading to heightened vascular damage and increases in CVRFs (47–49). Otherwise, women had lower mean glucose and HbA1c levels than men which may suggest a better insulin sensitivity pattern in women especially before developing TDM2 (50, 51). This is consistent with the baseline characteristics in different studies with prediabetes or newly-diagnosed T2DM subjects (27, 28, 44, 52, 53). In line with this, the DECODE Study group found that impaired fasting glucose was more common in men whereas impaired glucose tolerance was higher in women. As a consequence, diabetes may go undiagnosed, especially in females, as the fasting glucose determination alone is the standard method for diagnosis (54).

Regarding the control of CVRF and its management, differences were observed between sexes, most notably in primary prevention subjects. The achievement of HbA1c < 7% was higher in women than in men, both at baseline and after 1 year, but the differences between the sexes were higher at baseline than thereafter. A higher proportion of women did not receive antidiabetic treatment at baseline, although after 1 year, the prescription of the antidiabetic drugs was similar between groups. Similarly, BP < 140/90 mmHg was better achieved in women than in men and there were no major differences in anti-hypertensive treatment with the exception of diuretics, which were mostly prescribed in women. The use of thiazide diuretics has been associated with an increased risk of developing T2DM as opposed to RAAS blocker use that seems to reduce the risk of T2DM (55).

By contrast, the attainment of LDL-c < 100 mg/dL was worse in women at baseline and even worse 1 year after diagnosis. Statins were more frequently prescribed in women, but the frequency of statin prescription in men 1 year after diagnosis was considerably higher. It should be noted that statins have been reported to increase the risk of T2DM. Factors associated with this effect of statins are the type of statin, the dose and the potency (56).

It is noteworthy that when the CVRF achievement is better in women than men at baseline (e.g. as seen for HbA1c and BP targets), the difference between the sexes narrowed considerably one year after diagnosis, accompanied by a greater intensification of treatment in men. In contrast, the achievement of LDL-c target levels was better for men at baseline and even more so 1 year post-diagnosis i.e. the difference did not narrow over time for women. This fact can be seen in more detail in the percentage change in CVRF targets and also in the percentage change of clinical characteristics where the improvement over time was higher in men than in women (Supplementary Table 3 and 4). The reasons why women are not seeing the same improvements as men are not known, however this issue suggests that more aggressive treatment would be useful in women especially in primary prevention (57, 58).

The present study has some limitations. Ethnicity was not known, and we could not differentiate the sample according to this variable. Some residual confounders were not available in our study, such as physical activity, nutritional status, sex hormones or the use of hormone replacement therapy, which appear to play a protective role in the onset of diabetes (59); all these factors together with the socioeconomic status may have yielded somewhat different results. Observational studies and cross-sectional design do not allow the establishment of causal relationships between the variables. The retrospective design of our study introduces the possibility of selection bias, as the study draws on pre-existing records rather than a prospectively designed protocol. Also, there were no data on the doses of the prescribed drugs, on contraindications, or on treatment adherence, which may influence differences in the disease management. Moreover, the SIDIAP database may have limitations related to the accuracy and completeness of the recorded data. Lastly, the dates of the drug prescription and the dates of the blood tests were unknown, and therefore it was not possible to know which came first; however, this issue affected both groups. For future research, a controlled study design, including prospective data collection, could overcome many of the above-mentioned limitations.

In conclusion, this study shows that there are differences between men and women in CV risk factors and their control, not only long after their diagnosis, but also at the onset of the disease, especially in primary prevention. These differences are especially evident in the lipid profile and the achievement of its targets. It is also important to note that improvements in the control of CV risk factors over time (1-year post-diagnosis) were more evident in men than in women, suggesting that women might benefit from a more aggressive treatment approach in the first year after the onset of the disease.
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Background

Catamenial hyperglycemia is a rare type of spontaneous, recurring Diabetic Ketoacidosis(DKA) in females during the luteal phase, most commonly observed in type 1 diabetes mellitus. Even with controlled serum glucose levels, adherence to a diabetic diet, medications, and in the absence of other common influencing factors such as infection, glucose levels tend to increase during the premenstrual period. This uncommon issue related to the menstrual cycle phase has not been extensively researched. Therefore, this study aims to diagnose catamenial hyperglycemia promptly and initiate early treatment to prevent complications.





Case report

We presented a case of a 19-year-old girl who experienced recurrent DKA during the premenstrual period, without an apparent cause. She was admitted multiple times to various hospitals and sought consultations, undergoing numerous laboratory and imaging examinations, yet the etiology remained elusive. Ultimately, she received a diagnosis of catamenial diabetic hyperglycemia. To prevent recurrence of complications associated with catamenial hyperglycemia, we initiated a comprehensive approach which included continuous glucose monitoring, adherence to a strict diabetic diet, diabetic health education, regular exercise, timely medication administration, and increase in insulin dosage during the premenstrual period based on glucose levels.





Conclusions

Although catamenial hyperglycemia is rare, it should be considered a cause of recurrent hyperglycemia in any postpubertal female to prevent complications. The specific underlying mechanisms responsible for catamenial hyperglycemia or DKA remain unidentified.
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Introduction

Diabetic ketoacidosis (DKA) represents the acute metabolic consequence of type 1 diabetes mellitus (T1DM), resulting from inadequate insulin levels in conjunction with an excess of regulatory hormones, including glucagon, catecholamines, cortisol, and growth hormone. Primary causes of DKA encompass infections, intercurrent illnesses, psychological stress, myocardial infarction, and inadequate adherence to therapy. Among these, infection stands out as the most prevalent precipitating factor for DKA, accounting for 30–50% of cases (1). DKA is a severe side effect of a metabolic condition that is characterized by hyperglycemia, and metabolic acidosis (2). It is associated with a severe inflammatory condition characterized by an elevation in proinflammatory cytokines (tumor necrosis factor-α and interleukin-β, -6, and -8), C-reactive protein, reactive oxygen species, and lipid peroxidation (3). Additionally, cardiovascular risk factors such as plasminogen activator inhibitor-1 and free fatty acids are elevated, even in the absence of a serious infection or cardiovascular pathology. Remarkably, within 24 hours of initiating insulin treatment and intravenous fluid hydration, pro-inflammatory cytokines return to normal levels (4). DKA may be induced by medications that influence carbohydrate metabolism, especially corticosteroids, thiazides, sympathomimetic drugs, and pentamidine (5). Antipsychotic medications have a negligible risk of triggering hyperglycemia and DKA. The currently available body of evidence provides an overall prevalence of DKA ranging from approximately 50 to 100 events per 1000, and mortality rates are approximately 5% for adult patients with T1DM (6). To effectively manage and lower the incidence of diabetic ketoacidosis (DKA), it is essential to identify its specific cause and make a definitive diagnosis. Pinpointing the exact reason behind recurrent DKA can often be challenging. One uncommon factor that has not received significant research attention is the phase of the menstrual cycle, known as catamenial DKA.

Throughout the menstrual cycle, a range of physiologic and hormonal changes take place, affecting the carbohydrate tolerance of certain diabetic women. The term “peri-menstrual DKA,” previously termed “catamenial DKA,” describes elevated blood sugar levels associated with the menstrual cycle. Catamenial illnesses, though widely reported, remain not entirely understood. The term ‘catamenial’ originates from the Greek word ‘katamenios,’ meaning monthly, referring to the menstrual period. Several medical conditions are recognized to have an association with the menstrual cycle, including epilepsy, pneumothorax, migraine, asthma, flares of rheumatoid arthritis, and neuropathy. Diabetic ketoacidosis (DKA) is another condition falling within this category (7). Nevertheless, the exact incidence and frequency of this association remain uncertain and have not yet been determined.Throughout the late luteal phase of their menstrual cycle, women experience hyperglycemia and may develop diabetic ketoacidosis (DKA). From the first case documented by Harrup and Mosenthal at John Hopkins Hospital in 1918 to the study conducted by Sennik et al. in 2010, only a small number of cases,of catamenial DKA/hyperglycemia have been reported (8). In 2017, the most recent case report was published, underscoring the intricacy of managing diabetes. This complexity highlights the necessity for closed-loop glucose control systems that can automatically adapt basal insulin patterns to meet the varying glucose management requirements during menstrual cycles. Implementing such systems could mitigate the risk of catamenial diabetic ketoacidosis, enhance overall glycemic control, and alleviate the psychological burden associated with type 1 diabetes (9). Therefore, this catamenial hyperglycemia is rare but needs to be focused on differential diagnosis. Here, we present a case of a 19-year-old female with a history of DM, who had recurrent DKA before menstruation. Due to the lack of additional aggravating situations, she suffered DKA, leading to catamenia. While, certain studies have demonstrated that blood sugar levels increase during the premenstrual or menstrual period, the specific underlying mechanisms responsible for catamenial hyperglycemia or DKA remain unidentified. Therefore, it is crucial to strive for preventive measures that can effectively avoid the recurrence of hyperglycemia or DKA episodes.





Case presentation

This is a case of a 19-year-old young girl who was diagnosed with type 1 diabetes mellitus, 10 years ago at the age of 9. She was repeatedly presented in the emergency department with complaints of dry mouth, polyuria, polydipsia, nausea, vomiting, abdominal pain, and increased blood sugar levels. She was admitted to a local hospital in 2014, 2015, and 2016 for hyperglycemia; however, exact information about those hospital stays was not accessible. During that period, she was undergoing insulin treatment but inconsistently adhered to the prescribed regimen and did not consistently follow a diabetic diet.

Two years ago, despite denying any lapses in insulin administration and absence of infection, she experienced two admissions to our hospital.These admissions were due to diabetic ketoacidosis associated with type 1 diabetes mellitus, alongside complications including diabetic retinopathy, diabetic neurogenic bladder, hyponatremia, depression, and gastroenteritis. Six months ago, the patient presented to the emergency department with chief complaints of abnormal mental behavior and elevated blood glucose levels persisting for 7 days. She was subsequently admitted for 23 days and diagnosed with autoimmune encephalitis (viral encephalitis), epilepsy-like seizures, type 1 diabetic ketosis with gastrointestinal autonomic neuropathy, mental disorders secondary to physical diseases, chronic non-atrophic gastritis with constipation, gastrointestinal bleeding, increased intracranial pressure, and electrolyte disturbance. On physical examination T:36.5 C, P:98/min, RR:20/min, BP:158/98mmHg, height 165cm weight:60kg BMI:22kg/m2, dehydration was present.

Laboratory examination reports, as displayed in Table 1, indicated normal results for other routine examinations, lipid profile, and liver function. A complete lumbar puncture examination revealed that the initial pressure was greater than 200mmH2O, and the final pressure was 145mmH20. Cerebrospinal fluid biochemistry showed glucose 8.47mmol/L and chlorine 131mmol/L. Cerebrospinal fluid culture and Gram stain results were negative for microorganism growth. A head CT conducted on December 3, 2022, yielded normal results. Based on her medical history, physical examination, and laboratory findings, it was suggested that the patient had diabetic ketoacidosis due to infection, which did not appear to be related to menstrual or hormonal imbalances. According to her menstrual history, she experienced menarche at age 11, had regular bleeding lasting 5 days without dysmenorrhea, and her last menstrual period occurred on November 10, 2022, with a regular cycle repeated every 40 days.


Table 1 | Laboratory reports of patient (2020-2022).
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Clinical findings

Laboratory examinations conducted during three consecutive hospitalizations in 2020 to 2022 are presented in Table 1. Other reports remained within normal limits. Notably, glucose levels in the emergency department exhibited a gradual increase with each admission, while HbA1c levels significantly decreased from 15% to 8.5% over three years. Moreover, the pH levels remained within the normal range, but urinary ketones consistently tested positive, ranging from 2 to 4, as illustrated in Figure 1.
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Figure 1 | 3 year time line from 2020- 2022 of hospitalization and blood parameters.







Differential diagnosis

As a diagnosed case of Type 1 Diabetes Mellitus (DM Type I), each presentation to the emergency department for this patient was marked by the first manifestation being diabetic ketoacidosis (DKA), which might be the underlying cause. Infections, particularly those in the urinary tract or chest, and occasionally viral encephalitis, have been identified as the most common precipitating factors. In this particular case, she has been admitted to our hospital two times due to DKA—twice attributed to catamenial factors.





Treatment and follow-up

During each admission, the patient was managed according to the emergency department protocols involving insulin infusion, antibiotics, antiemetics, fluids, and electrolyte replacement. She started menstruating on the second or third day of each hospital stay. After her discharge, she was at regular follow-ups in the outpatient clinic. She was advised to continue taking daily basal and premeal insulin, and after raising the dosage during the premenstrual period, her blood sugar level was under control.

Clinical manifestations and laboratory examinations consistently aligned with a diagnosis of DKA related to her menstrual cycle. No other clear precipitant factors were identified during hospital visits, and complaints of hyperglycemia were not associated with recent infections or other symptoms. In addition,the insulin pump was working smoothly without any blockage.Comprehensive examinations, including complete blood count, liver function test, kidney function test, urinary pregnancy test, chest X-ray, urine examination, viral panel, ECG, and other imaging, all returned normal results.

The patient had a six-year history of depression with symptoms such as low mood, self-cut injuries on the left forearm, and poor sleep at night. She was prescribed sertraline 50 mg orally once a day and alprazolam 0.4 mg at night, which significantly improved her sleep disturbance and mood disorder. Gynecological consultations revealed no abnormalities. Notably, in all her admissions, she was in her premenstrual period, having regular cycles and being hospitalized approximately six times, twice in our hospital just before menstruation.






Discussion

Women diagnosed with type 1 diabetes mellitus (T1DM) undergo fluctuations in their glycemic changeability due to variations in insulin receptor binding and affinity that are specifically linked to their menstrual cycle leading to Catamenial Hyperglycemia (10–12). Many studies has shown that compared to the early follicular phase, there is a higher likelihood of experiencing hyperglycemia during the periovulatory and early luteal phases. These patterns can differ among individuals and may even vary within the same person during successive menstrual cycles (13, 14). Therefore, patients can potentially gain the advantage of adjusting the insulin as per their different phases of menstrual cycle (15).

In our study, the patient diagnosed with type 1 diabetes mellitus, was admitted multiple times due to recurrent episodes of diabetic ketoacidosis (DKA). Ultimately, a diagnosis of catamenial DKA was established during her admission to our hospital. The evidence of this case suggested that the development of DKA was the casual occurrence of menstruation at the same time period of admission.

The menstrual cycle is divided into two distinct phases: the follicular phase (day one to day 13), comprising menstruation (day one to five) followed by ovulation (day 14), and the luteal phase (day 15 to 28). Two significant hormonal shifts occur during the menstrual cycle: a surge of estradiol before ovulation (days 10 to 15) and a decline in progesterone levels before menstruation (days 25 to 28). Progesterone plays a crucial role in governing the menstrual cycle, influencing pregnancy, and impacting factors such as sexuality, premenstrual syndrome, and dysmenorrhea. The menstrual cycle is regulated by various physiological components, with key contributors being FSH (follicle-stimulating hormone), LH (luteinizing hormone), their releasing factors in the hypothalamus, estrogen, and progesterone. The highest levels of progesterone in the bloodstream typically occur around 7 days after ovulation, followed by a gradual decrease to a very low level just before the onset of menstruation and on the first day of menstruation. Insulin resistance demonstrates a positive correlation with estradiol and progesterone levels, but it exhibits an inverse association with follicle-stimulating hormone (FSH) and sex hormone-binding globulin (16).

The precise mechanism behind catamenial hyperglycemia remains uncertain, but it is likely associated with decreased insulin sensitivity caused by elevated levels of circulating progesterone. Basic research in rats has indicated that progesterone can reduce glucose uptake in skeletal and adipose tissues (17). According to the findings of Cawood et al., approximately 67% of women with diabetes encountered fluctuations in their blood glucose levels during the premenstrual period (18). Widom et al. observed that premenstrual hyperglycemia in women with type 1 diabetes was linked to reduced insulin sensitivity, which was attributed to higher estrogen levels during the luteal phase. Additionally, they found that the deterioration in glucose uptake was associated with a more significant increase in estradiol levels from the follicular to the luteal phase (19). Goldner et al. with the help of a continuous glucose monitoring system, demonstrated that increased progesterone levels were the main reason for DKA and hyperglycemia during the luteal phase (14). The insulin receptor concentration exhibits a higher specific cell binding fraction during the follicular phase compared to the luteal phase. However, no such changes were observed in men or postmenopausal women during the same period. This indicates that sex hormones play a role and should be considered as one of the factors influencing insulin receptors (20).

Just before her subsequent menstruation, the patient in our research had a full sex-hormonal profile, which was normal. In this instance, the luteal phase progesterone and estrogen levels were not high as indicated.Consequently, based on those findings, it can be inferred that hormonal fluctuations alone may not be the sole factor contributing to catamenial DKA.

In various stages of the menstrual cycle, there have been observations of food cravings, such as binge eating and increased carbohydrate consumption, particularly during the luteal phase. These cravings are possibly influenced by higher progesterone levels, as seen in studies of women without diabetes (21, 22). While there have not been specific studies on women with diabetes regarding this matter, it is plausible to speculate that comparable dietary changes could occur, potentially contributing to the decline in glycemic control that some women with diabetes experience during their menstrual periods. Among young patients diagnosed with type 1 diabetes, approximately 20% of recurrent ketoacidosis cases might be influenced by psychological issues complicated by eating disorders (23).

In the present case, after being discharged from the hospital, she regularly followed-up in the outpatient clinics. However, the young girl was resistant to adhere the diabetic diet and expressed her desire for binge foods nearby her menstruation. In order to counterpoise her hyperglycemia and to overcome further episode of DKA, the patient was advised to increase the insulin dose 2 to 3 days prior her periods. Notably, she did not experienced any episodes of diabetic ketoacidosis (DKA) in the past 6 months. This positive outcome can be attributed to counseling on diabetic health education, exercise, and adherence to a diabetic diet. The medications prescribed for her sleep disturbance and anxiety, but not associated with increased blood glucose levels, effectively mitigated the stress-induced hyperglycemia.

Turning to the point of her viral encephalitis, there is no evidence to confirm that the recurrent ketoacidosis was related to opportunistic viral infection in this patient. The first two episodes of DKA did not have any evidence of encephalitis. Rather, outburst of her emotional state and eating disorder patterns during the period of menstruation had triggered uncontrolled glucose management and consequent ketoacidosis

We assume that the probable cause of opportunistic viral infections leading to viral encephalitis in patients with diabetes is immune deficiency. In supporting to this assumption, a previously published case report stated that opportunistic H1N1 viral influenza can trigger diabetic ketoacidosis in young women (24). However, there is no evidence to confirm that catamenial hyperglycemia was related to opportunistic viral infections in this patient. Interestingly,the first two episodes of DKA did not show any evidence of viral encephalitis; however, menstruation was present during each admission. Certainly, catamenial hyperglycemia followed by diabetic ketoacidosis versus viral encephalitis deserves further in-depth exploration.

DKA is a potentially the fatal disease yet preventable condition. Consequently, to avoid the recurrence of hyperglycemia or DKA, a proactive approach such as menstrual calendar, regular glucose monitoring with a glucometer, diabetic self-management, increasing the insulin dose before menstruation,diabetic diet, engaging in regular physical activity plays a important roles.

Additionaly, proper diabetic diet and exercise are key source for the management, avoidance of DKA and insuline resistance (25–27). A team of expert medically trained personals with indepth knowledge can be deployed to patient education, behavioral intervention, providing support for patients and families, improving patients’ access to medical providers, availability of extended access to telephone services and telemedicineto strengthen patient health education and awareness of ketoacidosis. In addition, public awareness campaigns focusing on education on the early signs of diabetes have been found to significantly reduce the frequency of DKA (28). Futhermore, in female patients with type 1 diabetes mellitus involves self-regulation by increasing the insulin dose by 1-2 units based on the blood glucose level few days prior to the expected pre-menstrual phase. As a result, every time a female patient with a known case of DM presents with hyperglycemia or DKA, a doctor should be wise enough to inquire about her menstrual state to identify the triggering factors due to the other reasons that were previously described.

In conclusion, challenges with blood sugar regulation can stem from various triggering factors, with the most common being infection and occasional causes such as hormonal fluctuations preceding menstruation. During the menstrual cycle, a natural increase in progesterone levels occurs during the luteal phase, contributing to increased insulin resistance thereby triggering catamenial hyperglycemia in females. However, the specific underlying mechanisms responsible for catamenial hyperglycemia or DKA remain unidentified.




Strengths and limitations

Our case report incorporates distinctive clinical characteristics, allowing us to present a comprehensive clinical history encompassing present, past, personal, family, gynecological, and psychiatric consultations, as well as treatment details and outcomes. Notably, this is the first case report to document catamenial diabetic ketoacidosis associated with psychiatric problems. However, it is important to acknowledge the limitations of our study, including the absence of initial admission details from other hospitals and the lack of hormonal panel test results during different menstrual phases.
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Background

Diabetes that only appears or is diagnosed during pregnancy is referred to as gestational diabetes mellitus (GDM). The maternal physiological immune profile is essential for a positive pregnancy outcome. However, the causal relationship between GDM and immunophenotypes is not fully defined.





Methods

Based on the high-density genetic variation data at the genome-wide level, we evaluated the logical associations between 731 specific immune mediators and GDM using bidirectional Mendelian randomization (MR). The inverse variance weighted (IVW) was the main method employed for MR analysis. We performed multiple methods to verify the robustness and dependability of the MR results, and sensitivity measures were applied to rule out potential heterogeneity and horizontal pleiotropy.





Results

A substantial causal association between several immune mediators and GDM was detected. After FDR testing, HLA DR++ monocyte %leukocyte and HLA DR on plasmacytoid DC were shown to increase the risk of GDM; in contrast, CD127 on CD28+ CD45RA+ CD8br and CD19 on PB/PC were shown to attenuate the effect of GDM. Moreover, the progression of GDM has been shown to decrease the maternal levels of CD39+ activated Treg AC, CD39+ activated Treg %CD4 Treg, CD39+ resting Treg AC, CD39+ resting Treg %CD4 Treg, and CD39+ CD8BR %T cell.





Conclusions

Our findings support a possible causal association between GDM and various immunophenotypes, thus facilitating the provision of multiple options for preventive recognition as well as for the diagnostic and therapeutic management of GDM in clinical practice.
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Introduction

Numerous physiological changes take place in a woman’s body during pregnancy. Throughout the long gestation period, the main energy pathway received by the fetus is glucose from the mother’s placenta (1). While pregnancy progresses, the fetal need for glucose grows, which leads to gestational diabetes mellitus (GDM) in women with otherwise healthy glucose metabolism or potentially impaired glucose tolerance prior to pregnancy (2, 3). As a common complication of pregnancy worldwide, uncontrolled GDM poses a serious threat to the mother, fetus, and newborn, increasing the likelihood of adverse pregnancy reactions (e.g., gestational hypertension, infection, and metabolic ketoacidosis) as well as malignant pregnancy outcomes (e.g., preterm abortion, neonatal hypoglycemia, and postpartum depression) (4). The focus of GDM prevention efforts is on preconception or early pregnancy, with only a minority of women with GDM requiring pharmacological treatment, and the identification of reliable underlying risk markers is valuable for the timely detection and prognosis of GDM (5).

The growth of a fetus from conception to successful delivery is a significant challenge for the physiological functions and regulatory systems of the mother (6). Patients with GDM frequently experience metabolic issues, such as increased insulin resistance, and generally suffer from systemic mild inflammation and immune dysregulation (7). In GDM, various types of immune cells, particularly regulatory T cells (Tregs), adapt spontaneously to prevent pregnancy interruption. Besides this, there is a proportional increase in circulating monocyte activation and an elevated level of cytokines, including IL-12 and IL-23, in mid to late gestation compared to non-pregnant women (8). It is quite predictable that changes in the quantity or function of immune mediators are involved in the development of GDM. Regrettably, the conclusions of the current studies on the correlation between maternal immune profiles and GDM are not entirely consistent, which may be due to factors such as differences in the samples and flaws in the design.

Nowadays, genome-wide association study (GWAS) and Mendelian randomization (MR) make it feasible to estimate the causal associations between immune traits and disease events on a large scale. GWAS identifies genome-wide sequence variation in specific human populations (9), whereas the existence of randomness in the process of genetic variation allows MR to be independent of common confounders and reverse causation (10). In this current study, by identifying single-nucleotide polymorphisms (SNPs) linked to complex traits, a comprehensive bivariate MR analysis was undertaken to identify causal relationships between immunocyte features and GDM. Figure 1 provides an illustration of this research.


[image: Illustration depicting the relationship between genetic variants (SNPs), immune profiles, and gestational diabetes mellitus. The diagram involves MR methods, assumptions of relevance, independence, and exclusivity, and highlights confounders. Arrows indicate the direction of influence, with genetic variants affecting immune profiles and gestational diabetes, and reverse MR exploring feedback loops.]

Figure 1 | Hypothetical design of MR studies. Relevance: there is a significant relationship between exposure variables and genetic variations: genetic variants and confounding factors are independent of each other; exclusivity: genetic variation affects outcomes only through exposure and not by other means. X means no direct association.







Materials and methods




Study design

In this present research, we assessed the causal associations between 731 immunocyte features and GDM using MR analyses. MR employs genetic variants with strong correlations to exposure factors as instrumental variables (IVs), and IVs involved in causal inference have to comply three major assumptions of relevance, independence, and exclusivity (11).





Sources of data on exposure

The initial immune traits were performed with data from 3,757 Europeans, and the summary data for all traits are available from the publicly available GWAS catalogue (from GCST90001391 to GCST90002121) (12). In order to identify genetic variations occurring in 731 immune cells, GWAS detected approximately 20 million SNPs and 1.6 million indels through high-density genotyping and with reference to Sardinian sequences (13). Specifically, the characterization of immunophenotypes includes four immune trait types with median fluorescence intensities (MFI), relative count (RC), absolute count (AC), and morphological parameter (MP) as well as seven panels with B cell, Treg, myeloid cell, maturation stages, myeloid cell, maturation stages of T cell, monocyte, TBNK, and cDC.





Sources of data on outcome

The GWAS summary statistics for GDM were derived from finn-bGEST_DIABETES (14). For the study, GWAS were performed on 123,579 Europeans (Ncase = 5,687, Ncontrol = 117,892), and approximately 16 million variants were analyzed after quality control and filtering. All of the original research described above were publicly available, anonymous, and de-identified.





Screening of relevant IVs

To assure the relevance of causal inferences between immune characteristics and GDM, with reference to previous MR studies, we set the significance threshold of IVs for each immune characteristic at 1 × 10-5 (15). Considering the quantity of SNPs obtained, we scaled the significance level for immune cells to 5 × 10-8 in reverse extrapolation (16). Since genetic variants with similar genomic locations are more inclined to be co-inherited, in order to assure the independence among genetic tools and remove linkage disequilibrium (LD), we restricted the r2 value to 0.001, with a window range of 10,000 kb (r2 = 2 × MAF × [1 - MAF] × [β/SD]2; MAF: minor allele frequency; β: effect value of SNP on exposure factors) (17). In addition, a strong or weak bias in IVs also leads to weaker correlations with exposure. We have consequently selected the obtained IVs by means of F-statistic (F = (N - K - 1) × r2/[(1 - r2) × K]; N: sample size of GWAS; K: number of IVs), when the F value is above 10, it is generally thought that there are no significantly weak IVs (18).





Statistical analysis

We conducted MR analysis with the two-sample MR package (version 0.5.8) in R software (version 4.3.2) and adopted inverse-variance weighted (IVW) as the primary analytical method to estimate the causal effects of genes on traits (19, 20). Statistical approaches such as MR Egger, weighted median, and simple and weighted mode were also utilized to validate the MR results (21, 22). As a widely applied method of MR analysis, IVW is characterized by regressions that ignore the presence of the intercept term and are fitted with the inverse of the outcome variance as weights. MR Egger enables the estimation of bias among causal relationships when there is significant horizontal pleiotropy between SNPs. Even though half of the data were derived from genetic variation in invalid SNPs, the weighted median still yielded a consistent evaluation of causality. Furthermore, leave-one-out method was carried out to remove each SNP one by one, determine the meta impact of the SNPs that remained, and track the modifications in the results following the removal of every SNP (23). If the results changed remarkably after removing a certain SNP, it means that it has a significant effect on the results.






Results




Determining the causal role of immunophenotypes in GDM

During our investigation, we performed two-sample MR analyses utilizing the IVW method as the principal methodology. After F-statistics as well as an initial significance test, a total of 34 immune cells were detected to exhibit a causal association on GDM, including twelve B cell, seven Treg, four monocyte, four maturation stages of T cell, three TBNK, three cDC, and one myeloid cell panel. With further adjustment for FDR (PFDR< 0.04), we identified a total of four GDM risk immunophenotypes, which were respectively classified as Treg, B cell, TBNK, and cDC panel (Supplementary Table S1). Since then, we have found that certain alterations in the immune milieu influenced the progression of GDM. Concretely, the odds ratio (OR) of CD127 on CD28+ CD45RA+ CD8br on GDM risk was estimated to be approximately 0.919 (95% CI: 0.860–0.982, P = 0.0125, PFDR = 0.040) by the IVW method, whereas the MR Egger (95% CI: 0.830–1.071, OR = 0.943, P = 0.375) and weighted median (95% CI: 0.827–0.998, OR = 0.909, P = 0.045) analyses were consistent with the IVW. Simple mode (95% CI: 0.743–1.035, OR = 0.877, P = 0.138) and weighted mode (95% CI: 0.764–1.003, OR = 0.876, P = 0.071) also supported the genetic causal inference. The OR of CD19 on PB/PC on GDM risk was estimated to be 0.902 (95% CI: 0.839–0.970, P = 0.005, PFDR = 0.038) by the IVW method, whereas the MR Egger (95% CI: 0.770–1.009, OR = 0.881, P = 0.083) and weighted median (95% CI: 0.820–1.013, OR = 0.911, P = 0.085) analyses were consistent with the IVW. The OR of HLA DR on plasmacytoid DC on GDM risk was estimated to be approximately 1.078 (95% CI: 1.039–1.120, P = 8.76 × 10-5, PFDR = 0.003) by the IVW method, whereas MR Egger (95% CI 1.044-1.164, OR = 1.103, P = 0.002) and weighted median (95% CI 1.079-1.179, OR = 1.128, P = 1.07×10-7) analyses were consistent with the IVW. The odds ratio of HLA DR++ monocyte %leukocyte on GDM risk was estimated to be approximately 1.153 (95% CI 1.059-1.256, P = 0.001, PFDR = 0.018) by the IVW method, whereas the MR Egger (95% CI: 0.924–1.259, OR = 1.079, P = 0.371) and weighted median (95% CI: 1.043–1.314, OR = 1.170, P = 0.008) analyses were consistent with the IVW (Figure 2; Supplementary Table S2). Scatter plots and leave-one-out plots also support the stability of the results (Supplementary Figures S1, 2).
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Figure 2 | Forest plot illustrating the various ways in which the four immunological features and gestational diabetes mellitus are causally related.







Inferring causality of GDM on immunophenotypes

In order to ascertain the relationship between the onset and development of GDM with the body’s immunity, we verified the causality of GDM on 36 immune traits. Following GDM, the levels of five immunological features were found to change significantly (Supplementary Table 3); all of these traits belonged to the Treg panel and were adjusted for FDR (PFDR< 0.03). Interestingly, We found that GDM caused the CD39+ activated Treg %CD4 Treg (β = -0.183, 95% CI: 0.739–0.939, P = 0.003, PFDR = 0.024), CD39+ activated Treg AC (β = -0.183, 95% CI: 0.738–0.939, P = 0.003, PFDR = 0.021), CD39+ resting Treg % CD4 Treg (β = -0.183, 95% CI: 0.741–0.935, P = 0.002, PFDR = 0.024), CD39+ resting Treg AC (β = -0.164, 95% CI: 0.755–0.955, P = 0.006, PFDR = 0.028), and CD39+ CD8BR %T cell (β = -0.176, 95% CI: 0.744–0.946, P = 0.004, PFDR = 0.025) levels to show a similar decrease (Figure 3; Supplementary Table S4). The results from other MR methods and sensitivity analyses demonstrate the robustness of the observed causal associations (Supplementary Figures S3, 4).
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Figure 3 | Forest plot illustrating the various ways in which gestational diabetes mellitus and five immunological features are causally related.








Discussion

GWAS studies have revealed associations between diseases and genetic variation, etc. Benefitting from a large, publicly available genomic data, our study attempted to offer genetic evidence for the causal link between GDM and multiple immune phenotypes. In this paper, we proved that four immune phenotypes have a significant causal association for GDM (PFDR< 0.04), while GDM has the same relationship for five other immune phenotypes (PFDR< 0.03).

As a globally prevalent obstetric disorder, GDM has been shown to be associated with many adverse maternal and fetal pregnancy outcomes. Abnormal maternal immune adaptation is key to the low-grade inflammation associated with the diagnosis of GDM, while immune cell infiltration of visceral adipose tissue causes the pathological dysregulation of insulin signaling and contributes to insulin resistance. Specifically, CD39 is located on the surface of trophoblast cells in the normal human placenta and regulates ATP-dependent trophoblast function, which is critical for immune tolerance and the maintenance of a normal pregnancy (24). Several studies have shown that measuring CD19+ subpopulations can help predict the pregnancy outcome in women, with a trend towards lower peripheral CD19+ B cells in women who miscarry compared to those who subsequently give birth (25). The frequency of CD19(+) CD5(+) cells was also significantly increased in the peripheral blood of patients with pre-eclampsia compared to normal pregnant women (26). In addition, the maternal humoral response to fetal anti-HLA-DR immunoglobulin antibodies may influence the development of pregnancy-induced hypertension (27).

Our results demonstrate that the elevated levels of HLA DR on plasmacytoid DC and HLA DR++ monocyte %leukocyte increase the risk of GDM. As a specialized antigen-presenting cell, dendritic cells (DCs) regulate the immune response and bridge the gap between innate and adaptive immunity (28). DCs play crucial roles in the growth and development of embryos and fetuses in the mother’s womb; dysregulation of the DC subpopulations appears to be linked to adverse pregnancy outcomes (29). HLA-DR is the most common MHC class II molecule on the surface of antigen-presenting cells. Specially, the expression of HLA-DR on the surface of DCs increases the abundance of protein complexes and is accompanied by the production of co-stimulatory molecules and cytokines (30). Moreover, recent studies have demonstrated that the level of HLA-DR is an indicator of monocyte immunocompetence, which not only assists in antigen presentation but also strengthens TLR-2-mediated signaling, cell proliferation, and maturation (31).

On the contrary, the growing levels of CD127 on CD28+ CD45RA+ CD8br and CD19 on PB/PC decrease the risk of GDM. The reduced activity of inhibitory Treg isoforms in GDM was pointed out to be associated with the upregulation of pro-inflammatory factor concentrations which include IL-6 and TNF-alpha (32). Another study showed that the percentage of circulating Treg subpopulation cells defined by CD3+CD4+CD25 bright/dim CD127 expression was reduced in GDM pregnancies compared with glucose-tolerant pregnancies (33). CD19 is a transmembrane protein on the surface of B cells, which is tightly connected with B cell activation, signaling, and growth regulation. For IgG4-related diseases, the peripheral blood was significantly enriched in B cell populations, including CD19+ CD24-CD38hi PB/PC. After glucocorticoid administration, the levels of these cells declined, accompanied by an improvement in clinical symptoms (34). In summary, our research indicates that immune cells have a significant role in GDM’s early diagnosis, therapeutic monitoring, disease activity assessment, and adaptive therapies.

On the other hand, we also revealed that the percentage of various immunological phenotypes was altered as a result of GDM. Strikingly, we found that GDM commonly lowered the abundance of CD39+ activated Treg %CD4 Treg, CD39+ activated Treg AC, CD39+ resting Treg % CD4 Treg, CD39+ resting Treg AC, and CD39+ CD8BR %T cell. Extracellular ATP is an effective proinflammatory factor in vivo, and its hydrolysis is important for its immunosuppressive function. As an extracellular ectonucleotidase, CD39 has been implicated as a major marker of FOXP3+ Treg and cleaves ATP to form AMP in the rate-limiting step. It is notable that the percentage of D39+ Treg cells was significantly decreased in type 2 diabetes patients as compared to the controls. In vivo experiments have shown that CD39-deficient mice exhibit impaired glucose tolerance in an oral glucose tolerance test (35). The supplementation of soluble CD39 to pre-diabetic NOD mice reduces the extent of extracellular ATP, inhibits the multiplication of CD4+ T cells, and delays the further progression of diabetes (36). It reminds us that individualized treatment for CD39 is probably a promising option for pregnant women.

Apparently, our study offers a foundation for delineating the intricate causal association between immune cells and GDM. However, there are still several limitations in our work. Firstly, although we performed MR analyses with a large-scale GWAS cohort and avoided potential confounders or reverse causation, genetic heterogeneity among different human populations still attenuates the credibility and validity of the GWAS results. Secondly, when examining the association of immune cells with GDM, a more relaxed threshold was chosen to ensure accurate data on SNPs. Even with the FDR test applied, this may still lead to a minor bias in the results. Finally, for GDM, our study was unable to further probe specific traits (for example—age, weight, and hormone levels) in the group of pregnant women.





Conclusions

In summary, we emphasized the causal relationship between a number of immune phenotypes and GDM through a full bidirectional MR analysis. To our knowledge, this is the first MR analysis carried out between immune phenotypes and GDM, providing novel insights into understanding the delicate balance between maternal immune mediators and GDM. GDM is a complicated and dynamic condition, and the pathophysiological mechanisms are not fully clarified. This research enables researchers to better explain the physiological mechanisms, with a view to filtering and monitoring high-risk groups for GDM, contributing to the early intervention and the development of new treatments of GDM.
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Background

The causality between frailty and gestational diabetes mellitus (GDM) has not yet been fully explored. A potential bidirectional causality was also needed to be confirmed.





Methods

A bidirectional two-sample Mendelian randomization (MR) was conducted, with frailty-related data was collected from UK Biobank and TwinGen and GDM-related data was collected from the FinnGen consortium. We performed univariable and multivariable-adjusted MR with adjustments for body mass index (BMI). Several methodologies of MR were conducted to confirm the robustness of results.





Results

Frailty was significantly associated with elevated risks of GDM (OR, 3.563; 95% CI, 1.737 to 7.309; P< 0.001) and GDM was also significantly associated with elevated risks of frailty (β, 0.087; 95% CI, 0.040 to 0.133; P< 0.001). There is no evidence demonstrating the existence of horizontal pleiotropy and heterogeneity. This association was robust after adjustments for BMI. The sensitivity analyses with Weighted median, Maximum likelihood, Penalised weighted median, MR Egger and MR PRESSO methods indicated consistent results.





Conclusion

Our study provides evidence of the bidirectional causal association between frailty and GDM from genetic perspectives, signaling that the identification and assessment of frailty should become a standard strategy during the early stages and care of gestational diabetes.
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Introduction

Gestational diabetes mellitus (GDM) is one of the most common complications during pregnancy, affecting 14.2% of pregnancy individuals and having serious adverse effects on both maternal and infant health (1, 2). What’s more significant is the growing realization that GDM serves as a glimpse into future health, and not just an isolated of disease that concludes with delivery (3–7). For example, Women with a previous history of GDM are prone to cardiovascular disease and have a nearly 30% increased mortality risk (4, 7). Therefore, identifying modifiable factors that can be used to prevent disease at an early stage or to prevent serious complications is important in reducing the harm and burden of disease associated with GDM.

As an easily intervened factor, frailty is a state of vulnerability to poor resolution of homeostasis, which emerges as one of the most pressing global public health challenges we will face (8, 9). Individuals with heightened frailty levels are markedly more vulnerable to a range of adverse consequences, such as cardiovascular disease, neurological disorders, disability, and mortality, when compared to those with lower frailty levels (8, 10–13). Notably, pregnant women often undergo shifts in dietary habits, reduced physical activity, weight gain, and substantial fluctuations in hormone levels (14, 15). These changes can disrupt homeostasis in blood glucose and the overall internal environment, leading to a concurrent presence of frailty (14–17). However, no studies have estimated the relationship between GDM and frailty. Existing research have focused on the association between type 2 diabetes (T2D) and frailty. On the one hand, previous studies indicates that frailty symptoms contribute to the progression from prediabetes to T2D in adults (18, 19). On the other hand, abnormal blood glucose emerges as a pivotal risk factor for frailty development, with the prevalence of frailty syndrome surging from an average of 5 to 10 percent in nondiabetic patients to 32 to 48 percent in diabetic patients (20–22). The above epidemiologic findings imply a possible coexistence of GMD and frailty. The elusive causal relationship between frailty and GDM poses limitations to the effective management of these interconnected health challenges.

Although a randomized controlled trial (RCT) is widely considered the golden standard for establishing causality, it is not applicable to the current topic due to ethics (23). With the rapid advancements of genome-wide association studies (GWASs), Mendelian randomization (MR) is frequently employed to infer causality by utilizing phenotypic-associated single nucleotide polymorphisms (SNPs) as instrumental variables, which eliminating confounding bias and reverse causes and making the MR method a “natural RCT” (24–26). Therefore, in this study, we hypothesized that there may be a directional causal effect between frailty and GDM and performed a bidirectional MR analysis between frailty and GDM using summary-level data to detect the exact causality.





Methods




Study design and data sources

This research was engineered as a bidirectional two-sample MR study, with a comprehensive overview outlined in Figure 1. The frailty-related datasets used in the existing studies are publicly available, and ethical permission was granted for the original paper (27). An extensive GWAS meta-analysis provided SNPs associated with frailty. This incorporated European participants from the UK Biobank (n = 164, 610, aged between 60 and 70 years, 48.7% male) and TwinGene (n = 10, 616, aged between 41 and 87 years, 47.5% male). Frailty was measured by the frailty index, which is based on a collection of 49 health deficits over an individual’s lifetime (27, 28). This measurement tool is widely validated and frequently used in clinical settings (29). Information related to genetic variants associated with GDM was obtained from the FinnGen consortium as part of the ongoing Finnish national study initiated in 2017 (30, 31). The GDM dataset, with GWAS-ID of Finland-b-GEST_DIABETES, was obtained from the MRC-IEU. The dataset includes a total of 5,687 cases of GDM in 123,579 women, and the dataset consists exclusively of Europeans (30, 31).


[image: Genetic instruments linked to frailty and gestational diabetes mellitus (GDM) are examined, highlighting associations and possible confounding by body mass index (BMI). Data sources include the UK Biobank, TwinGene, and the FinnGen consortium.]

Figure 1 | Flowchart of overall study design.







SNPs selection

In this study, we selected a robust threshold of P< 5 × 10−8 indicating genome-wide significant associations between SNPs and exposures. Subsequently, we employed the “clump_data” function to identify independent SNPs, utilizing a linkage disequilibrium (LD) cutoff value of R2 = 0.001 within a window of 10,000 kb (32). Moreover, the F statistic (33) was computed to ascertain the presence of a weak instrumental variable bias in the selected instrumental variables (IVs). A weak instrumental bias was screened if the F statistic no more than 10. In the end, after the harmonization of the exposure and outcome datasets, with the removal of palindromic and weak instrumental variants, the remaining SNPs were utilized for the execution of the MR analysis.





Statistical analysis

The primary methodology for MR analysis was the inverse variance weighted (IVW) strategy. This strategy provides optimal effectiveness under the assumption of no average pleiotropic effect (34). To investigate potential heterogeneity resulting from varying genetic variants, we computed the Cochran’s Q statistic using IVW methods (34, 35). The presence of heterogeneity is indicated by a P-value< 0.05. If heterogeneity presents, we give effect estimates using IVW method under a multiplicative random effects framework. Furthermore, the intercept term of MR-Egger regression (36) was utilized to identify any horizontal pleiotropy, with deviation from zero (P value< 0.05) indicating directional pleiotropy.

To test the robustness of the results of the IVW method, we also employ several other well-established and horizontal pleiotropy robust methods, including MR-Egger (36), Penalised weighted median (37), weighted median (37), Maximum likelihood (38), and MR-PRESSO (39). We also conducted a Leave-One-Out (LOO) analysis (40) to determine if a specific single-nucleotide polymorphism (SNP) particularly influenced the aggregate effect. Furthermore, Multivariable Mendelian Randomization (MVMR) (41, 42), an expansion of MR that leverages genetic variants linked with multiple, potentially interconnected exposures, can identify the cumulative causal effects of numerous risk factors. In our research, BMI was adjusted during MVMR analyses because it was singled out as a significant confounding factor by PhenoScanner V2 (43).






Results




Characteristics of selected genetic variants

A total of 6 and 3 SNPs associated with frailty and GDM were selected according to the predetermined criteria, according to predefined criteria. The more detailed information of these SNPs is presented in Supplementary Tables S1 and S2, respectively. The corresponding SNPs explained approximately 0.157% and 2.347% of total proportions of variance (R2) in frailty, and GDM, respectively. All F statistics exceeded 10, indicating a relatively low risk of weak instrument bias in the MR analyses conducted.





Univariable MR analysis




Casual effect of frailty on gestational diabetes mellitus

The univariable MR analysis to investigate the causal effect of frailty on GDM is shown in Table 1. Intercept term from the MR-Egger regression suggest no obvious directional pleiotropy among the SNPs in dataset, as the P values exceeded 0.05. No obvious heterogeneity was found in genetic variants associated with frailty and GDM (Cochran’s Q = 2.637 and P = 0.756). Thus, the IVW approach was employed under fixed effect to assess the causal effect of frailty with GDM. A higher frailty index was shown to correlate with an increased GBD risk [odds ratio (OR), 3.563; 95% CI, 1.737 to 7.309; P< 0.001]. This conclusion aligns with the outcomes from supplementary methods, including the weighted median, maximum likelihood, penalized weighted median, and MR-PRESSO, all demonstrated the risk effect of frailty on GBM (Table 1, Figure 2). These methods further substantiate the robustness of the results obtained via the IVW method.


Table 1 | Univariate MR Estimates of Frailty on GDM.

[image: Table showing statistical results for the relationship between frailty and gestational diabetes mellitus (GDM) using various methods. It includes columns for exposure, outcome, methods (IVW, weighted median, maximum likelihood, penalised weighted median, MR Egger, MR PRESSO), odds ratios (OR), 95% confidence intervals (CI), p-values, p for heterogeneity, and p for pleiotropy. Odds ratios range from 3.563 to 15.512, with varying CI and p-values indicating statistical significance.]


[image: Forest plot showing MR effect sizes for 'Frailty' on 'Gestational diabetes' with SNPs listed on the left. Black dots with lines represent individual SNPs with varying effect sizes. Red dots with lines represent different statistical methods used for analysis, including Penalised weighted median, Maximum likelihood, Weighted median, MR Egger, and Inverse variance weighted. Dashed vertical line at zero indicates no effect. Horizontal axis ranges from negative two to five.]

Figure 2 | Forest plot of the individual and combined effect of frailty on GDM.



Supplementary Figure S1 displays scatter plots depicting the potential effects of SNPs on frailty in relation to GDM. The slope of each plot represents the evaluated effect size per method. Furthermore, the results of the LOO analysis are presented in Supplementary Figure S2, indicating that no single SNP is solely responsible for driving the overall effect. In addition, Supplementary Figure S3 illustrates that the funnel plot was symmetrical.





Casual effect of gestational diabetes mellitus on frailty

Using the genetic susceptibility to GDM as our exposures, the findings from reverse MR analyses are shown in Table 2. The absence of directional pleiotropy among the SNPs was indicated by the MR-Egger regression intercept term, with P values being higher than 0.05 (intercept = 0.025, P = 0.845). There was no obvious heterogeneity detected in genetic variants linked with GDM and frailty (Cochran’s Q = 4.283 and P = 0.117). As a result, the inverse variance weighted (IVW) method, under a fixed effect, was employed to examine any causal connections between GDM and frailty. The IVW method illustrated that pregnant woman with GDM have an increased frailty index [β, 0.087; 95% confidence interval (CI), 0.040 to 0.133; P< 0.001]. When compared with the findings from our additional methods, including the weighted median, maximum likelihood, penalised weighted median, and MR-PRESSO, these all highlighted the potential risk effect of GDM on frailty, further substantiating the dependability of the results derived from the IVW method (Table 2, Figure 3).


Table 2 | Univariate MR Estimates of GDM on Frailty.

[image: Table showing various methods used to assess the association between GDM (exposure) and frailty (outcome). Methods include IVW, weighted median, maximum likelihood, penalised weighted median, MR Egger, and MR PRESSO. Results are given in terms of beta (β), 95% confidence intervals (CI), and P-values. IVW shows β = 0.087, CI of 0.040-0.133, and P < 0.001. A P-value for heterogeneity of 0.117 is noted under IVW. MR Egger shows β = -0.025 with CI -0.910 to 0.859 and P = 0.964, with a P-value for pleiotropy of 0.845. Other methods also show significant P-values < 0.001.]


[image: Forest plot showing MR effect sizes for gestational diabetes on frailty. It includes single nucleotide polymorphisms, such as rs9275373, and methods like penalised weighted median and MR Egger. Dots represent effect sizes with confidence intervals on a zero-centered axis.]

Figure 3 | Forest plot of the individual and combined effect of GDM on frailty.



Illustrated in Supplementary Figure S4 are scatter plots that present the probable effects of SNPs on GDM, in connection with frailty. The inclination of each plot is indicative of the assessed effect size for every respective method. Outcomes from LOO analysis portrayed in Supplementary Figure S5 suggest none of the single SNPs singlehandedly governs the total effect. Moreover, complementing this, Supplementary Figure S6 demonstrates that the funnel plot was symmetrical.






Multivariable MR analysis

Considering body mass index (BMI) was the major confounding factor in the association between frailty and GDM, we constructed multivariable MR (MVMR) adjusted for BMI to explore the bidirectional causal relationship between frailty and GDM, which presented in Table 3. The IVW method indicated that higher frailty index remained significantly associated with increased risks of GDM (OR, 2.183; 95% CI, 1.434 to 3.323; P< 0.001). Conversely, individuals with GDM were also more likely to have a higher frailty index (β, 0.025; 95% CI, 0.009 to 0.040; P = 0.002).


Table 3 | MVMR Estimates between Frailty and GDM.

[image: Table displaying data on various exposures and outcomes with statistical methods, including IVW. Frailty's effect on GDM shows a beta/odds ratio of 2.183 with a confidence interval of 1.434 to 3.323 and P-value less than 0.001. BMI's impact on GDM has a beta/odds ratio of 1.449, confidence interval 1.221 to 1.721, and P-value less than 0.001. GDM affecting Frailty has a beta/odds ratio of 0.025, confidence interval 0.009 to 0.040, and P-value 0.002. BMI on Frailty has a beta/odds ratio of 0.235, confidence interval 0.205 to 0.266, and P-value less than 0.001.]






Discussion

To our understanding, this represents the premier systematic exploration concerning the correlation between frailty and GDM. In the bidirectional MR investigation undertaken, it was discerned that frailty manifested a positive causal impact on GDM prevalence. On the other hand, reverse direction analyses provided evidence that GDM was also positively associated with frailty. After adjusting for BMI for MVMR analysis, the above associations still robust. The implications of this study are meaningful, contributing extensively towards fortifying the health dynamics of both pregnant women and neonates.

Frailty is characterized by decreased functioning of multiple physiological systems, which increases the risk of adverse health outcomes and can occur at all ages (29, 44). Previous study on frailty and diabetes based on two prospective cohorts suggested that frailty was the predisposing factor for diabetes and increases its risk of death (11, 18). At present, there is a lack of studies on frailty and GDM. Considering the great influence of gestational diabetes on pregnant women and neonates, this study found that there is a causal relationship between frailty and gestational diabetes, which can provide information for the management of GDM. The above associations are likely to result from the loss of various biological reserves and the failure of homoeostatic mechanisms in the frailty state, and the detailed mechanisms remain to be explored (19).

On the other hand, it is worth noting that the bidirectional association between frailty and diabetes as well as GDM has not been solved (45, 46). The results of this study indicate that the population with GDM has a higher risk of frailty, which was consistent with existing mechanistic research findings. For example, it was found that women are like to undergo metabolic disorders before and during the course of their pregnancy, invisibly placing an increased amount of stress on beta cells (1). Additionally, GDM will also aggravate the insulin resistance in pregnancy, which is an important risk factor for frailty and would accelerate the progress in adverse events, endangering the long-term health of two generations (7).

Additionally, the association between frailty and gestational diabetes may be linked to the following endogenous factors: Firstly, cardiovascular diseases have been shown to be related to both frailty and gestational diabetes (3, 47–50); secondly, psychological factors such as depression may also mediate the relationship between the two (51, 52); lastly, malabsorption, celiac disease, and other nutrition-related problems may also be noteworthy factors to consider (53–55).

For the preservation of validity in the causal inference deriving from MR analyses, instrumental variables (SNPs) must adhere to three cornerstone assumptions. Firstly, under the “relevance assumption”, it is presupposed that a robust correlation exists between the genetic variants and the exposure phenotype. In striving to meet the assumptions, we confined our consideration to SNPs that had a significant correlation with exposure variables at a genome-wide level of significance (P< 5 × 10-8). Moreover, in order to ensure the strength of the instrument, we settled on SNPs with F statistics exceeding 10. Secondly, the “independence assumption” necessitates that instrumental variables are desirably devoid of any association with confounding. In addressing this, we have utilized PhenoScanner V2 (43) to eliminate certain SNPs potentially associated with confounding. Simultaneously, we have employed MVMR to control the confounding effects of BMI. Consequently, we observed that the results remain robust. Lastly, the “exclusion-restriction assumption” suggests that the route of causality should ideally traverse through the exposure of interest. In response to this, we implemented the MR-Egger approach, thereby confirming the absence of horizontal pleiotropy.

Our study possesses three distinct advantages. Firstly, it provides the premier comprehensive exploration of the reciprocal causality between frailty and gestational diabetes, affirming a bidirectional causal relationship between the two. Secondly, the utilization of PhenoScanner V2 and MVNR as two different analytical strategies effectively reduce the likelihood of potential confounding effects in MR studies. Lastly, we have employed various sensitivity analyses to verify the robustness of the IVW method results. Nevertheless, our study carries certain limitations. Firstly, our research scope is confined to the European populace due to the accessibility of GWAS data, thus extrapolation to other populations may encounter restrictions. Consequently, future investigations need to extend their research to diverse populations. Secondly, as we employed the GWAS summary data, we are incapable of stratification analysis based on demographic characteristics such as gender and age, which presents a possible direction for future research.





Conclusion

This study confirms a bidirectional causal relationship between frailty and depression, signaling that the identification and assessment of frailty should become a standard strategy during the early stages and care of gestational diabetes.
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Background

Gestational diabetes mellitus (GDM) can result in adverse maternal and neonatal outcomes. Predicting those at high risk of GDM and early interventions can reduce the development of GDM. The aim of this study was to examine the associations between first-trimester prenatal screening biomarkers and maternal characteristics in relation to GDM in Chinese women.





Methods

We conducted a retrospective cohort study of singleton pregnant women who received first-trimester aneuploidy and preeclampsia screening between January 2019 and May 2021. First-trimester prenatal screening biomarkers, including pregnancy-associated plasma protein A (PAPP-A), free beta-human chorionic gonadotropin, and placental growth factor (PLGF), along with maternal characteristics, were collected for analysis in relation to GDM. Receiver operating characteristic (ROC) curve and logistic regression analyses were used to evaluate variables associated with GDM.





Results

Of the 1452 pregnant women enrolled, 96 developed GDM. PAPP-A (5.01 vs. 5.73 IU/L, P < 0.001) and PLGF (39.88 vs. 41.81 pg/mL, P = 0.044) were significantly lower in the GDM group than in the non-GDM group. The area under the ROC curve of combined maternal characteristics and biomarkers was 0.73 (95% confidence interval [CI] 0.68–0.79, P < 0.001). The formula for predicting GDM was as follows: P = 1/[1 + exp (-8.148 + 0.057 x age + 0.011 x pregestational body mass index + 1.752 x previous GDM history + 0.95 x previous preeclampsia history + 0.756 x family history of diabetes + 0.025 x chronic hypertension + 0.036 x mean arterial pressure - 0.09 x PAPP-A - 0.001 x PLGF)]. Logistic regression analysis revealed that higher pregestational body mass index (adjusted odds ratio [aOR] 1.03, 95% CI 1.01 - 1.06, P = 0.012), previous GDM history (aOR 9.97, 95% CI 3.92 - 25.37, P < 0.001), family history of diabetes (aOR 2.36, 95% CI 1.39 - 4.02, P = 0.001), higher mean arterial pressure (aOR 1.17, 95% CI 1.07 - 1.27, P < 0.001), and lower PAPP-A level (aOR 0.91, 95% CI 0.83 - 1.00, P = 0.040) were independently associated with the development of GDM. The Hosmer-Lemeshow test demonstrated that the model exhibited an excellent discrimination ability (chi-square = 3.089, df = 8, P = 0.929).





Conclusion

Downregulation of first-trimester PAPP-A and PLGF was associated with the development of GDM. Combining first-trimester biomarkers with maternal characteristics could be valuable for predicting the risk of GDM.





Keywords: gestational diabetes mellitus, first-trimester biomarkers, maternal characteristics, pregnancy-associated plasma protein A, placental growth factor




1 Introduction

Gestational diabetes mellitus (GDM) is typically diagnosed between 24 and 28 weeks of gestation, though in some countries, screening and diagnosis can also take place as early as 16 to 18 weeks. It is a major medical complication characterized by glucose intolerance during pregnancy, and it can result in adverse maternal and neonatal outcomes. Women diagnosed with GDM are at an increased risk of developing preeclampsia and the necessity of undergoing a cesarean delivery, as well as developing chronic diabetes mellitus (DM) and cardiovascular disease in subsequent years (1). In addition, the risks of neonatal complications such as macrosomia, birth trauma, neonatal hypoglycemia, and hyperbilirubinemia are also increased (1). Children born to mothers with GDM are also susceptible to an increased risk of obesity and the subsequent development of chronic DM in their adult years (2). The global prevalence of GDM has been reported to range from 2.2% to 37.9% using the Carpenter and Coustan criteria or the National Diabetes Data Group (NDDG) criteria, and from 3.5% to 38.6% using the International Association of Diabetes and Pregnancy Study Groups (IADPSG) criteria (3). The prevalence of GDM continues to increase due to increases in maternal age and obesity (1). Earlier dietary interventions and mild-moderate exercise can reduce the risk of GDM (4); however, GDM is not usually diagnosed until late in the second trimester, at which point it is too late to prevent its development.

First-trimester aneuploidy screening has been performed for more than two decades (5). A combination of maternal age and history, fetal nuchal translucency thickness, and levels of maternal serum pregnancy-associated plasma protein A (PAPP-A) and free beta-human chorionic gonadotropin (β-hCG) in the first trimester has been shown to be able to detect about 90% of cases of trisomy 21 (5). Moreover, incorporating additional ultrasound markers, including fetal nasal bone, tricuspid valve flow, and ductus venosus flow has been shown to enhance the detection rate to 95% (6). In addition, first-trimester preeclampsia screening using a combination of maternal risk factors, mean arterial pressure (MAP), uterine artery pulsatility index (PI), and maternal serum PAPP-A and placental growth factor (PLGF) levels has been demonstrated to achieve 93% and 36% detection rates for early-onset and late-onset preeclampsia, respectively (7).

Previous studies have investigated the association between first-trimester PAPP-A and/or free β-hCG levels and GDM development, however the results have not been consistent across studies (Table 1) (8–27). Furthermore, few studies have investigated the association between first-trimester PLGF level and the subsequent development of GDM, and the results have also been inconsistent (17, 18, 25, 26). First-trimester biomarkers are also influenced by the ethnic origin of the women (28, 29), however few studies have discussed first-trimester PAPP-A and free β-hCG levels related to the development of GDM in Chinese women (20, 23), and no study has investigated the association between first-trimester PLGF level and GDM in a Chinese population. Since Chinese women have been shown to have a high risk of GDM (30), the objective of this study was to investigate the association between first-trimester prenatal screening biomarkers and the development of GDM in a cohort of Chinese women, and then further combine these biomarkers with maternal characteristics for a comprehensive analysis to clarify whether this could improve the predictive ability for the development of GDM.


Table 1 | Studies related to first-trimester prenatal screening biomarkers and GDM.

[image: Table comparing multiple studies on biochemical markers in gestational diabetes mellitus (GDM) and non-GDM cases. Columns include study numbers, PAPP-A, Free β-hCG, and PLGF levels, with confidence intervals and median values. Significant results are marked with asterisks.]




2 Materials and methods



2.1 Study population

This retrospective cohort study was conducted at MacKay Memorial Hospital, a tertiary referral hospital in Taipei, Taiwan, from January 2019 to May 2021. The study consecutively enrolled pregnant Chinese women who underwent ultrasound and serum assessments for aneuploidy and preeclampsia screening during the first trimester (11 0/7 to 13 6/7 gestational weeks). The exclusion criteria were as follows: multiple pregnancies, pregestational DM or use of drugs affecting glucose homeostasis before and during pregnancy, current preeclampsia, other chronic systemic diseases excluding DM or cardiovascular disease, major fetal anomalies, and maternal age less than 18 or greater than 50 years. GDM was diagnosed between 24 and 28 gestational weeks according to the one-step (IADPSG) or two-step (Carpenter and Coustan criteria or NDDG) criteria, at the discretion of the attending physician. This study was approved by the Institutional Review Board of MacKay Memorial Hospital on 26 September 2022 (IRB no. 22MMHIS318e). All personal identifiers were anonymized prior to data collection.




2.2 Collection of maternal characteristics

Maternal characteristics included age, pre-gestational body mass index (BMI), nulliparity, previous history of GDM, previous history of gestational hypertension or preeclampsia, family history of DM (defined as chronic DM in a first- or second-degree relative), previous macrosomia (neonatal birth weight ≥ 4000 g), history of polycystic ovarian syndrome, in vitro fertilization, cardiovascular disease (such as stroke and myocardial infarction), and chronic hypertension. Gestational hypertension was established when there was new onset of elevated blood pressure (systolic blood pressure (BP) ≥ 140 mmHg and/or diastolic BP ≥ 90 mmHg), observed on at least two separate occasions with a minimum interval of 4 hours, originating at ≥ 20 weeks into gestation, and lacking concurrent proteinuria. Preeclampsia was defined according to the diagnostic criteria stipulated by the American College of Obstetricians and Gynecologists, involving the combination of gestational hypertension along with proteinuria or emerging indications of end-organ dysfunction (31). Chronic hypertension during pregnancy was characterized by hypertension initially detected at < 20 gestational weeks.




2.3 Collection of first-trimester prenatal screening data

Maternal blood samples, approximately 3 mL in volume, were collected and promptly dispatched to the laboratory. Upon centrifugation, the serum was separated and stored at -20°C until analysis. Maternal serum concentrations of PAPP-A, free β-hCG, and PLGF were quantified using a Kryptor analyzer (Brahms GmbH, Hennigsdorf, Germany).

Following a 15-minute rest period, the participants assumed a seated posture with their arms supported at heart level for BP measurements. BP was simultaneously recorded on both arms using adult cuffs, and a series of four consecutive readings were taken at 1-minute intervals. MAP was calculated by averaging the systolic BP and twice the diastolic BP from both arms, then dividing by three.

Ultrasound assessments were conducted using a Voluson E10 ultrasound system (GE Medical Systems, Zipf, Austria) equipped with a 3–9 MHz transabdominal probe. Gestational age was established by assessing the crown-lump length during the first trimester. The ultrasound procedures adhered to the protocols outlined by the Fetal Medicine Foundation, London, for evaluations of fetal nuchal translucency and maternal uterine artery PI measurements (http://www.fetalmedicine.com).




2.4 Statistical analysis

Statistical analyses were conducted using SPSS version 28.0 (IBM Corporation, Armonk, NY). Categorical variables were evaluated using the chi-square test and Fisher’s exact test. The Kolmogorov-Smirnov test was conducted to evaluate whether the continuous variables showed a normal distribution. Upon recognizing that the data did not adhere to a normal distribution, we subsequently employed the Mann-Whitney U test and presented the data using the median (interquartile range). To determine optimal cut-off values for continuous variables linked to GDM, receiver operating characteristic (ROC) curves and the Youden index were used. Univariate and multivariate logistic regression analyses were conducted to explore the confounding factors associated with GDM. The Hosmer-Lemeshow test was used to assess the goodness of fit of the logistic regression model. A significance level of P < 0.05 was considered statistically significant.





3 Results



3.1 Maternal characteristics of pregnant women

During the study period, 1627 pregnant women were initially recruited during first-trimester prenatal screening examinations. After excluding those with multiple pregnancies (N = 43), pregestational DM (N = 21), current preeclampsia (N = 24), other chronic systemic diseases apart from DM or cardiovascular disease (N = 26), major fetal anomalies (N = 11), those aged < 18 or > 50 years (N = 5), and those without complete data (N = 45), 1452 participants were enrolled into this study, of whom 96 (6.61%) were diagnosed with GDM (Figure 1). Of these 96 women, 17 (17.71%) were diagnosed using the IADPSG criteria, and 79 (82.29%) using the Carpenter and Coustan or NDDG criteria.


[image: Flowchart depicting first-trimester screening from January 2019 to May 2021 with 1,627 participants. Exclusion criteria led to 1,497 participants: multiple pregnancies (43), pregestational diabetes (21), preeclampsia (24), other chronic diseases (26), major fetal anomalies (11), age under 18 or over 50 (5). Further reduction due to missing data (45) resulted in 1,452 participants: 96 with gestational diabetes mellitus (GDM) and 1,356 non-GDM.]

Figure 1 | Flow diagram of the included pregnant women receiving first-trimester prenatal screening in this study.



Table 2 shows comparisons of the maternal characteristics of the GDM and non-GDM groups. There were no significant differences in nulliparity, history of gestational hypertension, history of macrosomia, history of polycystic ovarian syndrome, in vitro fertilization, and cardiovascular disease between the two groups. However, significantly higher maternal age (33 vs. 32 years, P = 0.039), pregestational BMI (23.7 vs. 21.6 kg/m2, P < 0.001), and higher rates of previous GDM (11.5% vs. 0.8%, P < 0.001), previous preeclampsia (4.2% vs. 0.8%, P = 0.014), family history of DM (24.0% vs. 11.4%, P < 0.001), and chronic hypertension (5.2% vs. 1.2%, P = 0.010) were noted in the GDM group compared to the non-GDM group.


Table 2 | Maternal characteristics.

[image: Table comparing characteristics of groups with gestational diabetes mellitus (GDM, N=96) and non-GDM (N=1356). Significant differences (p < 0.05) include age, pregestational BMI, previous GDM, previous preeclampsia, family history of DM, and chronic hypertension. Data are presented as medians with interquartile ranges or percentages.]




3.2 First-trimester screening parameters of pregnant women

Table 3 shows comparisons of first-trimester screening parameters between the GDM and non-GDM groups. There were no significant differences in crown-lump length, nuchal translucency, uterine artery PI, MAP, and free β-hCG level between the two groups. However, significantly higher MAP (86.3 vs. 81.7 mmHg, P < 0.001), lower PAPP-A level (5.01 vs. 5.73 IU/L, P < 0.001), and lower PLGF level (39.88 vs. 41.81 pg/mL, P = 0.044) were noted in the GDM group compared to the non-GDM group.


Table 3 | Parameters of first-trimester screening.

[image: Comparison table showing median values and interquartile ranges for GDM (N = 96) and Non-GDM (N = 1356) groups across various parameters: gestational age, CRL, NT, uterine artery PI, MAP, PAPP-A, free β-hCG, and PLGF. Notable differences include MAP and PAPP-A, both with P values less than 0.001, and PLGF with a P value of 0.044, indicating statistical significance. Abbreviations and data ranges are explained below the table.]




3.3 ROC curve and logistic regression analyses of parameters related to GDM

Figure 2 and Table 4 show the results of ROC curve analyses of individual and combined parameters associated with GDM. The area under the curve of combined parameters to predict the development of GDM was 0.73 (95% confidence interval [CI] 0.68 - 0.79, P < 0.001), with a sensitivity of 0.70 and specificity of 0.63. The formula for predicting GDM was as follows:


[image: Two ROC curve graphs labeled A and B compare sensitivity and 1-specificity for different predictors. Graph A shows multiple lines representing variables such as age, pregestational BMI, MAP, PAPP-A, and PLGF. Graph B presents a single line representing a combination of factors, including age, pregestational BMI, and medical history, showing higher sensitivity.]

Figure 2 | Receiver operating characteristic curves and the areas under the curves (AUCs) of (A) age, pregestational BMI, MAP, PAPP-A and PLGF, and (B) combined maternal factors and biomarkers to predict GDM. The AUCs for age, pregestational BMI, MAP, PAPP-A, PLGF, and the combination were 0.56, 0.66, 0.64, 0.62, 0.56, and 0.73, respectively. BMI, body mass index; MAP, mean arterial pressure; PAPP-A, pregnancy-associated plasma protein A; PLGF, placental growth factor; GDM, gestational diabetes mellitus; DM, diabetes mellitus.




Table 4 | ROC curve analyses of various parameters associated with GDM.

[image: Table displaying diagnostic performance metrics for various factors predicting gestational diabetes mellitus. Factors include age, pregestational BMI, MAP, PAPP-A, PLGF, and a combination. Metrics shown are AUC, 95% CI, cut-off values, sensitivity, specificity, and P values, indicating statistical significance for each factor. The combination of factors shows the highest AUC and is statistically significant with a P value less than 0.001.]
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Multivariate logistic regression analyses still revealed significant differences in pregestational BMI (adjusted odds ratio [aOR] 1.03, 95% CI 1.01 - 1.06; P = 0.012), previous GDM (aOR 9.97, 95% CI 3.92 - 25.37; P < 0.001), family history of DM (aOR 2.36, 95% CI 1.39 - 4.02; P = 0.001), MAP (aOR 1.17, 95% CI 1.07 - 1.27; P < 0.001), and PAPP-A level (aOR 0.91, 95% CI 0.83 - 1.00; P = 0.040) (Table 5). The Hosmer-Lemeshow test demonstrated that the model exhibited an excellent discrimination ability (chi-square = 3.089, df = 8, P = 0.929).


Table 5 | Univariable and multivariable logistic regression analyses of individual parameters associated with GDM.

[image: Results of univariable and multivariable logistic regression analyses are shown for various factors. Significant predictors in both analyses include previous GDM history, chronic hypertension, family history of DM, and pregestational BMI, with p-values less than 0.05. The table includes odds ratios, confidence intervals, and p-values. Key abbreviations are explained below the table.]





4 Discussion

First-trimester aneuploidy and preeclampsia screening are widely used in pregnant women. However, GDM screening is not commonly performed in the first trimester of pregnancy. Since Chinese women are a high-risk ethnic group for GDM, the aim of this study was to examine the associations between first-trimester prenatal screening biomarkers and maternal characteristics in relation to GDM in Chinese women. We found that combining maternal factors (age, pregestational BMI, history of GDM, history of preeclampsia, family history of DM, chronic hypertension, and MAP) and prenatal screening biomarkers (PAPP-A and PLGF) could identify 73% of cases of GDM. Moreover, higher maternal pregestational BMI, history of GDM, family history of DM, higher maternal MAP, and lower PAPP-A level were independently associated with developing GDM.

Previous studies on the association between first-trimester prenatal screening biomarkers (PAPP-A, free β-hCG and PLGF) and GDM have shown inconsistent results. Most of these studies demonstrated an association between a lower first-trimester PAPP-A level with the development of GDM (8, 10, 13–19, 21–23, 26, 27), however only two studies reported an association between a lower first-trimester free β-hCG level and the development of GDM (8, 13). A meta-analysis conducted in 2018 found that women diagnosed with GDM had lower levels of both PAPP-A and free β-hCG in the first trimester (32). Furthermore, some studies have reported that an increased first-trimester PLGF level could predict the development of GDM (17, 18), whereas others have not found this association (25, 26). Conversely, several animal experiments demonstrated an association between a lower PLGF level and the development of GDM (33–35). In the present study, lower levels of first-trimester PAPP-A and PLGF, but not free β-hCG, were associated with developing GDM, and our results are consistent with some of the previous studies (10, 14–16, 19, 21–23, 27) and animal experiments (33–35).

First-trimester biomarkers are influenced by ethnicity, which may also have contributed to the discrepant results in the previous studies. Asian women have been reported to have 17% and 4% higher levels of PAPP-A and free β-hCG, respectively (28), but an 11% lower level of PLGF than Caucasian women (29). Few studies have investigated the associations between PAPP-A and free β-hCG levels with the development of GDM in Chinese women (20, 23), and none have discussed the correlation between PLGF level and GDM in a Chinese population. Cheuk et al. prospectively studied 520 Chinese women, of whom 169 (32.5%) were diagnosed with GDM using the World Health Organization 1999 criteria, and they concluded that first-trimester PAPP-A and free β-hCG could not predict GDM (20). However, Xiao et al. performed a case control study of 599 women with GDM and 986 without GDM using the IADPSG criteria, and concluded that PAPP-A, but not free β-hCG, was independently associated with the development of GDM (23), which agrees with our study. Moreover, our study is the first to demonstrate an association between a lower level of PLGF with the development of GDM in Chinese women.

PAPP-A, an insulin growth factor (IGF)-dependent insulin growth factor binding protein (IGFBP) protease, can modulate IGF bioavailability through the proteolysis of IGFBP-2, 4, and 5. The availability of IGF is influenced by maternal adipose tissue physiology and systemic glucose regulation (36). Decreased PAPP-A expression is linked to reduced IGF availability due to restricted IGFBP proteolysis, a process typically augmented during pregnancy to meet the elevated demand for bioactive IGF (37). PLGF, a member of the vascular endothelial growth factor family, can promote islet endothelial cells to release growth factors to trigger beta-cell growth, and failure of this response may lead to impaired glucose tolerance and the development of GDM (33–35). In addition, PLGF can activate brown adipose tissue, which improves glucose homeostasis and mitigates insulin resistance, and downregulation of PLGF may contribute to the reduced brown adipose tissue activity in GDM (38). From these points of view, first-trimester PAPP-A and PLGF could be early biomarkers for predicting the development of GDM. In this study, we found that downregulation of first-trimester PAPP-A and PLGF was associated with the development of GDM, and that a lower level of first-trimester PAPP-A was independently associated with the development of GDM after logistic regression analysis. Some discrepancies with earlier reports may be attributed to differences in ethnic populations and the diagnostic criteria for GDM. Further comparative analyses and jointly conducted studies are necessary to better understand and clarify these differences.

Previous studies have validated various risk factors for GDM, including older age, higher BMI, history of GDM, and family history of DM; however, using historic risk factors in screening would fail to identify approximately one half of women with GDM (1). In comparison, a screening strategy combining maternal risk factors and related biomarkers has been shown to increase the predictive ability for GDM (14, 17). We also found that chronic hypertension was related to the development of GDM, and that elevated MAP was independently associated with the development of GDM, which is consistent with previous studies (39, 40). Lao et al. reported a positive correlation between the incidence of GDM and first-trimester systolic BP in high-risk Chinese women (39). In addition, Hedderson et al. demonstrated that women with hypertension before or during the first trimester of pregnancy had a twofold increased risk of developing GDM (40). Hypertension is associated with insulin resistance by altering glucose metabolism in peripheral tissues (41), which is one of the pathogenetic mechanisms of GDM.

Our study has several strengths. First, we specifically examined the relationships between three first-trimester biomarkers (PAPP-A, free β-hCG, and PLGF) and GDM in a cohort of Chinese women. To the best of our knowledge, this is the first study to investigate the associations between these three distinct prenatal screening biomarkers and GDM within a Chinese population. Second, the predictive method for GDM is cost-effective as it is based on maternal characteristics and biomarkers which are currently used in prenatal screening. There are also several limitations to this study. First, we lacked data of first-trimester blood glucose and hemoglobin A1c, which are not routinely examined in our hospital. Second, we excluded women with current preeclampsia to minimize the impact of preeclampsia-related downregulation of PAPP-A and PLGF. Consequently, the association between GDM and preeclampsia could not be investigated in this study. Third, GDM was diagnosed using either the one-step or two-step criteria depending on the attending physician’s discretion, potentially introducing bias into this study.




5 Conclusions

Our results revealed that lower levels of PAPP-A and PLGF were significantly associated with the development of GDM, with PAPP-A proving to be a more effective predictor than PLGF for the early detection of GDM. Importantly, our findings suggest that the integration of first-trimester biomarkers with maternal characteristics could serve as a valuable tool for predicting the risk of GDM. These findings provide essential insights into the early identification and management of GDM in Chinese women, offering opportunities for timely interventions and personalized care. Healthcare providers should advise pregnant women at high risk of developing GDM on early lifestyle interventions, such as dietary control and exercise, to reduce the likelihood of developing GDM.
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Objectives

Diabetes mellitus is a metabolic condition with hyperglycemia. Literature has shown a correlation between poor sleep quality and duration with an increased incidence of insomnia in diabetic individuals. The goal of this study was to determine the magnesium and potassium supplementation effect among diabetic individuals with insomnia.





Methods

A randomized controlled trial (single blind) was conducted on 320 patients with diabetes; after 2 months of follow-up, 290 patients completed the trial. The Insomnia Severity Index (ISI) was used to assess the severity and duration of insomnia, before and after the trial. Tablets containing supplements were prepared: placebo (T1), magnesium (Mg, T2), potassium (K, T3), and a combination of Mg and K (T4). Melatonin and cortisol (sleep hormones) were measured from blood (serum) using an enzyme-linked immunosorbent assay (ELISA), before and after the trial.





Results

The study included 93 (32.1%) male and 197 (67.9%) female participants. According to the analysis, there was a significant association between the treatment groups and ISI after the trial (post-trial), p = 0.0001. Analysis showed that there was significant association between pre- and post-serum cortisol levels in treatment groups 2, 3, and 4 (T2, T3, and T4) as p-values are 0.001, 0.001, and 0.001 respectively. Similar findings were observed for serum melatonin.





Conclusions

The study revealed that magnesium, potassium, and magnesium and potassium combined had a significant effect on serum cortisol and melatonin levels (sleep hormones). In addition, supplementation significantly decreased the severity of insomnia among patients with diabetes by improving sleep duration.





Keywords: diabetes mellitus, insomnia severity index, serum cortisol, serum melatonin, serum magnesium, serum potassium




1 Introduction

Diabetes mellitus is a metabolic disorder known for consistently high levels of glucose in the blood. It is one of the metabolic disorders that affect individuals worldwide (1). Diabetes mellitus might occur when pancreatic beta cells are unable to secrete any or very little insulin, due to insulin insensitivity in the body. There are three widely known types of diabetes mellitus, namely, type 1 diabetes, type 2 diabetes, and gestational diabetes. Apart from these three types, there are two other rare types of diabetes: secondary diabetes and monogenic diabetes (2). Type 1 diabetes usually occurs due to genetic disorders, autoimmune dysfunction, or environmental factors such as toxins and viral infections. It is a major incident among children and young adults, but it can occur at any age. The most common type of diabetes mellitus is type 2. It is prevalent among 90% of the diabetic population (3, 4). According to the International Diabetes Foundation (IDF), there are 81% of people worldwide who remain undiagnosed for diabetes, while the burden of diabetes lies more in developing countries accommodating 75% of the total population with diabetes (5). Because of the multiple medical effects and related issues, people with diabetes have an inadequate standard of living (6). It is hardly unexpected that such individuals have much worse sleeping conditions. Because of the physiological imbalances and associated issues with sleep, people with diabetes may have trouble falling asleep and staying awake (7).

Sleep is a naturally habitual condition of mind and body. It is associated with tainted consciousness, altered or reduced sensory activity, diminished muscle movement, reticence of all voluntary muscles, and decreased interaction with the surroundings. All living species on Earth, animals, insects, human, etc., exhibit sleep as a common behavior (8, 9). Worldwide, approximately 15% to 20% of individuals suffer from chronic insomnia, which is demonstrated as having insomnia for more than 1 month persistently, and apart from this percentage, another one-third of the population suffers from transient insomnia (10). Difficulty in sleeping and compromised sleep quality can worsen symptoms of diabetes. Several studies found a direct relationship between poor sleep quality and the quantity with the onset of insomnia in patients with diabetes (11). Magnesium exists as the fourth most profuse cation in the human body and the second most abundant intracellular cation. Magnesium is capable of inducing deep sleep and also acts as a muscle relaxant. A lifestyle causing irregular circadian rhythms results in the excretion of magnesium from the body resulting in magnesium deficiency (12). A change in magnesium status is often seen in patients with type 2 diabetes mellitus. Patients with diabetes type 2 have been shown to have a higher frequency of magnesium deficiencies, particularly in those with poorly managed glycemic profiles, longer illness durations, and the presence of chronic micro- and macrovascular problems (13). Potassium, the most abundant intracellular cation, plays an important role in the cellular function of nerve and muscle tissue. Clinical practice often observes potassium deficiency or dyskinesia. Electrolyte abnormalities, especially hypo- and hyperkalemia, are of critical importance because both can lead to severe or life-threatening cardiac arrhythmias and even death, especially in patients with cardiovascular or renal disease (14).

Insomnia is a growing concern in the world population, along with its association with inadequate diet patterns leading to ignorance of important nutrients. This study aimed to evaluate the effects of magnesium and potassium supplementation on diabetic patients with insomnia. This study hypothesizes that magnesium and potassium supplements can potentially reduce the intensity and duration of insomnia. The findings of this research will provide deeper insight into the relationship between insomnia and micronutrient deficiency and help reduce the burden of this disease on society.




2 Materials and methods

A randomized controlled trial (single blind) was conducted by using a non-probability purposive sampling technique. Trial was registered at clinicaltrial.gov, and the trial number is NCT04642313. Ethical approval (IRB-UOL-FAHS/760/2020) was obtained from the Institutional Review Board (IRB) of the Faculty of Allied Health Sciences (FAHS), The University of Lahore. Patients with diabetes having insomnia according to ISI were enrolled in the study, and their pre- and post-trial blood samples were collected. Prior written informed consents were taken from the entire study participants; they were made aware of the study purpose. All the participants were free to leave the trial at any stage at their own will. The study duration was 24 months, November 2020 to November 2022. The proposed place of work was the Diabetes Center of Akhuwat Health Services, Lahore. The sample size was calculated by the following formula:

[image: Formula for sample size calculation: n₁ equals the square of \( (z_{1-\alpha/2} + z_{1-\beta}) \) times the sum of \( (\sigma_1^2 + \sigma_2^2) \), all divided by \( \Delta^2 \).]	

[image: The equation shows two expressions: \( r = \frac{n_2}{n_1} \) and \( \Delta = \mu_1 - \mu_2 \).]	

z1–β is the desired power of study = 95%

z1-α/2 is the desired level of significance at 5%

μ1 is the mean in group 1 of insomnia severity (mean of Mg intake group) = 14.14 (15)

μ2 is the mean in group 2 of insomnia severity (mean of the placebo group) = 15.77 (15)

σ1 is the standard deviation (SD) in group 1 of insomnia severity (SD of Mg intake group) = 2.68 (15)

σ2 is the standard deviation (SD) in group 2 of insomnia severity (SD of the placebo group) = 1.92 (15)

Ratio (r) = 1

Alpha (α) = 0.05

Beta (β) = 0.2

n (expected sample size) = 66 in each group (×4)

The sample size was adjusted according to the 20% dropout rate. The expected sample was 80 in each treatment group, as there were four treatment groups; the total sample size was 320 with 20% dropout. A total of 320 patients were selected and followed up, but after 2 months, 290 patients were followed up and completed the trial. The study included patients with diabetes of both genders aged between 19 and 65 years with insomnia history and without conditions like hypomagnesemia and hypokalemia. Diabetic patients with certain medical conditions such as insomnia due to psychological reasons, hormonal therapy, cardiovascular diseases, severe liver injury or severe cirrhosis, kidney diseases, drug-induced insomnia, sleep disorders, anxiety, restless leg syndrome, sleep deprivation, and alcohol consumption were not included. Treatment tablets were prepared at Paragon Laboratories and FORM-6 was also acquired from these (as per the guidelines of the Drug Regulatory Authority of Pakistan, Pakistan Act 1976). Tablets including placebo (T1), magnesium (Mg, T2), potassium (K, T3), and a combination of Mg and K (T4) were prepared; each tablet contained 250 mg of the desired treatment. The placebo tablets contained starch. Mg tablets were made using magnesium gluconate salt; for potassium tablets, potassium chloride salt was used, and for the Mg+K group, both of these salts were used. Child-safe bottle packing for tablets was used. Tablets were stored in a cool dry place and were provided to patients every month according to the doses shown in Figure 1. Helsinki guidelines were followed during the trial. Treatment groups were assigned randomly to the study participants by the physician, and it was ensured that blood samples were taken under fasting conditions. Blood samples (before and after) were collected by a qualified phlebotomist, for sleep hormones (melatonin and cortisol) and serum electrolytes. Sleep hormones such as melatonin and cortisol (AM, morning) were measured from blood (serum) using a quantitative and sensitive enzyme-labeled immunosorbent assay (ELISA). For melatonin, the Human MT (Melatonin) ELISA Kit (Cat. No. E-EL-H2016, Elabscience) was used, and for cortisol, the Human Cortisol ELISA Kit (Cat. No. E-EL-0157; Elabscience) was used.


[image: Flowchart of a randomized controlled trial with 500 participants assessed for eligibility. Exclusions include 180 participants: 40 not meeting criteria, 120 declined, and 20 other reasons. Randomization involves 320 participants into four groups of 80 each. Follow-up losses are 2, 5, 5, and 7 with 10 discontinuations in the first group and 1 in the third. Analysis includes 68, 75, 74, and 73 participants, with no exclusions from analysis.]

Figure 1 | Consort flow diagram.



Along with the assigned treatment tablets, study participants were given an eating plan with magnesium and potassium under 75% RDA, with dietary guidelines designed according to Pakistan dietary guidelines. Statistical analysis was performed using SPSS version 25.0. Numerical data including age and hormonal levels were presented as mean ± SD. The chi-square test was used to analyze categorical data, and statistical significance was set at p-value ≤ 0.05. The H-test was used to determine whether there was a significant difference in the post-ISI scores between the groups, and statistical significance was measured at p-value ≤ 0.05.




3 Results

The mean age (± SD) of study participants suffering from diabetes mellitus with insomnia is shown in Table 1.


Table 1 | Mean age (years) of patients with diabetes suffering from insomnia within treatment groups.

[image: Table showing the mean ages and standard deviations for four treatment groups. T1: 48 ± 9 years (placebo), T2: 51 ± 9 years (magnesium), T3: 50 ± 11 years (potassium), T4: 48 ± 9 years (magnesium and potassium).]

Figure 2 shows that there were 93 (32.1%) male and 197 (67.9%) female participants in the study. Moreover, Figure 2 also describes the gender-wise distribution of study participants in treatment groups.


[image: Bar chart titled "Gender Distribution" showing four treatment groups (T1 to T4). Each group has two bars: blue for males and orange for females. T1: 25 males, 75 females. T2: 40 males, 60 females. T3: 31.1 males, 68.9 females. T4: 31.5 males, 68.5 females.]

Figure 2 | Gender distribution of participants among treatment groups. T1: Placebo (starch tablets 250 mg × 2). T2: Magnesium (250 mg × 2). T3: Potassium (250 mg × 2). T4: Magnesium + potassium (250 mg × 2).



Table 2 shows the pre- and post-serum cortisol levels (μg/dL) between groups. Analysis showed that there was a significant association between pre- and post-serum cortisol levels in treatment groups 2, 3, and 4 (T2, T3, and T4) as p-values are 0.001, 0.001, and 0.001 respectively.


Table 2 | Mean serum cortisol levels (μg/dL) pre- and post-trial among diabetic patients with insomnia within treatment groups.

[image: Table showing serum cortisol levels (micrograms per deciliter) with mean and standard deviation for four trials: T1 (placebo), T2 (magnesium), T3 (potassium), and T4 (magnesium plus potassium). Pre-trial and post-trial levels and corresponding p-values are listed. T2 and T4 show significant changes with p-values of 0.03 and 0.001, respectively.]

Table 3 shows a comparison of pre- and post-trial cortisol levels (μg/dL) between treatment groups according to the Kruskal–Wallis H test.


Table 3 | Comparison of pre- and post-trial cortisol levels (μg/dL) between treatment groups.

[image: Table comparing pre-trial and post-trial cortisol mean ranks across four treatments (T1-T4). Pre-trial ranks are higher than post-trial in T2 and T3. Chi-square values: pre-trial 1.302, post-trial 135.74. Significance noted for post-trial with a p-value of 0.000. Definitions: T1 is placebo, T2 magnesium, T3 potassium, T4 magnesium plus potassium.]

Table 4 shows the pre- and post-serum melatonin levels (pg/mL) between groups. Analysis showed that there was a significant association between pre- and post-serum melatonin levels in treatment groups 2, 3, and 4 (T2, T3, and T4) as p-values are 0.001, 0.001, and 0.001 respectively.


Table 4 | Mean serum melatonin levels (pg/mL) pre- and post-trial among diabetic patients with insomnia within treatment groups.

[image: Table showing serum melatonin levels (pg/mL) for four trials: T1 (placebo), T2 (magnesium), T3 (potassium), and T4 (magnesium + potassium). Pre-trial and post-trial means with standard deviations are provided. p-values are: T1 (0.502), T2 (0.047), T3 (0.189), T4 (0.001).]

Table 5 shows a comparison of pre- and post-trial melatonin levels (pg/mL) between treatment groups according to the Kruskal–Wallis H test.


Table 5 | Comparison of pre- and post-trial melatonin levels (pg/mL) between treatment groups.

[image: Table comparing mean ranks of pre-trial and post-trial melatonin across four treatments (T1 to T4). Pre-trial ranks: T1: 170.70, T2: 135.57, T3: 142.12, T4: 136.13. Post-trial ranks: T1: 157.10, T2: 111.97, T3: 144.17, T4: 171.11. Chi-square values are 8.22 and 20.7. P-values are 0.140 and 0.000 with significance level under 0.05. Treatment details: T1: Placebo, T2: Magnesium, T3: Potassium, T4: Magnesium and Potassium. Data analyzed using Kruskal–Wallis H test, presented in mean rank.]

Analysis showed that there was a significant association between the treatment groups and Insomnia Severity Index (ISI) at baseline (pre-trial), p = 0.0001, as shown in Table 6.


Table 6 | Distribution and comparison of diabetic patients with insomnia according to Insomnia Severity Index (ISI) categories within treatment groups (at baseline).

[image: Table comparing insomnia severity across four treatment groups: T1 (Placebo), T2 (Magnesium), T3 (Potassium), and T4 (Magnesium + Potassium). Categories: no insomnia, sub-threshold, moderate, and severe clinical insomnia. Total participants: 290. Most had moderate insomnia: T1 (61.8%), T2 (56.0%), T3 (60.8%), T4 (61.6%). Severe insomnia: T1 (33.8%), T2 (20.0%), T3 (10.8%), T4 (27.4%). P-value is 0.0001.]

According to the analysis, there was a significant association between the treatment groups and ISI after the trial (post-trial), p = 0.0001, as shown in Table 7.


Table 7 | Distribution and comparison of diabetic patients with insomnia according to Insomnia Severity Index (ISI) categories within treatment groups (after the trial).

[image: Table comparing insomnia severity across four treatment groups (T1 to T4). Categories include no clinically significant insomnia, sub-threshold insomnia, moderate severity, and severe insomnia. T1 shows 0% for no insomnia, 27.9% for sub-threshold, 32.4% for moderate, 39.7% for severe. T2 shows 30.7% for no insomnia, 29.3% for sub-threshold, 40% for moderate, 0% for severe. T3 shows 32.4% for no insomnia, 28.4% for sub-threshold, 39.2% for moderate, 0% for severe. T4 shows 41.1% for no insomnia, 28.8% for sub-threshold, 30.1% for moderate, 0% for severe. Total and p-value are also indicated.]

Table 8 shows a comparison of post-treatment ISI category scores between treatment groups according to the Kruskal–Wallis H test.


Table 8 | Comparison of post-treatment Insomnia Severity Index (ISI) category scores between treatment groups.

[image: Table showing pre-trial and post-trial ISI scores (mean ranks) for four treatments: T1 (Placebo), T2 (Magnesium), T3 (Potassium), and T4 (Magnesium + Potassium). Pre-trial scores range from 129.78 to 158.49. Post-trial scores range from 133.12 to 160.68. Chi-square values are 4.481 for pre-trial and 4.27 for post-trial, with p-values of 0.214 and 0.233, respectively.]

Figure 3 shows a comparison of ISI among participants before and after the trial. In the placebo group post-trial, there was a decrease in participants with moderate clinical insomnia; in the T2 (magnesium) group, participants with moderate and severe clinical insomnia were significantly reduced post-trial. In the T3 (potassium) group, a significant decrease was noted in participants with moderate and severe clinical insomnia, and in the T4 (Mg + K) group, a significant reduction was reported in participants with severe and moderate clinical insomnia after the trial. However, there was an increase in participants with sub-threshold insomnia in all groups post-trial.


[image: Bar chart titled "Insomnia Severity Index" depicting pre-trial and post-trial data across four trials (T1 to T4). Bars indicate severity levels: no clinically significant insomnia (blue), subthreshold insomnia (orange), clinical insomnia moderate (gray), and severe (yellow). Each trial shows changes in insomnia severity from pre to post-trial phases.]

Figure 3 | Comparison of Insomnia Severity Index among participants pre- and post-trial. T1: Placebo (starch tablets 250 mg × 2). T2: Magnesium (250 mg × 2). T3: Potassium (250 mg × 2). T4: Magnesium + potassium (250 mg × 2).






4 Discussion

According to results, in the placebo group, the mean age was 48 ± 9 years, whereas according to Jahrami et al., the mean age of participants in the placebo group was 43 ± 15 years, and it was 65.4 ± 4.5 years according to Abbasi et al. (15, 16). In the study by LeBlanc et al., the mean age of diabetic patients with insomnia in the placebo group was 57.1 (± 13.8) years (17). In the current study, the mean age of participants in the magnesium group was 51 ± 9 years, whereas according to the study by Abbasi and colleagues on insomnia and magnesium supplementation, the mean age of participants receiving magnesium supplements was 64.7 ± 4.7 years (15). Analysis revealed that more than half (two-thirds) of the participants were women, which explains that the number of female participants suffering from insomnia due to diabetes is double than that of male participants in the study population. In contrast, according to the findings of a similar study (selected as parent study) conducted by Abbasi and colleagues to determine the effect of magnesium on elderly people with insomnia, the ratio of male and female participants was equal (15). Quite comparable findings were also noted by Jahrami et al., who reported to have 61% of female participants in their study while they were investigating the association between micronutrients and sleep quality (16). In another study by LeBlanc et al., they reported to have a near-equal ratio of male (46.4%) and female (53.6%) participants while finding the association between diabetes and insomnia, which is not in accordance with the current findings (17), while the findings of Cao and colleagues support the findings of the current study. Cao et al. determined the relation between magnesium intake and insomnia, and they also clearly reported to have a 2:3 ratio of female to male participants in their trial (18).

Analysis showed a significant association between the treatment groups and ISI score, p = 0.0001. Abbasi et al. (15) also reported that magnesium supplementation importantly reduced ISI ratings (p = 0.006), which supports the current findings (15). Our results are corroborated by a meta-analysis of experimental and observational research, which found that the amount of sleep has a negative correlation with the levels of vitamin B12, Cu, K, and Zn and a positive correlation with the levels of Fe, Zn, and Mg (19). Held et al. assessed the effects of magnesium medication for 20 days on the phases of sleep in 12 older persons in a placebo-controlled randomized crossover research; however, they used different sleep assessment techniques. Their results corroborated current research findings since it was shown that taking magnesium supplements caused a considerable elevation in slow-wave (deep) sleep (20). The present research results were also supported by a study on patients with insomnia, which found that supplementing with magnesium, melatonin, and vitamin B complex for 3 months was useful in treating insomnia of any kind, independent of the underlying reason (21). According to a meta-analysis by Arab et al., observational studies have established a relationship between magnesium levels and sleep quality, including daytime sleepiness, overall sleepiness, and sleep duration. However, the association between magnesium supplementation and sleep disorders remains questionable despite a review of all available randomized clinical trials (22). A case–control study of healthy and depressed patients by Jahrami et al. revealed that the micronutrient status of vitamin B12 and Mg can predict sleep quality in healthy controls. Our study also found that sleep quality was positively correlated with Mg intake, thus providing additional evidence to the existing literature (16). Contrary to the current study findings, no associations were found between dietary magnesium intake and daytime sleep (18).

In addition, magnesium supplementation importantly reduced ISI ratings (p = 0.006) (15). A comparison between pre-treatment mean ± SD of T4 (magnesium + potassium group) and post-treatment mean ± SD showed a significant association within groups as the p-value is 0.00. Abbasi and colleagues worked on magnesium supplementation and revealed that dietary magnesium improved serum melatonin level (p = 0.007) (15). Khalid and coworkers conducted a similar study on magnesium and potassium supplementation among diabetic patients with insomnia and concluded that the supplementation had no significant effect on the quality of life of the study participants (23).




5 Conclusion

This study revealed that magnesium, potassium, and magnesium and potassium combined had a significant effect on serum cortisol and melatonin levels (sleep hormones), whereas the placebo group had an insignificant association with sleep hormones, but still showed some improvement in the level and severity of insomnia among patients. In addition, supplementation significantly decreased the severity of insomnia among patients with diabetes.




6 Strengths of the study

	No previous study has targeted insomnia among people suffering from diabetes mellitus.

	Both magnesium and potassium were examined together with different treatment groups among diabetic patients with insomnia.






7 Limitations of the study

There were certain limitations of this study that should be considered while doing further research:

	The study was conducted in only one region of Lahore, Punjab, Pakistan, and a specific group from almost the same socioeconomic status was targeted.

	All patients with diabetes were selected regardless of duration of being diabetic.

	Patients were not screened for depression or anxiety.

	Responses from different people vary, making generalization difficult. Other factors include compliance as well as adhesion problems, risk factors associated with elevated dosage medications, drug interactions, unclear ideal amount, eating habit uncertainties, the necessity to take immediate as well as long-lasting consequences into account, and a small sample size.
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Background

Although the association between HHEX, IGF2BP2, and FTO polymorphisms and the risk of GDM has been investigated in several studies, the findings have been inconsistent across different populations. The study aimed to investigate the association between genetic polymorphisms and GDM risk in a Chinese population.





Methods

502 control volunteers and 500 GDM patients were enrolled. IGF2BP2 rs11705701 and rs4402960, FTO rs9939609, and HHEX rs1111875 and rs5015480 were all genotyped using the SNPscan™ genotyping assay. The independent sample t-test, logistic regression, and chi-square test were used to assess the variations in genotype and allele and their relationships with the risk of GDM. The blood glucose level, gestational week of delivery, and newborn weight were compared using a one-way ANOVA.





Results

After adjusting for confounding factors, the results show that the rs1111875 heterozygous (OR=1.370; 95% CI: 1.040-1.805; P = 0.025) and overdominant (OR=1.373; 95% CI: 1.049-1.796; P = 0. 021) models are significantly associated with an increased risk of GDM, especially for the age ≥ 30 years group: heterozygote (OR=1.646; 95% CI: 1.118-2.423; P=0.012) and overdominant (OR=1.553; 95% CI: 1.064-2.266; P = 0.022) models. In the age ≥ 30 years, the rs5015480 overdominant model (OR=1.595; 95% CI: 1.034-2.459; P = 0.035) and the rs9939609 heterozygote model (OR=1.609; 95% CI: 1.016-2.550; P=0.043), allele (OR=1. 504; 95% CI: 1.006-2.248; P = 0.047), dominant model (OR=1.604; 95% CI: 1.026-2.505; P = 0.038), and overdominant model (OR=1.593; 95% CI: 1.007-2.520; P = 0.047) were associated with a significantly increased risk of GDM; Additionally, people with the TC genotype of rs1111875 had a substantially higher 1-hour blood glucose level than TT genotype (P < 0.05). The results of the meta-analysis showed that the A allele of rs11705701 was associated with an increased risk of diabetes mellitus (P < 0.05).





Conclusion

The study indicates that the TC genotype of rs1111875 is linked to a higher risk of GDM, particularly in women aged 30 years or older. Additionally, rs5015480 and rs9939609 were significantly associated with GDM in the same age group. These SNPs may therefore be more closely linked to GDM in older mothers.





Keywords: gestational diabetes mellitus, rs1111875, rs5015480, rs11705701, rs4402960, rs9939609, case-control study




1 Introduction

Gestational diabetes mellitus (GDM) as diabetes diagnosed during pregnancy that is not clearly overt diabetes. It is a common disease in pregnancy that is determined by the first diagnosis of hyperglycemia (1, 2). It is associated with hypertensive disorders of pregnancy, macrosomia, cesarean section, and neonatal complications (3). The prevalence of GDM ranges from 1.8% to 25.1% globally (4). GDM is a multifactorial complex metabolic disorder influenced by genetic and environmental factors, similar to type 2 diabetes mellitus (T2DM). Genetics is crucial to GDM and is not easily modifiable through intervention (5). Studies have demonstrated that several genes linked to T2DM risk are also related to GDM, and polymorphisms in HHEX, IGF2BP2, and FTO have been linked to decreased β-cell function and diabetes risk (6–11).

The hematopoietically expressed homeobox (HHEX) gene is situated in the 270 kb linkage disequilibrium (LD) region of human chromosome 10, q23.33. It plays a regulatory role in insulin secretion and diabetes mellitus. The LD block comprises three genes: the kinase family member 11 gene, the insulin- degrading enzyme gene, and HHEX. The regions rs1111875 and rs5015480 are closest to HHEX, which has been linked to diabetes mellitus (DM), and are situated close to the LD region (12–15). Moreover, previous studies have shown that polymorphisms in the insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2) gene may be a risk factor for obesity and T2DM (10, 16). IGF2BP2 belongs to a family of messenger ribonucleic acid-binding proteins that regulate the translation of IGF2 (17). IGF2BP2 promotes the release of insulin and is essential for the growth and development of pancreatic β-cells. Alpha-ketoglutarate-dependent dioxygenase, or FTO, is involved in energy balance, and lipid and carbohydrate metabolism. T2DM and obesity have been associated with variations in the FTO gene (11, 18–20).

Some research works have investigated the relationship between the risk of GDM and HHEX rs1111875 and rs5015480, IGF2BP2 rs11705701 and rs4402960, and FTO rs9939609 (21, 22). Nevertheless, the outcomes have displayed variability. The objective of this study was to examine the relationship between gene polymorphisms (rs1111875 and rs5015480, rs11705701 and rs4402960, and rs9939609) and the risk of GDM in the Chinese population. Additionally, our objective was to examine the connections between gene polymorphisms and clinical parameters, such as glycemia, week of gestation, and newborn weight.




2 Materials and methods



2.1 Study subjects

With a total of 1002 participants, the study involved 500 patients with GDM and 502 healthy pregnant women as controls. The study protocol for this research was approved by the Ethics Committee of Shunde Women and Children’s Hospital at Guangdong Medical University (the ethical approval number: 2020072), and subjects were selected based on specific criteria: (i) Han ethnicity; (ii) age ≥ 18 years; (iii) voluntary informed consent; (iv) never diagnosed with diabetes; (v) no glucose-lowering medication; and (vi) no pregnancy complications. Participants were excluded if they had previously been diagnosed with diabetes, were under 18 years of age, had pregnancy complications, or were taking glucose-lowering medication. A total of 1002 pregnant Chinese Han women provided voluntary informed consent. According to the diagnostic criteria established by the International Association of Diabetes and Pregnancy Study Groups (IADPSG), pregnant women underwent an oral glucose tolerance test (OGTT) between weeks 24 and 28 of gestation. In cases where at least one glucose level measurement equals or exceeds the threshold value, the subject was considered positive for GDM. Subjects with GDM were identified through the assessment of their blood glucose levels: fasting blood glucose (FBG) ≥ 5.1 mmol/L, or 1-hour postprandial glucose (1h-PG) ≥ 10.0 mmol/L, or 2-hour postprandial glucose (2h-PG) ≥ 8.5 mmol/L. Healthy controls were defined as individuals with normoglycemic levels. The study was carried out in compliance with the principles of the Declaration of Helsinki.




2.2 Data collection

In the study, general clinical information was compiled, encompassing age, ethnicity, height, systolic blood pressure (SBP), diastolic blood pressure (DBP), prepregnancy weight, and parity (primipara or multipara). The prepregnancy body mass index (pre-BMI, Kg/m2) was computed as the ratio of prepregnancy weight (Kg) to the square of the height (m2). The pre-BMI categorizes Chinese individuals into the following groups based on their weight: Obesity is defined as having a BMI equal to or greater than 28 Kg/m2, overweight falls within the range of 24 Kg/m2 to less than 28 Kg/m2, normal weight is classified between 18.5 Kg/m2 and less than 24 Kg/m2, and underweight is indicated by a BMI of less than 18.5 Kg/m2.




2.3 SNP genotyping

Extraction of genomic DNA was conducted utilizing the QIAamp DNA blood kit (Qiagen, Germany), followed by genotyping of individual SNPs through the SNPscan method. The resulting raw data were acquired using an ABI3730XL sequencer and processed using GeneMapper 4.1 software (Applied Biosystems, USA) by Genesky Technologies Inc. (Shanghai, China). Rigorous quality control protocols were enforced to ensure the precision of the genotyping results.




2.4 Statistical analyses

Statistical analyses were conducted using SPSS 20.0 software (SPSS, Chicago, IL, USA). Continuous variables were compared using an independent sample t-test, presenting the results as mean ± standard deviation. Discontinuous variables, such as Hardy-Weinberg equilibrium (HWE) in the control group, were analyzed using chi-square tests. The association between SNP and GDM risk was evaluated through binary logistic regression analysis, adjusting for potential confounders like pre-BMI, age, parity, and blood pressure. The results were expressed as a odds ratio (OR) with a 95% confidence interval (CI). We used one-way ANOVA to analyze the correlation between SNP and blood glucose levels, gestational week of labor, and neonatal weight. For significant one-way ANOVA results, we continued with the least significant difference (LSD) comparisons. Subgroup analyses for age and pre-BMI were also performed. Heterogeneity was estimated using Q-test and I2 test. No heterogeneity was defined as I2 < 50% and P > 0.1, STATA v.16.0 software (Stata Corporation, Texas, United States) was used to perform heterogeneity analyses. A statistically significant result was observed for bilateral P < 0.05.




2.5 Meta-analysis

A systematic search was conducted across PubMed, Chinese National Knowledge Infrastructure, and Google Scholar databases using various combinations of the terms rs11705701, Gestational diabetes mellitus (GDM), type 2 diabetes mellitus (T2DM), type 1 diabetes mellitus (T1DM), and prediabetes mellitus (Pre-DM, without any restrictions. Inclusion criteria encompassed case-control or cohort studies investigating the relationship between rs11705701 and GDM, T2DM, T1DM, or Pre-DM, and providing adequate raw data. Studies not meeting diagnostic criteria or exhibiting data deviating from HWE were excluded. Data extraction was overseen by two authors. The meta-analysis, utilizing fixed or random effects models based on heterogeneity levels, was conducted across six genetic models. Publication bias was evaluated through Egger’s and Begg’s tests. All statistical analyses were performed using STATA v.16.0 software (Stata Corporation, TX, USA).




2.6 Prediction of transcription factors

The online tool PROMO (https://alggen.lsi.upc.es/home.html) was utilized to investigate whether rs11705701 located in the promoter region of the IGF2BP2 gene impacts the binding sites of transcription factors (23, 24).





3 Results



3.1 General clinical characteristics of the subjects

In this case-control research, 502 healthy controls and 500 GDM patients were examined. The genotypes of FTO rs9939609, IGF2BP2 rs11705701 and rs4402960, and HHEX rs1111875 and rs5015480 were studied. The clinical baseline data is shown in Table 1. In comparison to the control group, the GDM group exhibited substantially higher mean age, pre-BMI, SBP, DBP, and blood glucose levels (P < 0.05). Furthermore, there was a significant difference (P < 0.05) in the parity between the GDM group and the control group.


Table 1 | Basic and stratified characteristic of participants of the study.

[image: A table displays various health and demographic variables comparing cases and controls. Variables include age, pre-BMI, blood pressure, glucose levels, gestational week, neonatal weight, and parity. Statistical values are provided, along with significance levels (P-values). Notable differences are seen in fasting blood glucose levels, one-hour and two-hour post-glucose levels, with significant P-values indicating statistical differences between cases and controls.]




3.2 The association of SNPs with GDM risk



3.2.1 Overall analysis results

The HWE analysis and minor allele frequencies (MAF) for the five SNPs in the control group are shown in Table 2. Except rs11705701, the results were consistent with HWE (P > 0.05), so no comparative analyses were carried out for this SNP. Using six models (homozygous, heterozygous, allele, dominant, recessive, and overdominant) the correlation between genotype and GDM was assessed, and the (unadjusted and adjusted) OR and 95% CI were computed for each SNP. Before adjustment, the results indicated that the rs1111875 heterozygous (TC vs. TT: OR=1.349; 95% CI: 1.039-1.753; P = 0.025) and overdominant (TC vs. TT+CC: OR=1.352; 95% CI: 1.047-1.744; P = 0.021) models were associated with an increased risk of GDM. After adjusting for pre-BMI, age, DBP, SBP, and parity, the results showed that the rs1111875 heterozygous (TC vs. TT: OR=1.370; 95% CI: 1.040-1.805; P = 0.025) and overdominant (TC vs. TT+CC: OR=1.373; 95% CI: 1.049-1.796; P = 0.021) models were significantly associated with an increased risk of GDM (Figure 1). Nevertheless, rs5015480, rs4402960, and rs9939609 did not significantly correlate with the GDM risk (P > 0.05, Figures 2, 3; Supplementary Table S1).


Table 2 | SNPs information and HWE test in the controls.

[image: Table displaying genetic information with columns: SNP, GeneName, Min/Maj, Chr. position, Region, Function, MAF, and HWE (P). Data includes entries for HH3EX, IGF2BP2, and FTO genes. MAF and HWE values are provided for each entry.]


[image: Forest plot showing odds ratios and confidence intervals for various genetic comparisons across age subgroups. Red dots indicate point estimates. Comparisons include CC+TC vs. TT, TC vs. CC+TT, and others, with significance levels indicated by p-values. Each row displays odds ratios and confidence intervals for different age groups and overall, with red lines representing confidence intervals crossing or not crossing the line of no effect.]

Figure 1 | The associations between rs1111875 and GDM risk in different groups. *adjusted.




[image: Forest plot showing odds ratios with 95% confidence intervals for various subgroups comparing genetic variations and age categories across cases and controls. Red dots indicate the point estimates, while horizontal lines represent confidence intervals. Subgroups include variations like CC, TC, and TT, analyzed across different age groups and subject counts. The plot provides statistical significance values (P) for each comparison.]

Figure 2 | The associations between rs5015480 and GDM risk in different groups. *adjusted.




[image: Forest plot displaying odds ratios and confidence intervals for genetic subgroup comparisons across different age groups. Subgroups include AA+TA vs. TT, AA vs. TA+TT, TA vs. AA+TT, AA vs. TT, TA vs. T, and A vs. T. Each comparison is analyzed for all subjects and stratified by age groups under and over thirty. Red dots mark the odds ratios, with lines extending to show confidence intervals. Tables beside the plot list patient numbers, odds ratios with confidence intervals, and p-values for each comparison.]

Figure 3 | The associations between rs9939609 and GDM risk in different groups. *adjusted.






3.2.2 Stratified analysis results

The relationship between the four SNPs and the risk of GDM was next examined using stratified analysis based on age or pre-BMI. In the group with an age of 30 or above, before adjustment, the GDM risk was significantly higher in the rs1111875 dominant (CC+TC vs. TT: OR=1.685; 95% CI: 01.173-2.421; P = 0.005), overdominant (TC vs. TT+CC: OR=1.566; 95% CI: 1.082-2.269; P = 0.018), heterozygote (TC vs. TT: OR=1.669; 95% CI: 1.143-2.438; P = 0.008) and allele (C vs. T: OR=1.481; 95% CI: 1.106-1.983; P = 0.008) models (Figure 1); A significantly higher risk of GDM was seen in the rs5015480 heterozygote (TC vs. TT: OR=1.581; 95% CI: 1.031-2.425; P = 0.036) and overdominant (TC vs. TT+CC: OR=1.631; 95% CI: 1.066-2.494; P = 0.024) models (Figure 2); There was no discernible association between rs9939609, rs4402960 and the risk of GDM (P > 0.05, Figure 3; Supplementary Table S1). After adjusting for pre-BMI, age, SBP, the results of the rs1111875 heterozygote (TC vs. TT: OR=1.646; 95%CI:1.118-2.423; P = 0.012) and overdominant (TC vs. TT+CC: OR=1.553; 95% CI: 1.064-2.266; P = 0.022), allele (C vs. T: OR=1.454; 95% CI: 1.079-1.958; P = 0.014) and dominant (CC+TC vs. TT: OR=1.653; 95% CI: 1.142-2.392; P = 0.008) models remained significantly associated with increased GDM risk (Figure 1); The rs5015480 overdominant (TC vs. TT+CC: OR=1.595; 95% CI: 1.034-2.459; P = 0.035) model showed a significantly increased GDM risk (Figure 2). The rs9939609 heterozygote (TA vs. TT: OR=1.609; 95% CI: 1.016-2.550; P = 0.043), allele (A vs. T: OR=1.504; 95% CI: 1.006-2.248; P = 0.047), dominant (AA+TA vs. TT: OR=1.604; 95% CI: 1.026-2.505; P = 0.038) and overdominant (TA vs. TT+AA: OR=1.593; 95% CI: 1.007-2.520; P = 0.047) models showed a significantly increased GDM risk (Figure 3); Nevertheless, rs4402960 did not significantly correlate with the risk of GDM (P > 0.05, Supplementary Table S1). In additon, In subjects less than 30 years of age, pre-BMI < 18.5, 18.5 ≤ pre-BMI <24, and pre-BMI ≥ 24 groups, no significant correlation with GDM risk was found for any SNP (P > 0.05, Figures 1-3; Supplementary Table  S1; Supplementary Figures S1–S3).





3.3 Heterogeneity analysis

To confirm that the aforementioned associations were related to age rather than differences between different age groups, we conducted a heterogeneity analysis across different age groups. We found that after adjusting for confounding factors, the heterogeneity among different age groups in various genetic models for rs1111875 and rs5015480 was reduced compared to before adjustment (Figures 4, 5), especially for the overdominant (TC Vs. CC+TT: I2 = 0.0%, P = 0.379) and heterozygous (TC Vs. TT: I2 = 40.9%, P = 0.193) models of rs1111875 (Figure 4), where no significant heterogeneity was observed. This strongly suggests that the association of rs1111875 with an increased risk of GDM is related to age, particularly in pregnant women aged 30 or older. The high heterogeneity observed across different age groups for other SNPs genetic models may be related to insufficient sample size or other confounding factors that were not fully adjusted (Figures 5, 6).


[image: Two forest plots, labeled A and B, each show effect sizes (ES) with 95% confidence intervals (CI) for various comparisons and age groups. Studies are categorized by age groups <30 and ≥30, with subset analysis and I-squared statistics indicating heterogeneity. Both plots illustrate comparisons of CC+TC vs. TT, CC vs. TC+TT, TC vs. CC+TT, CC vs. TT, TC vs. TT, and C vs. T. Diamonds represent pooled effect sizes, while horizontal lines and squares indicate individual study results and confidence intervals. Both plots note weights from random effects analysis.]

Figure 4 | Heterogeneity analysis of various genetic models of rs1111875 among different age groups. (A) Unadjusted results, (B) Adjusted results.




[image: Two forest plots labeled A and B compare the effect sizes and confidence intervals across multiple studies. Each plot lists study comparisons with effect size values and confidence intervals. Subtotals provide I-squared statistics and p-values, indicating heterogeneity. Weights derive from random effects analysis. Plots include comparisons based on age brackets of less than 30 and greater than or equal to 30.]

Figure 5 | Heterogeneity analysis of various genetic models of rs5015480 among different age groups. (A) Unadjusted results, (B) Adjusted results.




[image: Side-by-side forest plots labeled A and B show effect size with confidence intervals for different genetic comparisons across age groups under and over thirty. Each plot includes subtotal I-squared values and p-values, indicating heterogeneity. The effect sizes (ES) with 95% confidence intervals (CI) are displayed on the right. Weights are derived from random effects analysis.]

Figure 6 | Heterogeneity analysis of various genetic models of rs9939609 among different age groups. (A) Unadjusted results, (B) Adjusted results.






3.4 Association between genotype and blood glucose level

In overall, no significant association was found between any genotype and blood glucose levels in
any SNP (Supplementary Table S2). The 1-hour PG level of the TC genotype of rs1111875, however, were considerably greater than those of the TT genotype in participants over 30 years of age (P < 0.05, Table 3). In the pre-BMI < 18.5 group, those with the TC genotype of rs1111875 had a substantially higher 2-hour postprandial glucose level than people with the CC genotype (P < 0.05). Furthermore, people with the CC genotype of rs5015480 had a substantially lower 2-hour postprandial glucose level than people with the TT and TC genotypes (P < 0.05, Table 3). Individuals with the CC genotype of rs5015480 had a lower FBG level in the pre-BMI ≥ 24 group than those with the TC and TT genotypes (P < 0.05, Table 3). Furthermore, PG levels at 1 and 2 hours were considerably greater in persons with the TA genotype of rs9939609 than in those with the TT genotype (P < 0.05, Table 3). No significant association was found between genotype and blood glucose levels in other groups (P > 0.05, Supplementary Table S2).


Table 3 | Association between genotype and blood glucose level, gestational week of labor and neonatal weight.

[image: A table displaying data on various genotypes with categories for age, BMI, and SNPs. Columns include Fasting Blood Glucose (FBG), 1-hour Postprandial Glucose (1 h-PG), 2-hour Postprandial Glucose (2 h-PG), gestational week of labor, and neonatal weight. Statistical significance is noted with superscripts where \(a\) or \(b\) indicates \(p<0.05\).]




3.5 Association between genotype and gestational week of labor

In all groups, there was no discernible relationship between any genotype and the gestational week of labor (P > 0.05, Table 3; Supplementary Table S2).




3.6 Association between genotype and neonatal weight

In all groups, there were no significant differences between genotypes and newborn weight (P > 0.05, Table 3; Supplementary Table S2).




3.7 Rs11705701 meta-analysis results

We performed a meta-analysis of published research to gain a better understanding of the
relationship between rs11705701 and diabetes because the control group in our study did not follow HWE. Four studies were included in the final analysis: two studies about rs11705701 and T2DM, one study about rs11705701 and GDM, and one study about rs11705701 and prediabetes mellitus (Pre-DM). The features of the research are displayed in Supplementary Table S3. Figure 7 illustrates the associations found in the overall analysis between the various models and increased risk of diabetes mellitus. The dominant (AA+GA vs. GG: OR=1.218; 95% CI: 1.088-1.364; P = 0.001), homozygous (AA vs. GG: OR=1.472; 95% CI: 1.023-2.119; P = 0.037), heterozygous (GA vs. GG: OR = 1.153; 95% CI: 1.024-1.298; P = 0.019), and allele (A vs. G: OR=1.202; 95% CI: 1.106-1.307; P < 0.001) models demonstrated associations with increased risk of diabetes. In other groups, there was no discernible difference (P > 0.05, Figure 7). The funnel plot was shown to be symmetrical (P > 0.05, Figure 8). Egger’s tests yielded consistent results (all P > 0.05), indicating the absence of publication bias.


[image: Forest plots labeled A to F show meta-analysis results from various studies. Each plot includes odds ratios (ORs) with confidence intervals (CIs) and study weight percentages. Diamonds indicate overall effect sizes. Plots reflect individual and combined study data with different variability, indicating degrees of heterogeneity.]

Figure 7 | Meta-analysis for the association between the IGF2BP2 rs11705701 and GDM susceptibility. (A) Dominant model, AA+GA vs.GG (fixed effects mode); (B) Recessive model, AA vs.GA+GG (random effects model); (C) Overdominant model, GA vs.AA+GG (fixed effects model); (D) Homozygote model: AA vs. GG (random effects model); (E) Heterozygote model: GA vs. GG (fixed effects model); (F) Allele model, A vs. G (fixed effects model). OR, odds ratio; CI, confidence interval; I-squared, measure to quantify the degree of heterogeneity in meta-analyses.




[image: Six funnel plots labeled A to F show pseudo ninety-five percent confidence limits for odds ratios (OR) on the x-axis and standard error of log(OR) on the y-axis. Each plot contains several data points distributed around the vertical line representing the summary effect. Diagonal dashed lines indicate the confidence limits.]

Figure 8 | Funnel plot of the odds ratios in the meta-analysis. (A) Dominant model, AA+GA vs.GG; (B) Recessive model, AA vs.GA+GG; (C) Overdominant model, GA vs.AA+GG; (D) Homozygote model: AA vs. GG; (E) Heterozygote model: GA vs. GG; (F) Allele model, A vs. G.






3.8 Transcriptional factor prediction outcomes

To investigate if SNPs in the IGF2BP2 gene’s promoter affect particular transcription factor binding locations, the PROMO database was consulted. SNPs have an impact on the binding of pertinent transcription factors, as seen in Figure 9. It was discovered that the binding of GR-alpha and E2F-1 transcription factors was impacted by rs11705701 G > A. It was discovered that the rs11705701 A allele binds exclusively to the GR-alpha transcription factor, while the rs11705701 G allele preferentially binds to the E2F-1 transcription factor.


[image: DNA sequences labeled A and B show overlapping arrows representing binding sites for proteins. In A, E2F-1, ENKTF-1, and XBP-1 are color-coded in yellow, green, and pink. In B, GR-alpha, ENKTF-1, and XBP-1 are in blue, green, and pink. Sequences AGGGAGAAGAATGGCGCGGATTCA and AGGGAGAAGAATGGGCAGGATTCA are underlined with positions marked.]

Figure 9 | IGF2BP2 rs11705701 G > A transcription factor prediction. rs11705701 G > A affects the binding of GR-alpha and E2F-1 transcription factors. (A) rs11705701 (reference); (B) rs11705701 (mutant).







4 Discussion

Variants in genetic composition can alter how encoded proteins are expressed and function, which can have a broad range of physiological effects. Thus, polymorphisms might be clinically significant for a range of diseases (25). A higher risk of GDM has been linked to alleles in HHEX, IGF2BP2, and FTO (22, 26). We studied the Chinese population’s susceptibility to GDM using HHEX rs1111875 and rs5015480, IGF2BP2 rs11705701 and rs4402960, and FTO rs9939609. Figure 1 shows that there was a considerable increase in the likelihood of developing GDM due to the rs1111875 TC in HHEX. According to a recent meta-analysis, the rs1111875 CC and CT genotype group had a 50% and 29% higher risk of GDM than the TT genotype population, respectively (27). Similar to our results, Benny et al. discovered that HHEX rs1111875 was substantially related to GDM susceptibility (28). A meta-analysis revealed that the HHEX rs5015480 C allele was linked to GDM susceptibility, and the same rs5015480 polymorphism was found to be similarly associated with T2DM in a study of T2DM (29). Furthermore, we discovered that the overdominant model in HHEX rs5015480 was significantly associated with GDM in the age ≥ 30 years group.

The HHEX gene rs1111875 and rs5015480 have been identified as typical loci linked with diabetes since GWAS started to validate candidate gene research in various ethnic groups (12–15). The IDE, KIF11, and HHEX genes are found on human chromosome 10 and are positioned in the LD region at q23.33, which is home to the HHEX gene. The HHEX-KIF-IDE region, which is closest to the HHEX gene, has the C/T variants rs1111875 and rs5015480. These variants have been linked to pancreatic embryonic development and may have an impact on future insulin secretion. In this study, we observed a significant association between HHEX SNPs and susceptibility to GDM, particularly among individuals aged 30 years and older. Furthermore, individuals with the TC genotype exhibited significantly higher 1-hour glucose levels compared to the TT genotype. This finding suggests that genetic variations in the HHEX gene may contribute to β-cell dysfunction, thereby influencing the onset of diabetes mellitus. The HHEX rs1111875 is implicated in the Wingless-type MMTV integration site (WNT) signaling pathway, impacting susceptibility to diabetes. This SNP encodes transcription factors that modulate gene expression in cellular processes, influencing cell development and growth (30, 31). Similarly, among the Greek Cypriots, the HHEX rs5015480 has been linked to altered insulin secretion, cellular function, and diabetes susceptibility. The HHEX rs1111875 and rs5015480, have been associated with diabetes risk across diverse populations, primarily due to their role in reducing β-cell response and insulin secretion (30, 32–35). Importantly, HHEX gene polymorphisms are believed to influence insulin production and secretion (36, 37).

Dysregulation of IGF2BP2 has been linked to various metabolic diseases and cancers (38, 39). Notably, the IGF2BP2 SNP is associated with both T2DM and cancer (38). In 2007, Grarup et al. reported no association between IGF2BP2 gene variants and pancreatic cell dysfunction in a Danish cohort (40). Subsequent research revealed that IGF2BP2 variants diminish glucose-stimulated insulin secretion in the initial phase of diabetes progression, indicating an impact on pancreatic β-cell function (41–43). The IGF2BP2 rs11705701 G/A variant, situated in the -1479 locus of the promoter region, has been linked to reduced body fat and insulin resistance in Mexican Americans, elevating the susceptibility to T2DM (44). Moreover, this variant is associated with a heightened T2DM risk in the Russian population, with allele A correlating with a truncated IGF2BP2 protein in the adipose tissue of non-obese individuals (45). Furthermore, the rs11705701 variant exhibits a strong association with female prediabetic patients (46). While no significant association was observed between IGF2BP2 rs11705701 and the risk of GDM in the Polish population, it is linked to prolonged gestation and enhanced neonatal health, as indicated by Apgar scores (47). Collectively, these findings suggest a potential role for IGF2BP2 rs11705701 in diabetes development. Comparative analyses were not conducted with the control group in our study due to non-compliance with Hardy-Weinberg equilibrium. Nonetheless, through a meta-analysis of relevant previously published studies, we identified a significant association between the rs11705701 A variant and an increased risk of developing diabetes mellitus. Utilizing a transcription factor prediction analysis website, we further investigated the impact of rs11705701 variants on promoter activity. Our analysis revealed specific binding patterns, with rs11705701 G binding E2F1 and rs11705701 A binding GR-alpha transcription factor. This suggests that IGF2BP2 rs11705701 may regulate its transcriptional activity by modulating transcription factor binding. Subsequent molecular biology experiments are warranted to confirm these findings. Additionally, our results suggested that IGF2BP2 rs4402960 was not associated with the risk of GDM, consistent with recent studies and comprehensive quantitative meta-analyses (48–50).

FTO proteins function within the nucleus to remove N6-methyladenosine modifications from mRNA, thereby influencing the splicing of genes crucial for adipogenesis (51). Notably, variations located in the initial intron of the FTO gene have been linked to elevated BMI and T2DM, with a 47 kb genomic segment identified to harbor multiple SNPs associated with these conditions. Among these, the rs9939609 variant has been extensively researched (52). The precise mechanism through which this SNP contributes to obesity remains elusive. Nevertheless, individuals heterozygous for rs9939609 exhibit heightened levels of primary FTO transcripts in the risk A allele compared to the T allele (53), potentially resulting in increased FTO expression that promotes adipogenesis. Notably, this latter association has not been documented in existing literature. The FTO rs9939609, situated in the first intron of the gene, has been linked to a heightened risk of GDM in Caucasian populations. Our study revealed a significant association between carriers of the A allele and an increased risk of GDM in individuals aged ≥ 30. Furthermore, the A allele was found to be correlated with accelerated weight gain during pregnancy. Additionally, our investigation demonstrated elevated 1-hour and 2-hour glucose levels in the OGTT among individuals with the TA genotype compared to the TT genotype in the pre-BMI ≥ 24 group. But some studies describing the absence of association of FTO (rs9939609) and GDM risk (49, 50), this was consistent with our overall analysis results. These genetic variations may potentially impact FTO expression or enzyme activity, resulting in metabolic alterations that disrupt glucose metabolism and induce insulin resistance, consequently heightening the susceptibility to GDM.

The modest sample size of the GDM and control groups necessitates validation of our observations in a larger cohort in future studies. The scope of the study was limited to Chinese individuals, underscoring the need for further research to confirm our findings in diverse populations.




5 Conclusions

In conclusion, our study revealed an elevated risk of GDM associated with the TC genotype of the HHEX gene rs1111875, particularly among individuals aged ≥ 30. Additionally, rs5015480 and rs9939609 showed significant correlations with GDM in the same age group. These findings suggest a potentially stronger link between these specific SNPs and GDM among women of advanced maternal age.
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Gestational diabetes mellitus (GDM) is a common pregnancy complication closely associated with maternal oxidative and antioxidant imbalance, known as oxidative stress. Environmental and dietary exposure plays an important role in inducing oxidative stress during pregnancy. This review aims to provide an in-depth analysis of the role of oxidative stress induced by environmental and dietary exposure in GDM while incorporating current research frontiers. Environmental pollution, smoking, excessive nutrition, and unhealthy eating habits such as a high-fat diet and vitamin deficiency, may contribute to the generation and accumulation of reactive oxygen species (ROS), leading to oxidative stress. Within the pathway of oxidative stress in GDM, the production and clearance mechanisms of ROS play a pivotal role. Relevant studies have demonstrated that ROS production is closely linked to insulin resistance, adipose tissue accumulation, inflammation, and other pathological processes. Antioxidant substances like vitamins C and E or glutathione can mitigate oxidative stress damage on pregnant women and fetuses by scavenging ROS. Currently, there remain several cutting-edge issues regarding the involvement of the oxidative stress pathway in GDM pathogenesis as well as its relationship with environmental and dietary factors, for instance: how to reduce maternal oxidative stress levels through dietary adjustments or lifestyle modifications; how antioxidant substances can be utilized for intervention treatment; and accurate assessment methods for maternal oxidative stress status along with its association with GDM risk. In conclusion, environmental and dietary factors exert significant influence on GDM pathogenesis while highlighting increasing attention toward understanding the role played by the oxidative stress pathway within this context. In-depth research endeavors within this field are anticipated to offer novel insights into prevention strategies as well as therapeutic approaches for GDM.
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1 Introduction

Gestational diabetes mellitus (GDM) refers to abnormal blood glucose levels during pregnancy in women without a prior diabetes diagnosis and is a major cause of childbirth complications (1). Typically, GDM develops during the second or third trimester and is becoming increasingly prevalent worldwide, with rates as high as 20% in China (2, 3).

Compared to diabetes, GDM can cause more complications during pregnancy (4, 5). It can lead to short-term adverse effects in the fetus, such as neonatal respiratory distress syndrome, high bilirubin levels, hypoglycemia, low blood calcium, erythrocythemia, and macrosomia, as well as long-term adverse outcomes, including high weight and obesity in children and adolescents, impaired glucose tolerance, diabetes, and abnormal neurobehavioral development (6). Pregnant women with GDM and their offspring also face a higher risk of developing type 2 diabetes mellitus and deformity disease. Research indicates that diagnosing and treating GDM before 34 weeks of gestation can significantly reduce the likelihood of having a large baby (7, 8). Therefore, early diagnosis coupled with timely treatment plans are highly effective in reducing maternal and infant complications and improving pregnancy outcomes.

Current evidence strongly indicates that environmental and dietary exposures can significantly augment oxidative stress, thereby exerting a profound impact on the development of adverse pregnancy outcomes, including but not limited to GDM. To systematically uncover how environmental and dietary factors affect pregnant women with GDM through oxidative stress mechanisms, we conducted a comprehensive search of relevant studies to date. After analyzing these studies in detail, we found that the influence of environmental and dietary factors on oxidative stress cannot be ignored. For example, being in a polluted environment for a long time, or consuming an unhealthy diet high in sugar and fat for a long time, may increase the level of oxidative stress in the body. When this level of stress exceeds the body’s ability to repair itself, it can lead to adverse pregnancy outcomes such as GDM. With early diagnosis and effective treatment, we can intervene in time to reduce the risk of developing GDM. This not only helps to protect the health of pregnant women but also facilitates the normal development of the fetus and improves the quality of the born population. Overall, the effects of environmental and dietary exposures on oxidative stress and the risk of GDM cannot be ignored. Hence, it is imperative to conduct in-depth research and gain a comprehensive understanding of this field to enhance the prevention and treatment of associated diseases, which not only provide us with an in-depth theoretical basis but also help guide early clinical diagnosis and effective treatment, so as to greatly reduce the risk of GDM.




2 The pathogenesis of GDM and its relationship with oxidative stress



2.1 Pathophysiological process of GDM

The development of GDM primarily stems from insulin resistance (IR) and an imbalance in insulin secretion (9). During pregnancy, there is a decrease in the body’s sensitivity to insulin, resulting in reduced glucose utilization by the mother and increased hepatic glucose output to meet fetal nutrient demands (10). In response to IR, compensatory insulin secretion occurs. Thus, the occurrence of GDM is attributed to inadequate insulin production by pancreatic β cells, leading to the inability to maintain normal blood sugar levels.




2.2 Effects of environmental factors on oxidative stress in GDM patients



2.2.1 Chemical exposure

Studies have demonstrated that prolonged exposure to endocrine-disrupting chemicals (EDCs), such as polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), phthalates (PAEs), and perfluorinated and poly-fluoroalkyl substances (PFAS) (11), is associated with the development of GDM, disturbance in glucose homeostasis, and an increased risk of GDM (12). EDCs can disrupt normal endocrine signaling in the body, thereby affecting blood glucose balance. For instance, Mia Q. Peng et al. reported that each interquartile range increase in log2-transformed mono(2-ethyl-5-oxohexyl) phthalate, one of EDCs, was associated with 2.4 mg/dL elevation in fasting glucose level, 11.8% increase in fasting insulin levels (13). Research has shown that chronic exposure to organic compounds can lead to metabolic disorders and IR through inflammatory responses and disruption of endocrine function, ultimately activating the peroxisome proliferator-activated receptor (PPAR). PPAR is involved in promoting fatty acid beta-oxidation and antioxidant factors while inhibiting activation of the NF-κB (14–16). Additionally, chemical exposure also affects IR by inducing mitochondrial dysfunction, inhibiting phosphorylation, and activating protein kinase B.




2.2.2 Heavy metals

Existing epidemiological evidence indicates that the prevalence of GDM is associated with exposure to heavy metals such as cadmium (Cd), antimony (Sb), and nickel (Ni) (17–21). Heavy metal exposure primarily disrupts redox homeostasis. Numerous studies have demonstrated that Cd can impair the antioxidant oxidase system, resulting in elevated levels of intracellular and mitochondrial reactive oxygen species (ROS). Moreover, oxidative stress and mitochondrial dysfunction can be induced (22). Wenyu Liu et al. reported that, compared with the bottom tertile, the risk ratios (RRs) for GDM were 1.04 for the middle tertile and 1.36 for the top tertile of Cd levels (19). Fitzgerald et al. discovered that Cd selectively accumulates in pancreatic islets, exerting toxic effects on β cells and thereby exacerbating the risk of GDM (23). In addition to Cd, heavy metals Ni and Sb also were reported to increase the risk of GDM by promoting oxidative stress and inducing pancreatic injury. In multiple-metal models, for each unit increase of ln-transformed urinary Ni or Sb, the risk of GDM increased by 18% (18, 24, 25).




2.2.3 Air pollutant

Studies have shown that air pollution is a major environmental problem and one of the main reasons for the increase in global disease rate (26), among which PM2.5 has the most extensive impact. Seung-Ah Choe et al. found that PM2.5 has a strong correlation with the occurrence of GDM in the third trimester (27). Repeated exposure to PM2.5 can activate nitric oxide synthase (NOS) (28), which up-regulates NO in the blood. NO is an important signaling molecule that can lead to oxidative stress. Excessive NO also promotes the release of inflammatory factors and exacerbates the inflammatory response.





2.3 Effects of dietary factors on oxidative stress in GDM patients



2.3.1 High-sugar diet

A multitude of studies have demonstrated a significant association between a high-glycemic diet and GDM (29). Consumption of a high glycemic diet can induce the activation of NADPH oxidase in endothelial cells, leading to increased antioxidant enzymes and enhanced expression of oxidized low-density lipoprotein receptor-1 (LOX-1). Prolonged adherence to a high-glycemic diet may result in excessive lipid deposition, oxidative stress, and inflammation, with oxidative stress being closely intertwined with inflammation. Li Wen et al. discovered that the impact of elevated sugar intake on GDM is also influenced by maternal weight. In non-overweight pregnant women, there exists a noteworthy correlation between high sugar consumption and the risk of GDM; however, no such correlation was observed among overweight women (30).




2.3.2 High-fat diet

Maternal obesity or a high-fat diet increases the incidence of GDM and stillbirth, as well as the risk of metabolic syndrome in offspring (31). The consumption of a high-fat diet during pregnancy can alter the composition of the intestinal microbiome (32), which produces numerous metabolic byproducts that can impact host metabolism, exacerbate oxidative stress and inflammation in women with GDM, reduce insulin sensitivity, and influence the initial gut ecosystem of their offspring.




2.3.3 High-protein diet

Western countries, with their developed animal husbandry and high consumption levels, generally use meat as the main source of protein. In contrast, Southeast Asian countries, due to relatively limited economic conditions and differences in agricultural resources, rely more on plant proteins, such as beans, grains, etc., to meet their daily protein needs. According to Zhou et al., 2755 pregnant women from China typically increase their protein intake as a means of supplementing fetal nutrition. However, their research indicates that adopting high protein and low carbohydrate dietary patterns may elevate the risk of GDM (adjusted OR for quartile 4 v. quartile 1.83; 95% Cl 1.21, 2.79; P trend=0.007) (33). Furthermore, pregnant women who consume animal-based protein are at a higher risk of developing GDM compared to those who follow plant-based protein patterns (34–36). This could be attributed to the fact that the animal protein contains a significant concentration of myoglobin, which is involved in lipid peroxidation (37), thereby exacerbating oxidative stress in pregnant women. Moreover, excessive protein consumption can promote IR and enhance gluconeogenesis, both of which have adverse effects on maintaining normal blood sugar levels.






3 The current research status on the association between oxidative stress and GDM

Oxidative stress is associated with GDM, as studies have shown. Mogarekar et al. revealed that the total levels of oxidative stress increased while the levels of vitamin C and NO decreased in maternal plasma (38). Lopez-Tinoco et al. analyzed the relationship between oxidative stress markers and pregnancy outcomes, and demonstrated that the levels of oxidative stress determine the outcome of pregnancy outcomes (39). Liang et al. used a high-fat fed-mouse diabetes model to discover that oxidative stress damages the placental vascular endothelium and leads to vascular complications (40). In hyperglycemia, GDM can lead to chronic hypoxic stress and excessive inflammatory response in the intraplacental vascular endothelial cells (41). Coughlan et al. verified the presence of oxidative stress in GDM placenta and lighted that GDM and type 2 diabetes mellitus display similar pathological changes by examining the relative expression levels of oxidative stress markers in placental tissue samples from GDM and healthy pregnancies (42). Additionally, while monitoring superoxide anion (O2-) content in blood vessels following NADH oxidase stimulus monitoring with chemiluminescence, Lund observed that the superoxide anion content in the diabetic rabbit carotid artery was much higher than that in healthy rabbits (43). Interestingly, studies have also shown that oxidative stress disrupts signaling pathways related to glucose regulation, as well as the sensitivity of peripheral tissues to insulin, leading to IR, islet β cell dysfunction, and even islet cell damage and hyperglycemia (44). Overall, these studies indicate that oxidative stress plays a role in the occurrence and development of GDM.



3.1 The imbalance between anti-oxidation and oxidation induced by GDM

Each cell produces reactive oxygen species, as well as antioxidants such as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and vitamin E to eliminate ROS and protect tissues from oxidative damage. Malondialdehyde (MDA), which forms due to the peroxidation of lipids, is the main source of free radicals and is another oxidative stress marker. Zhou et al. demonstrated that mice with GDM exhibit placental oxidative stress during late pregnancy characterized by increased MDA levels and decreased levels of antioxidant enzymes, including SOD, CAT, and GSH-Px (45). Additionally, research has shown that the group with GDM did not display any differences in the total antioxidant capacity of their saliva or plasma compared to the healthy group. However, antioxidants, including uric acid and CAT, were decreased, and oxidative stress markers, including MDA and total oxidative stress, were increased (46, 47). Therefore, GDM patients display varying degrees of oxidative stress in their bodies, and their saliva could be a useful and non-invasive method for estimating oxidative stress levels in GDM populations (46, 48).




3.2 The effect of ROS on GDM

ROS are considered to be free radical and non-radical derivatives of oxygen that are generated in response to various stimuli, including hyperglycemia and hyperlipemia. These ROS include hydrogen peroxide (H2O2), hydroxyl radical (·OH), superoxide anion (O2-), and nitric oxide (NO) that can interact with cell membranes and DNA to trigger lipid peroxidation and cell damage (49). ROS, a crucial intracellular messenger, can activate many signal transduction pathways to indirectly cause tissue and cell damage. Women with GDM have been reported to produce excess free radicals and have impaired free-radical scavenging mechanisms (50, 51). It has been shown that the level of ROS is increased in the placental tissue of GDM patients and in a culture of JEG3 placental cells (human choriocarcinoma cells) treated with high glucose, indicating that this may be the primary cause of cell damage and apoptosis during the occurrence and development of GDM (52).

Maternal oxidative stress during pregnancy may impair fetal growth and newborn health. However, low levels of ROS play an important role in childbirth, embryo development and implantation, and placental formation and function. As pregnancy progresses, the levels of antioxidants in a pregnant woman’s body increase to balance oxidation and maintain a healthy pregnancy (51). Therefore, alleviating oxidative stress by increasing ROS scavenging is the main strategy for reducing the complications of GDM.




3.3 The influence of lipid peroxide in GDM

LPO can be carried into the blood via lipoproteins, eliciting lipid peroxidation and damaging tissues and the vascular endothelium (53). As shown in animal studies, fatty acid oxidation and a peroxide imbalance are observed in the placental tissue of mice with GDM (54). Other studies also show that increased GDM incidence is closely related to lipid metabolism disorders, and a high LPO concentration can damage the placental vascular endothelium (55). LPO can also lead to vascular endothelial lesions that could result in placental hypoperfusion, leading to a decreased supply of oxygen and blood in the placenta and umbilical cord, which is the main cause of fetal distress and even death in pregnancies with GDM. Thus, when blood sugar levels are under control, there is no increase in LPO, there are no vascular complications (56).




3.4 The causes of oxidative stress in pregnant women with GDM

Oxidative stress, a key factor in the occurrence and development of diabetes (51), is closely tied to chronic complications of diabetes, such as diabetic angiopathy and diabetic neuropathy. Many scholars have also suggested that the main mechanisms of GDM leading to oxidative stress are as follows:



3.4.1 Attenuation of antioxidant capacity

During hyperglycemia, the levels of vitamin C, vitamin E, and other antioxidants decrease, and the activities of antioxidant enzymes, including CAT and SOD are reduced due to glycosylation. As a result, the metabolites of oxidases and peroxides are significantly increased (57).




3.4.2 Non-enzymatic saccharification of proteins

In hyperglycemia, non-enzymatic saccharification of proteins generates advanced glycation end products (AGEs) which trigger ROS formation by interacting with their specific receptor (RAGE) (58, 59). AGEs are also involved in lipid peroxidation, which is the main mechanism underlying diabetic vascular complications.




3.4.3 NAD(P)H oxidase

A membrane-bound enzyme that mainly produces O2-, its expression level is increased in endothelial cells (60). Hyperglycemia activates NAD(P)H oxidase, which increases ROS by modulating the stress-sensitive signaling pathway (58).




3.4.4 Mitochondrial respiratory transmission chain

Mitochondria are the main source of ROS and O2-, which are the most prevalent free radicals leading to complications in diabetes (61, 62). In the hyperglycemic state, the number of electron donors in the mitochondrial respiratory chain was increased, along with the production of ROS, leading to increased cell damage and cellular dysfunction.




3.4.5 Self-oxidation

The self-oxidation of glucose increases, producing enediol and dihydroxy compounds, which leads to increased ROS production (63).





3.5 The relative pathways involved in oxidative stress induced by GDM

Oxidative stress can stimulate transcription factors including nuclear factor erythroid 2-related factor 2 (Nrf2), NF-κB, and activator protein-1 (AP-1). Additionally, oxidative stress is known to trigger and exacerbate inflammatory responses, and persistent oxidative stress can induce chronic inflammation, which can worsen GDM (51, 64).



3.5.1 Keap1/Nrf2/ARE pathway

Oxidative stress can activate various signaling pathways that involve transcription factors. One of these pathways is the Keap1/Nrf2/ARE pathway. Nrf2 is a transcription factor that helps maintain cellular redox balance (65, 66). And K.L. Milan et al. showed that the activity of Nrf2 was inhibited by miR-142-5p downregulation in GDM placenta, leading to impaired angiogenesis (67). Metformin has been demonstrated to enhance endothelial function and mitigate oxidative stress through the regulation of Nrf2 expression. Under normal conditions, the majority of Nrf2 is localized in the cytosol, where it interacts with the protein Keap1. However, when there is oxidative stress, Keap1 dissociates from Nrf2, and this sensitive degradation mechanism is mainly attributed to the N-terminal Neh2 domain of Nrf2 (68). Allowing Nrf2 to enter the nucleus and activate the expression of its target genes, including HO-1, SOD, GSH, and CAT, which are also regulated by ARE. The Keap1-Nrf2 system regulates the expression of genes involved in lipid metabolism and plays an important role in maintaining glucose metabolism. It also regulates the expression of genes that encode antioxidant enzymes in pancreatic β-cells (69). Tsehay Abebe et al. found that the activation of the Nrf2 significantly improved insulin sensitivity and reduced glucose intolerance in rats on a high-fat diet (70). Also, research has shown that in vitro exposure to PM10 decreases cell viability, and reduces levels of the Nrf2 protein and ATP while increasing malondialdehyde (MDA) levels and mitochondrial reactive oxygen species (ROS). Additionally, whole-body exposure to PM10 induces oxidative stress and disrupts the Nrf2 signaling pathway. These findings further highlight that Nrf2 regulated by environmental and dietary factors in regulating play vital role in metabolic balance and responding to oxidative stress.




3.5.2 The TLR4/MyD88/NF-κB signaling pathway

The TLR4/MyD88/NF-κB signaling pathway plays an important role in inflammation and is activated by Toll-like receptors (TLRs), including TLR4. The activation of TLR4 can lead to oxidative stress by increasing ROS and LPS production, exacerbating inflammation and influencing GDM (71, 72). During inflammation in GDM, TLR4 is combined with MyD88 via the adaptor protein MAL, which leads to the stimulation of NF-κB when MyD88 interacts with IRAK and TRAK6. Inflammatory factors are released when NF-κB translocates to the nucleus (73). Previous studies have demonstrated that TLR4 and NF-κB are increased in GDM pregnancies (74, 75). Inhibition of TLR4 signaling has been shown to stimulate insulin secretion, and downregulation of the TLR4/MyD88/NF-κB pathway can alleviate oxidative stress and decrease inflammatory cytokines during GDM (76).

Furthermore, prolonged environmental exposure to certain concentrations of pollutants can activate the NF-κB pathway and induce physiological dysfunction. In mice exposed long-term to PM2.5, DNA damage was markedly increased, along with significant upregulation of IL-1β, IL-6, TNF-α, and NF-κB p65, leading to toxic effects on the bone marrow. Additionally, a high-carbohydrate diet promotes nuclear translocation of hepatic NF-κB p65 and suppresses sorcin transcription, resulting in enhanced de novo lipogenesis (DNL) and intrahepatic lipid accumulation both in vivo and in vitro. Consequently, both high-fat diets and environmental pollutant exposure influence the NF-κB pathway within the body.

As shown in the literature (Figure 1), oxidative stress can contribute to many gestational diseases, including GDM. This highlights the importance of maintaining a balance between oxidation and antioxidation as an effective strategy to treat GDM.
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Figure 1 | A schematic explaining GDM and oxidative stress. When oxidative stress is increased, ROS and LPO will also increase (55, 77), which will inhibit insulin-stimulated glucose uptake by interfering with both IRS-1 and GLUT4 (50). LPO triggers lipid metabolism disorder and vascular endothelial injury, which can all exacerbate GDM. In addition, GDM leads to excess ROS accumulation through activation of NAD(P) H (78, 79) that increases the self-oxidation of glucose [42], elevates AGEs [38, 39] and mitochondrial respiratory transmission chain (80, 81), while the levels of vitamin C, vitamin E l, CAT and SOD will decrease due to hyperglycemia (82).







3.6 The treatment of GDM



3.6.1 The conventional therapies of GDM

GDM is a prevalent gestational disease, and as a result, much research has been conducted on its pathogenesis. Currently, the main treatment options for pregnant women with GDM consist of dietary management and lifestyle modifications. In more severe cases, drug therapy may be used in conjunction with these interventions (Figure 2).
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Figure 2 | Methods for treating or alleviating GDM.





3.6.1.1 Medical nutritional therapy

GDM regulates their blood sugar levels and prevent complications. These nutritional plans strictly control caloric intake and regulate the consumption of carbohydrates, proteins, lipids, vitamins, minerals, and sugar substitutes. MNT ensures an adequate caloric intake for both the mother and the fetus while preventing excessive weight gain that could lead to related complications (83). Several dietary modifications can effectively lower glucose levels in pregnant women, more so than a standard diet. These modifications include reducing caloric intake for overweight and obese women to approximately 25 kcal per kilogram of body weight. Additionally, limiting carbohydrate content to 35–40% of total calories and focusing on complex carbohydrates instead of simple carbohydrates is recommended. The remaining energy intake should come from proteins (about 20%) and fats (approximately 30-40%), primarily unsaturated. The second modification, in particular, has been shown to improve perinatal outcomes compared to diets that include higher carbohydrate levels (84). It is suggested to have a total of six meals each day, consisting of three main meals and three smaller meals or snacks. Any two consecutive meals should be spaced at least two hours apart and no more than twelve hours apart (85). A diet enriched with extra virgin olive oil (EVOO) has been found to reduce maternal hypertriglyceridemia in GDM pregnancies and to have an anti-inflammatory effect on the placenta (86). Studies show that about 95% of GDM patients can control their blood sugar at ideal levels through simple MNT treatment (87). Combining MNT with physical exercise can also help control pregnancy weight more effectively, as obesity and excessive weight gain are major risk factors for GDM.




3.6.1.2 Pharmacological interventions

Standard drug treatments for GDM include glyburide, metformin, and insulin. Metformin reduces hepatic gluconeogenesis, and intestinal glucose absorption, and increases peripheral glucose uptake and utilization (88). Additionally, metformin alleviates GDM-induced endothelial dysfunction by downregulating p65 and upregulating Nrf2 (74). Glyburide stimulates the release of insulin and lowers blood glucose levels by reducing insulin clearance rate and glucagon secretion in the liver, thereby enhancing the sensitivity of peripheral tissues to insulin (89). Studies show that these treatments, including insulin, are safe and effective for both the mother and the fetus, as they do not induce any differences in childhood growth from 6 months to three years despite growth differences detected at birth (87, 90, 91).





3.6.2 The improvement of GDM caused by oxidative stress

Studies have shown that antioxidant therapy can prevent multiple obstetric complications and improve pregnancy outcomes. The main goals of antioxidant therapy are to reduce oxidative stress (i.e., decrease maternal ROS production), strengthen maternal antioxidant ability, decrease cell apoptosis in amniotic fluid (92–94), and alleviate oxidative damage in the fetus (92).

Antioxidant treatments have been shown to reduce lipid peroxidation and improve the ratio between prostaglandin vasodilators and vasoconstrictors in diabetic placentas, indicating a potential role in adjusting the balance between oxidation and antioxidation in the body. This, in turn, can reduce the generation of LPO in tissues and cells, improve the body’s antioxidant capacity, reverse ischemia and hypoxia, and minimize lesions in the vascular endothelium. Antioxidants have been found to be the most effective treatment against the detrimental effects of GDM on the offspring in animal models of diabetes. However, less research has been conducted on the potential effects of antioxidants on pregnant women with GDM.



3.6.2.1 Vitamins

Studies have suggested that the high incidence of fetal congenital malformation in GDM is mainly due to increased lipid peroxidation and decreased antioxidant capacity. Antioxidants, including vitamins C and E, can reduce lipid peroxidation, enhance the activity of antioxidant enzymes, and alter the activity of fetal SOD and catalase in various tissues to effectively prevent diseases during pregnancy (95). The relationship between vitamin C and GDM is controversial, and different studies have given different insights. A study in Iran uncovered no statistically significant association between serum vitamin C levels and GDM (96). In contrast, a Chinese study demonstrated that the increased risk of GDM from maternal blood exposure to arsenic (As) and mercury (Hg) could be mitigated through vitamin C supplements and high dietary vitamin C intake (97). In addition, more researchers tend to suggest that vitamin C intake can reduce the risk of GDM. The diversity of the results of these studies may be related to the different indicators used by each survey in assessing vitamin C. Moreover, it was verified that vitamins E and C are beneficial for diabetic women with lower concentrations of antioxidants in their plasma; however, the DAPIT (Diabetes and Pre-eclampsia Intervention Trial) studies have revealed that these vitamins do not reduce the occurrence of preeclampsia in pregnant women with type 1 diabetes mellitus without additional treatments (98). The benefits of vitamin supplementation may be limited to women with vitamin deficiency, which needs to be further confirmed by recruiting a large enough population for randomized trials. And in the management of diseases, the administration of vitamins serves primarily to provide an auxiliary anti-oxidative effect and should be used in conjunction with other medications.

Folic acid, vitamin B6, and vitamin B12 are known to effectively lower the levels of total homocysteine in fasting plasma and improve arterial endothelial function. Studies have shown that folic acid reduces the incidence of abnormalities in the embryo yolk sac of animal models with GDM, increases the expression of antioxidant enzymes, and also decreases the expression of genes associated with apoptosis (99). Vitamin D deficiency in pregnant women has been linked to an increased risk of developing GDM, and vitamin D supplementation may be helpful in reversing GDM (100–102). Overall, vitamin supplements could be an effective strategy for treating and preventing GDM, but further research is needed to confirm these findings.




3.6.2.2 α-lipoic acid

α-lipoic acid can directly eliminate ROS and free radicals, chelate metal ions, and regenerate other antioxidants to maintain the balance between oxidation and antioxidation. It is an antioxidant that can protect islet cells from free radical damage and interfere with IR to alleviate oxidative stress. In animal models, it has been shown that lipoic acid minimizes the incidence of fetal neural tube defects and prevents oxidative damage to the placental vasculature, reducing the rate of placental abnormalities (103). Therefore, lipoic acid could play a vital role in preventing the occurrence of GDM and its complications. However, the safety and efficacy of α-lipoic acid need to be further studied (104).




3.6.2.3 Peroxisome proliferator-activated receptors ligand or agonist

PPARs are nuclear transcription factors comprising three subtypes: PPARα, PPARβ, and PPARγ, which play important roles in fat and sugar metabolism, oxidative stress, and inflammation. These receptors exhibit anti-diabetic, anti-inflammatory, and antioxidant properties. Studies have shown that PPAR agonists improve insulin sensitivity and glucose tolerance in diabetic animal models and in women with GDM. They also reduce the lipid peroxidation reaction in the placenta of diabetic mice. A diet rich in PPAR ligands has the potential to prevent NO production induced by hyperglycemia in embryos and reduce the incidence of congenital malformations (105). These findings suggest that PPAR ligands may prevent the overexpression of free radicals, as well as the development of GDM and its complications.




3.6.2.4 Chinese herbology

Antioxidants commonly used in clinical settings cannot completely eliminate oxidative stress. Therefore, there has been increased interest in using traditional Chinese medicine to treat oxidative stress in GDM. Traditional Chinese medicine emphasizes syndrome differentiation and treatment, that is, individualized treatment according to the patient’s physique, illness, symptoms and so on. Breviscapine, a traditional Chinese medicine, has been shown to reduce the amount of LPOs and enhance the effects of antioxidant enzymes. Weibugan decoction is another effective prescription for treating diabetic vascular diseases. Salvia miltiorrhiza extract can also reduce MDA and ROS levels and increase total antioxidant status (TAS) and SOD activity in serum (106). The Lingguizhugan decoction enhances the antioxidant capacity of GDM patients by increasing SOD levels and decreasing MDA content (107). However, these studies lack pharmacokinetic research, such as optimal dosing and bioavailability, as well as reliable clinical trial data to validate their effectiveness. Additionally, certain herbal ingredients may have adverse effects on the fetus, necessitating further clinical research to determine their suitability for treating GDM.




3.6.2.5 Microelement

Iron, a transitional metal, catalyzes the reaction from O2− and H2O2 to the extremely reactive •OH within the mitochondria (108). Ferritin in the serum has been correlated with oxidative stress and GDM (109), indicating that excessive iron intake can also be harmful and associated with oxidative stress in GDM.

Selenium and zinc are trace elements that are necessary for the activity of certain antioxidant enzymes, which may explain why their deficiency is correlated with the incidence of GDM (2, 110, 111). Jamilian et al. reported that magnesium, zinc, and calcium supplements reduce oxidative stress and improve pregnancy outcomes in patients with GDM (102). Selenium has been shown to be involved in maintaining normal glucose uptake, regulating cellular glucose use, and reducing IR. The association between selenium and hyperglycemia in pregnancy may be due to its antioxidant and insulin-mimetic functions (112). Dietary intake and serum levels of zinc are significantly associated with hyperglycemia in pregnancy (113). Zinc can exert multiple indirect antioxidant functions (114), and its deficiency reduces the response to insulin, while its supplementation appears to be beneficial for glucose homeostasis (115). Maternal diabetes has been found to lead to zinc deficiency in fetuses in diabetic rats, and zinc plays an important role in the action of many enzymes and cellular processes, so this deficiency may be one of the teratogenic causes of maternal diabetes (116). It is important to note that dietary intake of zinc and selenium is not the only determinant of their serum levels, as other factors such as age, oxidative stress, chronic disease, and inflammation may also affect their levels. Therefore, the intervention method of trace elements can only alleviate metabolic abnormalities in pregnancy, fetal morbidity, and related adverse consequences, and cannot be used as the main treatment method. Nonetheless, the daily intake of these trace elements should be within recommended limits, and integrating supplements with medications can optimize their efficacy.




3.6.2.6 Lifestyle modifications

In addition to diet management, traditional Chinese and Western medicine, and tonic therapy, maintaining appropriate exercise, as a form of lifestyle modification, is beneficial for pregnant women with GDM in controlling blood glucose levels and alleviating symptoms (117, 118). Exercise, which follows the FITT principle encompassing frequency, intensity, type, and time, refers to regular physical activity tailored to individual needs. The American College of Obstetricians and Gynecologists (ACOG) recommends that pregnant women, barring any medical or obstetric contraindications, should engage in approximately 30 minutes of moderate-intensity aerobic exercise, including activities such as walking, swimming, adapted yoga, Pilates, and stationary cycling, on most days of the week. During physical activity, our muscles utilize glucose from the bloodstream as an energy source independently of insulin. Research has demonstrated that women with GDM exhibit decreased GLUT4 expression in muscle tissue. Nevertheless, engaging in exercise can augment GLUT4 expression and facilitate its translocation from the intracellular compartment to the cell membrane. This process enhances muscle insulin sensitivity and promotes glucose uptake by the muscles independently of insulin’s action. The benefits of exercise persist even after physical activity has ceased, aiding in the maintenance of normal blood glucose levels for extended periods. Furthermore, exercise boosts energy expenditure and improves both insulin sensitivity and glucose tolerance, thereby contributing to effective weight management. Moreover, low-intensity exercise offers advantages for GDM patients. According to Yu et al., exercise can significantly reduce the incidence of GDM (119), thus lowering the risk of adverse pregnancy outcomes, such as macrosomia, premature delivery, and cesarean section (120). Beyond maternal benefits, exercise positively influences fetal development and offspring health throughout their lifespan. Moreover, these healthy habits can also mitigate the risk of cardiovascular disease and type 2 diabetes mellitus in pregnant women with diabetes, thereby enhancing overall maternal health.




3.6.2.7 Probiotic bacteria

In comparison to healthy pregnant women, GDM individuals have a greater abundance of bacteria belonging to the genera Ruminococcus, Eubacterium, and Prevotella and a lower number of bacteria belonging to the genera Bacteroides, Parabacteroides, Roseburia, Dialister, and Akkermansia (121). Alterations in these flora may influence insulin sensitivity and metabolism (122). Therefore, changing the intestinal flora may be able to treat GDM. Probiotic bacteria can maintain the balance of intestinal flora, enhance intestinal barrier function, and regulate immune function by growing and reproducing in the intestine (123). Emerging evidence indicates that probiotics exert a beneficial influence on blood glucose regulation, suggesting their potential as an effective tool for mitigating the incidence of GDM (121). Recent research also highlights that adopting healthy dietary practices, including the consumption of probiotics during pregnancy, can significantly lower the risk of GDM (124).







4 Conclusion

Oxidation is a natural part of human metabolism, but an imbalance in antioxidant pathways can lead to excessive free radicals such as ROS and RNS, causing oxidative stress. Several factors can contribute to oxidative stress, including hyperglycemia. Hyperglycemia can trigger the accumulation of ROS by activating NAD(P)H, increasing glucose autoxidation, and altering mitochondrial respiratory transport chains. Furthermore, oxidative stress disrupts signal transduction involved in glucose regulation, exacerbating GDM.

Though the relationship between oxidative stress and GDM is complex, evidence supports the crucial role of oxidative stress in GDM pathogenesis. By focusing on prevention and treatment strategies for oxidative stress, we can reduce the incidence and severity of GDM, and improve outcomes for mothers and infants. Ongoing research in this field is essential for understanding GDM pathogenesis and developing more effective prevention and treatment measures. At the same time, the study revealed that the appropriate exercise plan formulated in accordance with the FITT principle can not only effectively control blood sugar and optimize pregnancy outcomes for pregnant women with GDM, but also comprehensively improve their health level. Exercise plays a multi-dimensional role by enhancing insulin sensitivity, promoting glucose uptake and weight control, and has a positive impact on fetal and offspring health. Therefore, under the guidance of medical professionals, encouraging pregnant women with GDM to implement regular exercise is considered as a safe and effective management means. Biomarkers for early detection of GDM and oxidative stress, may aid in diagnosis and treatment, improving outcomes for mothers and infants. And detection kits for early detection of GDM are expected to be developed, which would allow for predicting the development of GDM before poor glucose tolerance is identified. Developing new drugs for GDM treatment is also important, with a focus on safety, stability, effectiveness, and side effects.

However, the results from these studies may not represent the global population, as most were conducted in China. Additionally, a significant limitation of these studies is the relatively small size of the participant groups. Therefore, future research on GDM women from various geographic locations and with larger sample sizes is necessary to validate these findings. Additionally, Nutritional supplements and probiotics have been shown to decrease biomarkers of inflammation and oxidative stress in laboratory settings and in women with GDM. However, the clinical significance of this reduction, as well as any potential adverse effects on the mother and fetus, remain unclear. As a result, further research is needed to better understand the impact of such supplementation on maternal and fetal health. Meanwhile, the differences in diagnostic criteria among countries significantly affect the diagnosis rate and the heterogeneity of the study population, thus posing challenges to data synthesis. In order to reduce this impact, it is necessary to establish an international consensus to unify diagnostic criteria and standardize research data processing, while strengthening research quality control and using advanced statistical methods to improve the accuracy and reliability of data synthesis. Finally, strengthening international cooperation and exchanges, sharing research data and results, and jointly carrying out research projects are also important ways to promote the in-depth development of gestational diabetes research.
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Treatment groups

T2 T3

Age (years)

Mean * SD 48 £9 51+9 50 £ 11 48 £9

T1: Placebo (starch tablets 250 mg x 2).
T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Univariable logistic regression Multivariable logistic regression

U”a‘g}‘fted 95% Cl Pvalue Adjusted OR 95% Cl P value
Age 1.05 1.01 - 1.10 0.024* 1.05 1.00 - 1.10 0.073
Pregestational BMI L1 107 - 115 <0.001* 103 101 - 106 0012
Previous GDM history 15.82 667 - 37.54 <0.001* 9.97 392-2537 <0001*
:::::;psia sy 532 1.6 - 17.02 0.005* 279 0.6 - 1183 0.163
Family history of DM 246 1,50 - 405 <0.001 236 139 - 402 0.001°
Chronic hypertension 4.60 1.65 - 12.84 0.004* 0.78 0.19 -3.21 0.734
MAP 1.05 1.03 -1.07 < 0.001* 1.17 1.07 - 1.27 < 0.001*
PAPP-A 0.85 0.79 - 0.92 < 0.001* 0.91 0.83 - 1.00 0.040%
PLGF 0.99 0.97 - 1.00 0.012* 0.99 0.98 - 1.01 0.262

GDM, gestational diabetes mellitus; BMI, body mass index; DM, diabetes mellitus; MAP, mean arterial pressure; PAPP-A, pregnancy-associated plasma protein A; PLGF, placental growth factor;
OR, odds ratio; Cl, confidence interval.
*P < 0.05 was considered statistically significant.
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Non- GDM

(N = 1356)

Gestational age at

12.6 (12.3-12.9) 12.7 (12.4-13.0) 0.570
scan (weeks)

CRL (mm) 66.2 (62.6-70.0) | 665 (629-702) 0361
NT (mm) 1.8 (1.6-2.0) 1.8 (1.6-2.0) 0.190
Uterine artery PI 1.52 (1.30-1.98) 1.57 (1.29-1.89) 0.956
MAP (mmHg) 86.3 (79.7-93.7) | 817 (75.7-88.0) = < 0.001*
PAPP-A (IU/L) 501 (3.26-634) | 573 (3.99-7.97) < 0.001*
38.00 40.85 0261
Free B-hCG (IU/L
e pHTBITIL) (25.80-61.23) (27.90-61.40)
39.88 4181 0.044%
PLGF (pgimnl) (27.22-50.69) (29.43-55.60)

Data are presented as median (interquartile range).

GDM, gestational diabetes mellitus; CRL, crown-lump length; N'T, nuchal translucency; PI,
pulsatility index; MAP, mean arterial pressure; PAPP-A, pregnancy-associated plasma protein
A; B-hCG, beta-human chorionic gonadotropin; PLGF, placental growth factor.

*P < 0.05 was considered statistically significant.
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95% ClI Cut-off valu Sensitivity Specifici P value

Age 0.56 0.50 - 0.62 32.5 years 0.56 0.51 0.040*
Pregestational 2

BMI 0.66 0.60 - 0.72 2245 kg/m’ 0.65 0.61 < 0.001*
MAP 0.64 0.58 - 0.69 84.17 mmHg 0.60 0.62 < 0.001*
PAPP-A 062 0.56 - 0.67 4.951U/L 061 0.50 <0.001*
PLGF 0.56 0.51 - 0.62 40.64 pg/mL 053 052 0.044*
Combination® 0.73 0.68 - 0.79 070 063 <0.001*

ROGC, receiver operating characteristic; GDM, gestational diabetes mellitus; BMI, body mass index; MAP, mean arterial pressure; PAPP-A, pregnancy-associated plasma protein A; PLGF,
placental growth factor; AUC, area under the curve; CI, confidence interval.

*P < 0.05 was considered statistically significant.

“Including age, pregestational BMI, MAP, PAPP-A, PLGF, previous gestational diabetes mellitus and preeclampsia history, family history of diabetes mellitus, and chronic hypertension (as
shown in Figure 2B).
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Factor missing (%) IR Non-IR

N 1908 5725
Age, year 51.00 (19.00) 48.00 (22.00) <0.01
Gender <0.01

Male 981 (51.42%) 2545 (44.45%)

Female 927 (48.58%) 3180 (55.55%)
Province <0.01

Liaoning 232 (12.16%) 472 (8.24%)

Heilongjiang 198 (10.38%) 605 (10.57%)

Jiangsu 215 (11.27%) 771 (13.47%)

Shandong 173 (9.07%) 609 (10.64%)

Henan 198 (10.38%) 654 (11.42%)

Hubei 206 (10.80%) 613 (10.71%)

Hunan 324 (16.98%) 664 (11.60%)

Guangxi 183 (9.59%) 818 (14.29%)

Guizhou 179 (9.38%) 519 (9.07%)
Educational level 10(0.13%) 025

None 418 (21.91%) 1323 (23.15%)

Primary school 374 (19.60%) 1095 (19.16%)

Lower middle school 617 (32.34%) 1957 (34.24%)

Upper middle school 244 (12.79%) 665 (11.64%)

Technical or vocational school 150 (7.86%) 394 (6.89%)

University or college 105 (5.50%) 279 (4.88%)

Master or higher 0 (0.00%) 2 (0.03%)
Height, cm 97(1.27%) 161.80 (13.20) ‘ 160.40 (12.00) <0.01
Weight, kg 131(1.72%) 64.50 (15.30) 57.60 (13.70) <0.01
SBP, mmHg 84(1.10%) 124.00 (24.00) 120.00 (20.00) <001
DBP, mmHg 85(1.11%) 80.00 (14.00) 80.00 (16.00) <001
BMLI, kg/m? 140(1.83%) 24.60 (4.45) 2227 (4.19) <001
Total calorie intake, kcal 2096.83 (820.51) 2076.05 (836.01) 0.72
Current smoker 212(2.78%) 593 (32.05%) 1537 (27.59%) <0.01
Current drinker 49(0.64%) 467 (24.60%) 1091 (19.19%) <0.01
Hypertension 9(0.12%) 327 (17.16%) 512 (8.95%) <001
Stroke 6(0.08%) 30 (1.57%) 57 (1.00%) 0.04
MI 6(0.08%) 22 (1.15%) 39 (0.68%) 0.05
Urea, mmol/L 5.38 (1.83) 521 (1.96) <0.01
Uric acid, mg/dL 348.00 (129.00) 274.00 (109.00) <0.01
Apo Al g/L 1.07 (0.35) 111 (0.34) <0.01
Apo B, g/L 1.02 (0.36) 0.82 (0.31) <001
Lp(a), mg/dL 69.00 (111.00) 83.00 (133.00) <0.01
Creatinine, tmol/L 87.00 (20.00) $3.00 (20.00) <001
HDL-c, mmol/L 1.19 (0.40) 1.46 (0.46) <0.01
LDL-¢, mmol/L 1(0.01%) 298 (1.33) 2.85 (1.11) <0.01
Magnesium, mmol/L 0.95 (0.11) 0.93 (0.10) <0.01
Ferritin, ng/mL 5(0.07%) 108.84 (138.14) 67.75 (90.47) <001
Insulin, ulU/mL 12(0.16%) 12,92 (10.30) 9.43 (6.24) <001
‘WBC, 1079/L 16(0.21%) 6.30 (2.12) 5.90 (2.06) <0.01
RBC, 10712/L 54(0.71%) 4.73 (0.77) 4.60 (0.77) <0.01
Platelet, 10A9/L 21(0.28%) 213.00 (84.00) 211.00 (84.00) 0.38
Hemoglobin, g/L 145.00 (25.00) 139.00 (25.00) <001
HbAIlc, % 5.50 (0.50) 5.40 (0.50) <001
TP, g/L 77.30 (7.10) 77.00 (6.60) 0.01
Albumin, g/L 48.00 (4.15) 47.00 (4.20) <001
Glucose, mmol/L 5.39 (0.83) 4.94 (0.72) <0.01
Triglycerides, mmol/L 2.59 (1.19) 1.01 (0.58) <0.01
TC, mmol/L 5.17 (1.35) 4.59 (1.20) <001
ALT, U/L 1(0.01%) 23.00 (17.00) 17.00 (11.00) <001
Transferrin, g/L 5(0.07%) 295.00 (69.00) 277.00 (66.00) <0.01
TyG index 4,99 (0.25) 4.49 (0.31) <0.01

SBP, systolic pressure; DBP, diastolic pressure; BMI, body mass index; MI, myocardial infarction; Apo AL, apolipoprotein Al; Apo B, apolipoprotein B; Lp(a), lipoprotein (a); HDL-c, high-
density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell; RBC, red blood cell; TC, total cholesterol; ALT, alanine aminotransferase.
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Crude Partially Fully

IR/non-IR
OR (95%Cl) OR (95%Cl) OR (95%Cl)
Total 1908/5725 0.94(0.91-0.97) <0.01 0.94(0.91-0.97) <0.01 0.95(0.92-0.98) <0.01
Men 981/2545 0.90(0.86-0.95) <0.01 0.91(0.87-0.95) <0.01 0.94(0.89-0.99) ‘ 001
‘Women 927/3180 0.98(0.94-1.02) 0.25 0.96(0.92-1.00) 0.06 0.96(0.92-1.01) ‘ 0.09

Crude, no adjustment of any risk factor; partially, adjusted for age, gender, and province; fully, adjusted for age, gender, province, BMI, educational level, smoking, alcohol consumption, total
calorie intake, MI, stroke, hypertension, LDL-c, HbAlc, and insulin. Abbreviations as in





OPS/images/fendo.2023.1242700/table3.jpg
Age (adjusted for hypertension, smoking status, and heart rate)

Beta t P
Eyes-open TTL 0.113 2788 0.005
SA 0.161 4.023 <0.001
TTL/SA . —-0.084 -2.059 0.04
MSL-X 0.197 4923 <0.001
MSL-Y 0.113 2811 0.005
VX 0.043 1.044 0.297
VY 0.157 3.896 <0.001
Eyes-closed TTL 0.171 4.249 <0.001
SA 0.16 3.962 <0.001
TTL/SA -0.13 -3.193 0.001
MSL-X 0.191 4.74 <0.001
MSL-Y 0.096 2362 0.018
V-X 0.107 2.634 0.009
VY 0.188 4.676 <0.001
Romberg quotient -0.019 -0.459 0.646

TTL, total tracking lengths SA, sway area; TTL/SA, tracking length cach area unit; MSL-X, CoP maximum sway length on the X axis; MSL-Y, CoP maximum sway length on the Y axis; V-X, CoP
velocity on the X axis; V-Y, CoP velocity on the Y axis.
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Group 1 (n = 233)

<60 years

Group 2 (n = 287)
60-70 years

Group 3 (n = 186)
>70 years

Age, median (IQR), years 53.00 (7.00) 65.00 (6.00) 74.00 (3.00) <0.001
Gender, male/female 152/81 188/99 114/72 0.605
BMI, median (IQR), kg/m® 24.47 (3.29) 24.33 (3.78) 24.40 (3.95) 0.685
BMI category, n 0.943
1 Normal weight 98 129 81

2 Overweight 107 123 80

3 Obesity 28 35 25

Systolic pressure, median (IQR), mmHg 128.00 (22.00) 135.00 (20.00) 143.00 (20.00) <0.001
Diastolic pressure, median (IQR), mmHg 79.00 (13.00) 80.00 (14.00) 78.00 (16.00) 0.102
Hypertension, n 76 180 138 <0.001
Current smoking, n 44 35 12 0.001
Heart rate, median (IQR), bpm 78.00 (13.00) 75.00 (12.00) 74.00 (17.00) 0.026
FBG, median (IQR), mmol/L 722 (2.27) 6.82 (2.22) 6.97 (2.15) 0.193

IQR, interquartile range; BMI, body mass index; FBG, fasting blood glucose; BMI category: normal weight (BMI = 18.5-23.9), overweight (BMI = 24-27.9), and obesity (BMI = 28).
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Subgroups Case, n Control, n 0Odds Ratio (95%CT P 0Odds Ratlo (95%CD* P*
CCHTC vs.TT : 3

All subjects (148.352) (143.359) 1.056 (0.804-1.387) 0.698 1,086 (0.814-1.449) 0.573
Age

<30 (52,140 (94.210) 0.83 (0.556-1.239) 0.361 0.893 (0.589-1.355) 0.595
=30 (96.212) (49.149) 1.337 (0.92-2.06) 0.12 1.324 (0.878-1.996) 0.181
CC vs.TC+TT

All subjects 9.491) (18.484) 0.493 (0.219-1.108) 0.087 0.439(0.186-1.039) 0.061
Age

<30 (3.189) (9.295) 0.52(0.139-1.946) 0332 0.658 (0.163-2.648) 0.556
>30 (6,302) (9,189) 0.417(0.146-1.191) 0.102 0.369 (0.127-1.107) 0.067
TC vs.CC+TT

All subjects (139.361) (125377) 1161 (0.876-1.539) 0.298 1.212(0.900-1.632) 0.205
Age

<30 (49,143) (85.219) 0.883 (0.586-1.33) 0.551 0.927(0.605-1.419) 0.726
=30 (90.218) (40.158) 1.631 (1.066-2.494) 0.024 1.595 (1.034-2.459) 0.035
CCvs.TT

All subjects 9.352) (18.359) 0.510(0.226-1.15) 0.105 0.459(0.193-1.09) 0.078
Age

<30 (3,140) 9.210) 0.5(0.133-1.879) 0.305 0.642(0.159-2.597) 0.534
>30 (6.212) (9.149) 0.469 (0.163-1.344) 0.159 0.413(0.141-1.203) 0.105
TCvs.TT

All subjects (139.352) (125359) 1.134 (0.855-1.505) 0.383 1181 (0.876-1.592) 0.276
Age

<30 (49,140 (85.210) 0.865 (0.573-1.305) 0489 0.915(0.597-1.404) 0.685
>30 (90.212) (40.149) 1.581(1.031-2.425) 0.036 1.537(0.994-2.377) 0.053
Cvs.T

All subjects (157,933) (161.843) 0975 (0.767-1.239) 0.837 0.988 (0.767-1.273) 0.925
Age .

<30 (55,329) (103,505) b 0.82(0.574-1.17) 0273 0.886 (0.612-1.284) 0.523
=30 102,604 58.338) 0.984 (0.694-1.395, 0.928 1.106 (0.774-1.582 0.579
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Group 1 (n=233) Group 2 (n=287) Group 3 (n = 186) Post-hoc pairwise
<60 years 60-70 years >70 years comparisons, p

1vs.2 1vs.3 2vs. 3

Eyes-open TTL 182.51 (116.12) 206.60 (98.69) 213.76 (93.38) <0.001 0.018 <0.001 0.36
SA 113.92 (119.54) 143.52 (120.71) 162.10 (136.87) <0.001 0.001 <0.001 0217
TTL/SA 1.60 (1.23) 1.36 (1.00) 135 (0.89) 0.001 0.016 001 0.87
MSL-X 1034 (6.58) 12.77 (7.12) 13.39 (8.00) <0.001 <0.001 <0.001 0315
MSL-Y 1681 (8.11) 17.83 (8.35) 18.73 (8.06) 0.004 0065 0004 0.724
VX 3.40 (2.80) 3.60 (2.10) 3.65 (2.10) 0.134 / / /
VY 440 (2.50) 4.90 (2.50) 5.35 (2.20) <0.001 0.002 <0.001 0.253
Eyes-closed TTL 266.61 (127.35) 282.39 (157.37) 309.60 (181.45) 0.002 0.137 0.001 0.195
SA 162.88 (160.79) | 195.85 (203.03) 22241 (244.22) <0.001 0.06 <0.001 0.125
TTL/SA 151 (1.17) 1.50 (1.03) 140 (0.98) 0.096 / / /
MSL-X 1181 (7.55) 12.80 (7.55) 14.03 (9.57) <0.001 0.096 <0001 0.048
MSL-Y 22.08 (9.66) 23.94 (11.89) 25.16 (11.35) 0024 0.135 0028 1
V-X 420 (2.95) 4.00 (3.10) 440 (3.15) 0.12 / / /
VY 7.10 (335) ‘ 7.70 (4.00) 840 (4.70) ‘ <0.001 0.019 <0.001 03
Romberg quotient 156.60 (156.85) 142.00 (124.40) 13840 (153.70) 0365 / / /

TTL, total tracking length; SA, sway area; TTL/SA, tracking length each area unit; MSL-X, CoP maximum sway length on the X axis; MSL-Y, CoP maximum sway length on the Y axis; V-X, CoP
velocity on the X axis; V-Y, CoP velocity on the Y axis; 1 vs. 2, Group 1 vs. Group 2; 1 vs. 3, Group 1 vs. Group 3; 2 vs. 3, Group 2 vs. Group 3.
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Variable T1 T2 il square p-value
Pre-trial melatonin (mean rank) 170.70 135.57 142.12 136.13 822 0.140
Post-trial melatonin (mean rank) 157.10 111.97 144.17 17111 207 ‘ 0.000*

*p-value was obtained by the Kruskal-Wallis H test with <0.05 level of significance. Data presented in mean rank.
T1: Placebo (starch tablets 250 mg x 2).

T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Treatment groups

ISI categories

p-value
{2 T3
No clinically significant insomnia 0 (0.0%) 1 (1.3%) 1 (1.4%) 4 (5.5%) 6 (2.1%)
Sub-threshold insomnia 3 (4.4%) 17 (22.7%) 20 (27.0%) 4 (5.5%) 44 (15.2%)
Clinical insomnia (moderate severity) 42 (61.8%) 42 (56.0%) 45 (60.8%) 45 (61.6%) 174 (60.0%) 0.0001
Clinical insomnia (severe) 23 (33.8%) 15 (20.0%) 8 (10.8%) 20 (27.4%) 66 (22.8%)
Total 68 (100.0%) 75 (100.0%) 74 (100.0%) 73 (100.0%) 290 (100.0%)

T1: Placebo (starch tablets 250 mg x 2).
T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Treatment groups

ISI categories

T2 T3
No dlinically significant insomnia 0 (0.0%) 23 (30.7%) 24 (32.4%) 0 (41.1%) 77 (26.6%)
Sub-threshold insomnia 19 (27.9%) 22 (29.3%) 21 (28.4%) 21 (28.8%) 83 (28.6%)
Clinical insomnia (moderate severity) 22 (324% 30 (40.0%) 29 (39.2%) 2 (30.1%) 103 (35.5%) 0.0001
Clinical insomnia (severe) » 27 (39.7%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 27 (9.3%)
Total 68 (100.0%) 75 (100.0%) 74 (100.0%) 73 (100.0%) 290 (100.0%)

T1: Placebo (starch tablets 250 mg x 2).
T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Variable T1 T2 il T4 square p-value
Pre-trial ISI score (mean rank) 145.18 148.61 129.78 158.49 4481 0.214
Post-trial ISI score (mean rank) 160.68 140.24 149.36 133.12 427 ‘ 0.233

*p-value was obtained by the Kruskal-Wallis H test with <0.05 level of significance. Data presented in mean rank.
T1: Placebo (starch tablets 250 mg x 2).

T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Serum cortisol level 2 T4
42.55 = 9.08 40.71 £ 936 4144 £ 929 41.57 + 10.01
Difference (mean + SD)
40.75 + 8.46 24.75 + 641 31.69 £ 8.39 22.70 + 4.07
p-value 0.247 0.03 0.04 0.001

T1: Placebo (starch tablets 250 mg x 2).
T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Variable T1 T2 3 T4 p-value
Pre-trial cortisol (mean rank) 154.22 138.26 145.88 144.64 1.302 0.792
Post-trial cortisol (mean rank) 23343 10477 167.72 84.67 13574 0.000%

*p-value was obtained by the Kruskal-Wallis H test with <0.05 level of significance. Data presented in mean rank.
T1: Placebo (starch tablets 250 mg x 2).

T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Serum melatonin level (pg

T4
Pre-trial 7.03 £2.32 579 £ 243 6.26 + 1.90 6.12 £2.25
Difference (mean + SD)
Post-trial 6.84 + 1.61 6.17 £ 2.07 6.50 + 1.78 1537 £ 17.37
p-value 0.502 0.047 0.189 0.001

T1: Placebo (starch tablets 250 mg x 2).
T2: Magnesium (250 mg x 2).

T3: Potassium (250 mg x 2).

T4: Magnesium + potassium (250 mg x 2).
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Characteristic OR (95%Cl) Prend

Quartile 1 Quartile 2 Quartile 3 Quartile 4
160HE1 <0.309 0.310-0.404 0.405-0.560 20.561
Crude OR 1.00 (reference) 0.67 (0.10-4.34) 6.25 (1.52-25.66) 47.92 (9.67-237.45) <0.001
Adjusted OR* 1.00 (reference) 0.68 (0.06-3.48) 6.89 (1.42-33.30) » 7222 (11.27-462.71) <0.001
E1-G/S <9.510 ‘ 9.511-12.779 12.780-15.338 215.339
Crude OR 1.00 (reference) 1.05 (0.29-3.77) 237 (0.73-7.71) 6.23 (1.89-20.57) <0.01
Adjusted OR* 1.00 (reference) 1.14 (0.30-4.36) 1.66 (0.45-6.11) 6.28 (1.74-22.71) <0.05
2-pathway: total <0.012 0.013-0.02 0.021-0.032 20.033
Crude OR 1.00 (reference) 1.67 (0.57-4.84) 0.53 (0.18-1.62) 0.30 (0.09-1.03) <0.05
Adjusted OR* 1.00 (reference) 2.80 (0.86-9.12) I 1.02 (0.27-3.83) [ 0.65 (0.17-2.52) 0.108

*Conditional logistic regression (matching variables: age, BMI and triglycerides). OR, odds ratio.
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Exposure nSNPs Methods Pval OR(95% CI)
CD127 on CD28+ CD45RA+ CD8br 19 MR Egger 0.375 —_ 0.943 (0.830 to 1.071)
19 Weighted median 0.045 — —I 0.909 (0.827 to 0.998)

19 Inverse variance weighted 0.013 l—l—l 0.919 (0.860 to 0.982)

19 Simple mode 0.138 «— ——l 0.877 (0.743 to 1.035)

19 Weighted mode 0.071 l—l—l 0.876 (0.764 to 1.003)

CD19 on PB/PC 22 MR Egger 0.083 — 0.881 (0.770 to 1.009)

22 Weighted median 0.085 — —l 0.911 (0.820 to 1.013)

22 Inverse variance weighted 0.005 —a— 0.902 (0.839 to 0.970)

22 Simple mode 0.393 —_— —— 0.922 (0.767 to 1.107)

22 Weighted mode 0.521 l—l——i 0.948 (0.806 to 1.114)

HLA DR++ monocyte %leukocyte 8 MR Egger 0.371 l—-— —_— 1.079 (0.925 to 1.259)
8 Weighted median 0.008 —_— 1.170 (1.043 to 1.314)

8 Inverse variance weighted 0.001 —a— 1.153 (1.059 to 1.255)

8 Simple mode 0.031 —_— 1.203 (1.052 to 1.377)

8 Weighted mode 0.016 — 1.197 (1.070 to 1.340)

HLA DR on plasmacytoid DC 22 MR Egger 0.002 — — 1.103 (1.044 to 1.164)
22 Weighted median <0.001 - - 1.128 (1.079 to 1.179)

22 Inverse variance weighted <0.001 HiEH 1.078 (1.039 to 1.120)

22 Simple mode 0.406 —_ 1.047 (0.941 to 1.166)

22 Weighted mode <0.001 i 1.120 (1.076 to 1.166)
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Control (n=70)
Age (year) 305 (28.5-34.5) 29 (27-32)
Pre-pregnancy weight (kg) 60.7 £9.9 57.8 +10.6
Pre-pregnancy BMI (kg/m2) 237 +38 222+37
Pregnancy weight (kg) 69.62 + 10.46 66.34 £ 9.56
Pregnancy BMI (kg/m2) 2701 +£3.74* 25.55 + 3.15
SBP (mmHg) 1162 + 7.4 113.1 + 8.8
DBP (mmHg) 738 £ 6.4 70.9 £ 8.5
ALT(IU/L) 16.95 (10.95-24.54) 18.65 (11.2-29.6)
AST(IU/L) 16.7 (14.1-20.67) 19 (14.3-23.2)
GGT(IU/L) 17.15 (10.75-24.87) 13.95 (11.3-18.1)
TG(mmol/L) 247 (1.93-3.35)** 1.85 (1.65-2.29)
TC(mmol/L) 569 + 114 5.58 +0.97
HDL(mmol/L) 1.96 (1.63-2.3)* 2.12 (1.89-2.5)
LDL(mmol/L) 2.70 (2.32-3.34) 3.00 (2.46-3.43)
FPG (mmol/L) 4.67 (4.31-5.30)** | 4.13 (4.12-4.56)
1hPG (mmol/L) 10.4 (9.55-10.77)** 7.6 (6.6-8.3)
2hPG (mmol/L) 8.5 (7.2-9.37)* 6.15 (5.6-7)

‘The normality of values was analyzed by Shapiro-Wilk test. Values with normal distribution were expressed as Mean + SD. Values with non-normality were expressed as median and interquartile
range (Q1~Q3). BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; FPG: fasting plasma glucose; 1hPG:1-hour plasma glucose; 2hPG:2-hour plasma glucose.

Pregnancy weight was measured at 24-28 gestational weeks.
* p <0.05, ** p <0.01, compared with control group.
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Outcome NSNPs Methods Pval OR(95% CI)
CD39+ activated Treg AC 6 MR Egger 0.200 +— ——l 0.756 (0.528 to 1.081)
6 Weighted median 0.002 = — 0.798 (0.692 to 0.921)
6 Inverse variance weighted 0.003 o 0.832 (0.738 to 0.939)
6 Simple mode 0.104 — — 0.812 (0.661 to 0.998)
6 Weighted mode 0.055 —_ — 0.803 (0.676 to 0.954)
CD39+ activated Treg %CD4 Treg 6 MR Egger 0.093 &— — 0.671 (0.470 to 0.957)
6 Weighted median 0.002 —o—i 0.797 (0.692 to 0.918)
6 Inverse variance weighted 0.003 —o— 0.833 (0.739 to 0.939)
6 Simple mode 0.085 —_— 0.812 (0.671 to 0.983)
6 Weighted mode 0.031 — — 0.801 (0.692 to 0.928)
CD39+ resting Treg AC 6 MR Egger 0.374 — —-—l 0.837 (0.591 to 1.186)
6 Weighted median 0.024 — —l 0.847 (0.733 to 0.978)
6 Inverse variance weighted 0.006 o 0.849 (0.755 to0 0.955)
6 Simple mode 0.112 — —i 0.831 (0.689 to 1.003)
6 Weighted mode 0.074 |—0—|E 0.849 (0.736 to 0.979)
CD39+ resting Treg % CD4 Treg 6 MR Egger 0.231 — _._| 0.780 (0.553 to 1.101)
6 Weighted median 0.009 —o— 0.828 (0.718 to 0.954)
6 Inverse variance weighted 0.002 o 0.832 (0.741 to 0.935)
6 Simple mode 0.079 — —| 0.816 (0.682 to 0.978)
6 Weighted mode 0.047 —— 0.824 (0.713 to 0.952)
CD39+ CD8br %T cell 6 MR Egger 0.191 +— —— 0.751 (0.525 to 1.073)
6 Weighted median 0.035 — —! 0.849 (0.730 to 0.989)
6 Inverse variance weighted 0.004 o 0.839 (0.744 to 0.946)
6 Simple mode 0.350 — —| 0.894 (0.722 to 1.106)
6 Weighted mode 0.079 l—o—uf 0.835 (0.711 to 0.981)

- g S m—— N N — — — — — — —
0.5
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Control (n=70) Tre FC
Corticosteroids
ALD 0.28 (0.15-0.40) 0.38 (0.20-0.53) 1 1.36 <0.05
CORT 6.39 (3.98-8.25) 7.53 (5.00-10.72) 1 118 <0.05
F 212.36 (177.95-266.30) 253.48 (213.61-290.24) 1 119 <0.01
Progestins
P4 52.58 (44.26-63.26) 66.99 (49.68-86.88) 1 127 <0.001
17-OHP4 219 (1.89-2.63) 3.50 (2.07-3.02) 1 1.60 <0.05
Androgens
T 0.77 (0.54-1.18) 0.90 (0.53-1.23) - - 0.73
AD 1.60 (1.14-2.34) 1.87 (1.26-2.48) - - 0.445
DHT 0.19 (0.14-0.22) 0.17 (0.13-0.24) - - 0.504
DHEA 1.15 (0.79-1.61) 1.03 (0.73-1.64) - = 0.543
DHEAS 1180.21 (864.60-1631.76) 1297.71 (835.10-1645.34) - - 0.931
Estrogens
Parent estrogens and -G/S metabolites
El 1.52 (0.83-2.42) 1.82 (1.32-2.95) 1 1.20 <0.05
E1-G/S 11.82 (9.11-13.83) 14.43 (12.34-16.62) 1 122 <0.001
E2 6.55 (5.39-7.78) 8.91 (6.55-11.58) 1 1.36 <0.001
E2-G/S 0.00 (0.00-0.00) 0.00 (0.00-0.00) = =
16-Hydroxylation pathway estrogens and -G/S metabolites
E3 3.54 (2.89-4.36) 5.99 (4.26-7.77) i 2 1.69 <0.001
E3-G/S 15.87 (10.69-21.39) 24.94 (15.96-37.42) P 1.57 <0.001
160HEL 0.35 (0.28-0.41) 0.58 (0.47-0.71) 1 1.66 <0.001
160HE1-G/S 978 (7.77-14.19) 17.48 (12.89-26.45) t 179 <0.001
16EpiE3 0.064 (0.052-0.077) 0.100 (0.082-0.134) 1 1.56 <0.001
16EpiE3-G/S 0.43 (0.32-0.60) 0.61 (0.49-0.96) 1 142 <0.001
17EpiE3 0.030 (0.025-0.037) 0.044 (0.03-0.053) 1 147 <0.001
17EpiE3-G/S 0.18 (0.10-0.40) 0.28 (0.13-0.48) - - 0.09
2-Hydroxylation pathway estrogens, methylated and -G/S metabolites
20HE1 0.0032 (0.0024-0.0043) 0.0051 (0.0033-0.0067) 1 1.59 [ <0.01
20HE1-G/S 051 (0.37-0.88) 0.49 (0.25-0.67) - - 0.297
20HE2 0.0041 (0.0032-0.0052) 0.0064 (0.0043-0.0083) 1 1.56 <0.001
20HE2-G/S 0.030 (0.017-0.071) 0.026 (0.016-0.047) - - 0.359
2MeOE1 048 (0.28-1.42) 0.50 (0.34-0.90) - - 0.943
2MeOE1-G/S 0.00 (0.00-0.02) 0.00 (0.00-0.006) - -
2MeOE2 0.58 (0.39-0.95) 0.80 (0.59-1.44) 1 1.38 <0.01
2MeOE2-G/S 0.00 (0.00-0.00) 0.00 (0.00-0.00) - -
4-Hydroxylation pathway estrogens, methylated and -G/S metabolites
40HEL 0.0024 (0.00170-0.0028) 0.0033 (0.0022-0.0042) 1 1.38 <0.01
40HEL-G/S 0.0121 (0.0059-0.0201) 0.0132 (0.0081-0.0276) - - 0.275
4MeOE1 0.0017 (0.0016-0.0018) 0.0016 (0.001-0.0018) - - 0.08
4MeOE1-G/S 0.0064 (0.0042-0.0092) 0.0072 (0.0061-0.0086) - - 0.134
4MeOE2 0.00 (0.00-0.00) 0.00 (0.00-0.00) - -
4MeOE2-G/S 0.0082 (0.0056-0.0126) 0.0086 (0.0067-0.0117) - - 0.765

FC, fold change.
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Items

HbAIC (%)
Glucose(mmol/L)

PH

PO2(mmHg)
PCO2(mmHg)
Bicarbonate (mmol/L)
B Hydroxybutyric Acid(mmol/L)
Anion Gap(mmol/L)
Na(mmol/L)
K(mmol/L)
Urea(mmol/L)
Creatinine(umol/L)
WBC(/L)

Neutrophil%
Lymphocytes%

Monocytes%

Esinophil%

Basophil%

Platelets(/L)

Urine Ketones

Lactate Dehydrogenase (Iu/L)
Procalcitonin(ng/ml)
IL_6(pg/ml)

C Reactive Protein(mg/L)
Prolactin(ng/mL)

Estradiol (pg/mL)
Progesterone(ng/mL)
LH(IU/L)

FSH (IU/L)

TSH(mU/L)

FT3 (pmol/L)

FT4(pmol/L)

PTH(pmo/L)

Glycated albumin value(%)
Glutamate decarboxylase(IU/mL)
Insulin autoantibodies(COI)
Islet cell antibody(COI)

Anti Nuclear Antibody(ANA)

Normal Range

45-6.1
4-7.8
7.35-7.45
80-100
35-45
2227
0.02-0.27
1220
137-147
35-4.5
24-7.2
41-73
4.1-1110°
(40-75)
(20-50)
(3-10)
(0.4-0.8)
0-1)
100-300*10°
Nil

105 - 333
<0.046

0-7

<5

6-299
32.69-201.04
142 - 16.64
0.8-15.5
13-234
0.27-4.2
367.5
1222
1.6-6.9
9-14

<10

<Ll

<Ll

negative

1527

7.344

939

129.8
4.86
34

41

39.1
506

0.7
0.6

213
+4
131
<0.02
<15
<1

347

negative

2021

14.36

7.363

96.9

2.6

39

56

93.5
56
07

0.2

196

+2

166

<15

144

94

2022

85
19.14
7.373

171

52
1111

88.4
84
12
13
07

245
+3

345

11.6

422

83.59

1031

negative

HbAlc, glycosylated hemoglobin A1C; PO2, partial pressure of oxygen; PCO2, partial pressure of carbon dioxide; Na, Sodium; K, Potassium; IL_6, Interleukin 6; LH, Luteinizing hormone(IU/L);
WBC, White Blood Cell Count; FSH, Follicle-stimulating hormone; TSH, Thyroid stimulating hormone; FT3, free triiodothyronine; FT4, free thyroxine; PTH, parathyroid hormone.

-This means that the laboratory data were not obtained.
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Age (years) 33 (30-36.8) 32 (30-35) 0.039*
Pregestational BMI (kg/m2) (21.223—.278.5) (19.271"264.0) < 0.001*
Nulliparity 66 (68.8%) 930 (68.6%) 0973
Previous GDM 11 (11.5%) 11 (0.8%) < 0.001*
Fesiais ) 0 (0%) 4(0.3%) >0.999
gestational hypertension

Previous preeclampsia 4 (4.2%) 11 (0.8%) 0.014*
Family history of DM 23 (24.0%) 154 (11.4%) < 0.001*
Previous macrosomia 1 (1.0%) 6 (0.4%) 0.381
PCOS history 0 (0%) 7 (0.5%) > 0.999
IVE 11 (11.5%) 146 (10.8%) 0.833
Cardiovascular disease 0 (0%) 1 (0.1%) > 0.999
Chronic hypertension 6 (5.2%) 16 (1.2%) 0.010*

Data are presented as median (interquartile range) or number (%).
GDM, gestational diabetes mellitus; BMI, body mass index; DM, diabetes mellitus; PCOS,

polycystic ovarian syndrome; IVF, in vitro fertilization.

*P < 0.05 was considered statistically significant.
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First-trimester screening
from 2019.1 to 2021.5

(N =1627)

1
N

Exa i
Multiple pregnancy (N = 43)

‘ Pregestational diabetes mellitus (N = 21)

Preeclampsia (N = 24)

Other chronic systemic diseases excluded
diabetes or cardiovascular disease (N = 26)

Major fetal anomaly (N = 11)

Age < 18 or > 50 years (N = 5)
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P =1/]1+exp(~8.148 +0.057 x age +0.011 x
pregestational BMI + 1.752 x previous GDM history +0.95 x
previous preeclampsia history + 0.756 x family history of DM +
0.025 x chronic hypertension + 0.036 x MAP - 0.09 x PAPP -
A - 0.001 x PLGF)]
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Free B-hCG

GDM Non-
GDM
Ong (2000) (8) 49 4297 0.848 (0.691- 1.049 (1.028- 0.783 (0.587- 1.010 (0.984- = =
1.006)* 1.070) 0.979)* 1.036)
Median (95% CI) Median Median Median
(95% CI) (95% CI) (95% CI)
Tul (2003) (9) 27 1109 0.98 1.01 0.86 0.99 - -
Beneventi (2011) (10) 228 228 0.7 (0.5-1.2)* 12 (0.8-1.6) 0.9 (0.6-1.6) 1.0 (0.7-1.5) - -
Savvidou (2012) (11) 779 41007 0.94 (0.65-1.39) 1.00 0.95 (0.64-1.51) 1.00 - -
(0.68-1.42) (0.68-1.52)
Husslein (2012) (12) 72 216 117 £ 0.71 1.13 £ 0.58 113 £0.73 1.15 £ 0.64 - -
Spencer (2013) (13) 870 6559 0.91* 1.00 0.93* 1.00 - =
Lovati (2013) (14) 307 366 0.9 £ 0.6* 1306 1(0.7-1.6) 1.05 (0.7-1.6) = =
Kulaksizoglu 60 60 0.77 (0.42)* 0.97 (0.40) 093 (0.53) 0.97 (0.29) - -
(2013) (15)
Beneventi (2014) (16) 112 112 1.06 (0.59)* 1.22 (0.64) - - - -
Eleftheriades 40 94 -0.02 (0.19)* 0.02 (0.20) 0.0032 (0.29) 0.0035 (0.24) 1.76 (0.19)* 1.68 (0.15)
(2014) (17) Logio MoM Logio MoM Logio MoM Logio MoM Logio MoM Logyp MoM
Syngelaki (2015) (18) 787 30438 0.949 (0.913- 1.000 (0.994- - - 1.053 (1.023- 1.000 (0.995-
0.987)* 1.006) 1.083)* 1.005)
Median (95% CI) Median Median Median
(95% CI) (95% CI) (95% CI)
Wells (2015) (19) 364 1282 Early: 0.79 (0.51- 1.00 - - - -
1.28)* (0.68-1.40)
Late: 0.94 (0.63-
131)*
Cheuk (2016) (20) 169 351 0.97 (0.65-1.32) 0.99 1.05 (0.73-1.64) 1.02 = -
(0.67-1.44) (0.71-1.55)
Farina (2017) (21) 12 60 0.70 (0.55-1.04)* 1.10 - - - -
(0.72-1.44)
Sweeting (2017) (22) 248 732 0.81 (0.58-1.20)* 1.00 0.98 (0.64-1.45) 0.99 = -
(0.70-1.46) (0.68-1.55)
Xiao (2018) (23) 599 986 0.88 (0.60-1.28)* 0.97 1.01 (0.69-1.58) 1.06 - -
(0.67-1.37) (0.73-1.62)
Visconti (2019) (24) 596 1828 1.02 (0.77-1.68) 1.19 1.02 (0.60-1.36) 0.91 = =
(0.82-1.67) (0.61-1.36)
Correa (2019) (25) 16 80 = - - - 11 (18.1) 5.25 (11.15)
Tenenbaum-Gavish 20 185 0.62 (0.49-0.77)* 101 - - 1.09 (0.86-1.33) 1.00
(2020) (26) (0.88-1.15) (0.95-1.06)
Yanachkova (2022) (27) 412 250 1.2 (0.62)* 1.3 (0.65) 129 1.36 - -
Our study 96 1356 0.88 (0.57-1.11)* 1.01 0.93 (0.63-1.50) 1.00 0.96 (0.65- 1.00
(0.70-1.40) (0.68-1.51) 121)* (0.70-1.33)

Data are presented as median (interquartile range) or mean + standard deviation.

GDM, gestational diabetes mellitus; PAPP-A, pregnancy-associated plasma protein A; B-hCG, beta-human chorionic gonadotropin; PLGF, placental growth factor; MoM, multiple of the median;
CI, confidence interval.

*P < 0.05 was considered statistically significant.
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P P

Exposure Outcome Methods 95% ClI for heterogeneity = for pleiotropy
Frailty GDM VW 3563 1.737-7.309 <0.001 0.756
Weighted median 4368 1.738-10.976 0.002
Maximum likelihood 3.603 1.724-7.532 <0.001
weig‘:;::“:jdim 4368 1.820-10.483 <0001
MR Egger 15.512 0.994-255.019 0.127 0347

MR PRESSO 3.563 2.114-6.004 0.005
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P P

Exposure Outcome Methods 95% ClI for heterogeneity = for pleiotropy
GDM Frailty VW 0.087 0.040-0.133 <0.001 0.117
Weighted median 0.100 0.055-0.145 <0.001
Maximum likelihood 0.091 0.054-0.128 <0.001
weig‘:;::“:jdim 0.107 0,059 -0.154 <0001
MR Egger -0.025 -0.910-0.859 0964 0845

MR PRESSO 0.075 0.022-0.128 <0.001
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Exposul

Frailty
BMI
GDM

BMI

Qutcome
GDM
GDM
Frailty

Frailty

ww
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wvw

2.183

1.449

0.025

0.235

95% ClI
1.434-3.323
1.221-1.721
0.009-0.040

0.205 -0.266

<0.001

<0.001

0.002

<0.001
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\ELELIES Mean +SD Health literacy  Social support Self-efficacy Self-management

behavior
Health literacy 3264041 03374 0.203%% 0,533+
Social support 65.10%11.25 0337% 0373 0.299%
Self.eficacy 2664534 0.203% 03735 02487
Self-management 76,63 12,07 0533% 0.299°% 0.248%%
behavior

#4p<0.001; Adjusted variables: age, education level, income level, work status, parity, and family history of diabetes.
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R'=0.369, Adjusted R

B
17714
2388
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0216
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0832
0086

0.043

0.145, p<0.001; Durbi

0121

0316

0255

0.096

0.090

‘Watson =2.058.

4759

3.390

7.352

6.168

2501

2229

p value
<0.001
0.001
<0.001
<0.001
0013

0.026

95.
10401
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4994
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0046
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plotype Cases (freq) Control s(freq) 95% ClI ) P
TIT 45 (0231) 16 (0.19) 1 (ref)

GIT 64 (0.329) 24 (0.285) 0.948 (0.453-1.984) 0.888
TGT 25 (0.128) 21 (0.25) 0.423 (0.188-0.955) 0.038
TTA 58 (0.298) 23 (0.273) 0.897 (0.425-1.893) 0.775

Bold values indicate the P < 0.05.
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Genetic Case (freq) Controls (freq)  Crude OR (95 Crude Adjusted OR (95 Adjusted

Models (n=192) (n=304) % Cl) P % Cl) 2

151781735 = Codominant model

T 81 (0.421) 128 (0.421) 1 (ref) 1 (ref)

TG 83 (0.432) 135 (0.444) 0.972 (0.658-1.435) 0.885 0.988 (0.659-1.482) 0.955
GG 28 (0.145) 41 (0.134) 1.079 (0.619-1.880) 0.788 1.084 (0.609-1.929) 0.783
Aelle model

T 245 (0.638) 391 (0.643) 1 (ref) 1 (ref)

G 139 (0.361) 217 (0.356) 1.022 (0.783-1.334) 0.871 1.029 (0.781-1.355) 0.840

Dominant Model

TT 81 (0.421) 128 (0.421) 1 (ref) 1 (ref)

GG+TG 111 (0.579) 176 (0.579) 0.997 (0.6917-1.437) 0.986 1.011 (0.692-1.478) 0.955
Recessive Model

TG+TT 164 (0.855) 263 (0.866) 1(ref) 1(ref)

GG 28 (0.145) 41 (0.134) 1.095 (0.652-1.840) 0.731 1.091 (0.636-1.869) 0.752
Overdominant model

TT+GG 109 (0.568) 169 (0.556) 1 (ref) 1 (ref)

TG 83 (0.432) 135 (0.444) 0.953 (0.662-1.372) 0.797 0.969 (0.663-1.415) 0.870

rsd746 Codominant model

TT 145 (0.755) 215 (0.707) 1(ref) 1(ref)

G 41 (0.213) 84 (0.276) 0724 (0471-1.111) 0.139 0.709 (0.455-1.105) 0128
GG 6 (0.031) 5 (0.016) 1.779 (0.533-5.939) 0349 1.830 (0.511-6.551) 0353
Aelle model

T 331 (0.861) 514 (0.845) 1 (ref) 1 (ref)

G 53 (0.138) 94 (0.154) 0.876 (0.608-1.260) 0474 0.863 (0.592-1.258) 0444

Dominant Model
T 145 (0.755) 215 (0.707) 1(ref) 1(ref)

GG+TG 47 (0.245) 89 (0.293) 0.783 (0.519-1.182) 0.244 0.768 (0.501-1.177) 0.225

Recessive Model

TG+TT 186 (0.969) 299 (0.984) 1 (ref) 1 (ref)

GG 6 (0.031) 5(0.016) 1.929 (0.581-6.410) 0.284 1.992 (0.559-7.094) 0.288
Overdominant model

TT+GG 151 (0.787) 220 (0.724) 1 (ref) 1 (ref)

TG 41 (0.213) 84 (0.276) 0.711 (0.464-1.090) 0.118 0.696 (0.447-1.083) 0.109

rs1130534 = Codominant model

T 102 (0.531) 171 (0.562) 1 (ref) 1 (ref)

TA 84 (0.437) 108 (0.355) 1.304 (0.895-1.899) 0.167 1310 (0.887-1.935) 0.175
AA 6 (0.031) 25 (0.082) 0.402 (0.160-1.014) 0.053 0.414 (0.161-1.067) 0.068
Aelle model

T 288 (0.75) 450 (0.74) 1 (ref) 1 (ref)

A 96 (0.25) 158 (0.259) 0.949 (0.708-1.273) 0.729 0.958 (0.706-1.299) 0.781

Dominant Model
IT 102 (0.531) 171 (0.562) 1 (ref) 1 (ref)

AA+TA 90 (0.469) 133 (0.438) 1.134 (0.789-1.631) 0.496 1.145 (0.786-1.670) 0480
Recessive Model

TA+TT 186 (0.969) 279 (0.918) 1 (ref) 1 (ref)

AA 6 (0.031) 25 (0.082) 0.360 (0.145-0.894) 0.028 0369 (0.145-0.935) 0.036
Overdominant model

TT+AA 108 (0.563) 196 (0.645) 1 (ref) 1 (ref)

TA 84 (0.437) 108 (0.355) 1.412 (0.976-2.042) 0.067 1.417 (0.966-2.078) 0.074

Adjusted P value calculated by logistic regression with adjustment for age, pre-BMI, SBP, DBP and parity, bold values indicate the P < 0.05.
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Genetic Cases (freq) Controls (freq)  Crude OR (95 Crude @ Adjusted OR (95 Adjusted

Models (n=97) (n=42) % Cl) P % Cl) 2

151781735  Codominant model

TT 41 (0.422) 19 (0.452) 1 (ref) 1 (ref)
TG 46 (0.474) 22 (0.523) 0.969 (0.460-2.040) 0.934 0.758 (0.340-1.690) 0.498
GG 10 (0.103) 1(0.023) 4.634 (0.553-38.855) 0.158 4.725 (0.545-40.937) 0.159

Aelle model

T 128 (0.659) 60 (0.714) 1 (ref) 1 (ref)

G 66 (0.34) 24 (0.285) 1.289 (0.737-2.254) 0.373 1.183 (0.658-2.127) 0.575
Dominant Model

TT 41 (0.422) 19 (0.452) 1 (ref) 1 (ref)

GG+TG 56 (0.578) 23 (0.548) 1.128 (0.544-2.339) 0.746 0.934 (0.431-2.026) 0.863
Recessive Model

TG+TT 87 (0.897) 41 (0.977) 1 (ref) 1 (ref)

GG 10 (0.103) 1(0.023) 4.713 (0.584-38.059) 0.146 5.429 (0.653-45.173) 0.118

Overdominant model

TT+GG 51 (0.526) 20 (0.477) 1 (ref) 1 (ref)

TG 46 (0.474) 22 (0.523) 0.820 (0.397-1.693) 0.591 0.634 (0.290-1.386) 0.254
rsd746 Codominant model

TT 73 (0.752) 26 (0.619) 1 (ref) 1 (ref)

G 22 (0.226) 11 (0.261) 0.712 (0.304-1.668) 0435 0.830 (0.336-2.051) 0.687
GG 2(0.02) 5(0.119) 0.142 (0.026-0.780) 0.025 0.186 (0.031-1.094) 0.063
Aelle model

i 168 (0.865) 63 (0.75) 1 (ref) 1 (ref)

G 26 (0.134) 21(0.25) 0.464 (0.244-0.884) 0.020 0.543 (0.276-1.072) 0.078
Dominant Model ‘

TT 73 (0.752) 26 (0.619) 1 (ref) 1 (ref)

GG+TG 24 (0.248) 16 (0.381) 0.534 (0.246-1.160) 0.113 0.627 (0.276-1.425) 0.265
Recessive Model

TG+TT 95 (0.98) 37 (0.881) 1 (ref) 1 (ref)

GG 2(0.02) 5(0.119) 0.156 (0.029-0.839) 0.030 0.194 (0.033-1.129) 0.068
Overdominant model

TT+GG 75 (0.774) 31 (0.739) 1 (ref) 1 (ref)

TG 22 (0.226) 11 (0.261) 0.827 (0.358-1.907) 0.655 0.934 (0.382-2.286) 0.881

rs1130534  Codominant model

TT 45 (0.463) 25 (0.595) 1 (ref) 1 (ref)

TA 45 (0.463) 11 (0.261) 2.273 (1.000-5.164) 0.050 2211 (0.931-5.250) 0.072
AA 7 (0.072) 6(0.142) 0.648 (0.196-2.141) 0477 0.553 (0.157-1.943) 0.355
Aelle model

T 135 (0.695) 61 (0.726) 1 (ref) 1 (ref)

A 59 (0.304) 23 (0.273) 1.159 (0.656-2.047) 0.611 1.088 (0.601-1.973) 0.780

Dominant Model
TT 45 (0.463) 25 (0.595) 1 (ref) 1 (ref)

AA+TA 52 (0.537) 17 (0.405) 1.699 (0.816-3.541) 0.157 1.590 (0.737-3.433) 0.237

Recessive Model

TA+TT 90 (0.928) 36 (0.858) 1 (ref) 1 (ref)

AA 7 (0.072) 6(0.142) 0.467 (0.147-1.484) 0.197 0.408 (0.120-1.385) 0.150
Overdominant model

TT+AA 52 (0.537) 31 (0.739) 1 (ref) 1 (ref)

TA 45 (0.463) 11 (0.261) 2.439 (1.101-5.402) 0.028 2.424 (1.048-5.607) 0.039

Adjusted P value calculated by logistic regression with adjustment for age and SBP, bold values indicate the P < 0.05.
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Baseline 1 year post-diagnosis

Dif .
. Men Women n Men Dif (95%ClI
Variable (95%Cl) )
Lipid-lowering treatment, n (%)f 2,646 2,756 2816 3,052
1,364 1,194 . 1,560 1,592
Statins 515) 3.3) 2iasnLs) (55.4) (522) 221(02167)
Ezetimibe 40 (15) 33 (12) 03 (-0.2/0.9) 44 (1.6) 43 (14) 02 (-0.4/0.7)
Fibrates 155 (5.9) 338 (123)  -6.4(-8.1/-4.7)% 165 (5.9) 352 (115) | -5.6(-7.2/-42)*
Statins & Ezetimibe 31(1.2) 26 (09) 03 (-0.2/0.7) 32(L1) 27 (0.9) 02 (-0.2/0.7)
Anti-hypertensive treatment, 3193 3446 3310 3712
n (%)%
2,065 2,342 . 2,128 2,562 .
RAAS blocker (ACEI or ARBII) (64.7) (68.0) D2 (02:04) (64.3) (69.0) A7 (721200
CCBs 665 (20.8) 734 (213) | -0.5(-2.8/1.9) 629 (19.0) 796 (214) | -2.4 (-4.7/-02)*
Beta-blockers 701 (22.0) 657 (19.1) 2.9 (0.6/5.2)* 700 (21.1) 702 (189) 2.2 (0.0/4.4)*
2,000 1,675 140 (109/ 1,875 1,639
124 (9.5/155)
Diuretic ©26) (48.6) 7.1y (56.6) (442) (051155
RAAS blocker & CCB 512 (16.0) 607 (17.6) | -1.6 (-3.7/0.5) 461 (13.9) 651 (175)  -3.6 (-5.6/-1.7)*
1,455 1,356 " 1,358 1,348 "
RAAS blocker & Diuretic (56) (39.3) 833103) (1.0) (36.3) ATUB7.9)
Target CVRF achievement, n (%)
2,577 1732 2,743 1273 106 (7.1/14.2)* 2,577 208 2,743 2172 1.9 (-0.8/4.6)
HbAlc < 7% > (68.0) 2 (57.4) T 5 (81.1) 2 (79.2) g et
1245 1,045 1,425 1,305
X , 11 (6.4/11.8)* = 771 7.6 (4.7/10.4)*
BP < 140/85 mmHg 3380 | (368) 370 | @1.9) L (eHl118) 3380 | (122) 3770 | (346) 6:(47/104)
2491 | 410 (165) | 2,507 | 503 (20.1) 36(:6309¢ 2491 | 521(209) 2507 708 (282) | 105/
LDL-c < 100 mg/dL ? - > . R ” . > ) 4.1)*
LDL-c < 70 mg/dL 2491 | 48 (1.9) 2507 | 79 (32) 1.3 (-20/-04)* | 2,491 | 73 (2.9) 2,507 | 98 (3.9) -1.0 (-1.9/-0.0)*

Dif, difference between groups; RAAS, renin-angiotensin-aldosterone system; ACEI, angiotensin converting enzyme inhibitors; ARBII, angiotensin II receptor blockers; CCB, calcium channel
blocker; CVRE, cardiovascular risk factors; HbAlc, glycated haemoglobin; BP, blood pressure; LDL cholesterol, low density lipoprotein cholesterol. #Lipid-lowering and anti-hypertensive
treatment, proportion data are calculated based on those with dyslipidaemia and hypertension respectively. *Significant comparisons.
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Variable

Baseline

Men

Dif (95%Cl)

Women

1 year post diagnosis

n

Men

Dif (95%Cl)

Lipid-lowering treatment, n (%)t 510

Statins

Ezetimibe

Fibrates

Statins & Ezetimibe

Anti-hypertensive treatment,

n G0yt 567

RAAS blocker (ACEI
or ARBII)

CCBs

Beta-blockers
Diuretic

RAAS blocker & CCB

RAAS blocker & Diuretic

Antiplatelet therapy, n (%)

Target CVRF achievement, n (%)
HbAlc < 7% 302
BP < 140/85 mmHg 467

LDL-c < 70 mg/dL 293

422 (827)

36 (7.1)
10 (2.0)

34 (6.7)

386 (68.1)

166 (29.3)
266 (46.9)
378 (66.7)
134 (23.6)

295 (52.0)

393 (61.8)

203 (67.2)
227 (48.6)

39 (133)

1178

1,274

1,451

633

1,029

626

1,025
(87.0)

140 (11.9)
79 (6.7)

133 (11.3)

893 (70.1)

383 (30.1)
675 (53.0)
616 (48.4)
297 (23.3)
503 (39.5)

1,011
(69.7)

421 (66.5)
443 (43.1)

99 (15.8)

-4.3 (-9.4/0.9)

-4.8 (-8.8/-0.9)*
-4.7 (-7.0/-2.5)*

-4.6 (-8.5/0.8)

-2.0 (-9.1/5.0)

-0.8 (-7.8/6.2)
6.1 (-14.0/1.9)
18.3 (10.6/26.0)*
0.3 (-5.9/6.6)
12.5 (4.8/203)

-7.9 (-14.52/-
1.26)*

0.7 (-115/12.9)
5.5 (-3.6/14.8)

2.5 (-10.6/5.6)

522

575

636

302

467

293

408 (78.2)

42 (8.0)
13 (2.5)

40 (7.7)

353 (61.4)

149 (25.9)
264 (45.9)
339 (59.0)
114 (19.8)
243 (42.3)

361 (56.8)

232 (76.8)
259 (55.5)

37 (12.6)

1218

1,307

1,451

633

1,029

626

1,029
(84.5)

145 (11.9)
71 (5.8)

135 (11.1)

841 (64.3)

348 (26.6)
685 (52.4)
571 (43.7)
258 (19.7)
428 (327)

981 (67.6)

505 (79.8)
545 (53.0)

131 (20.9)

-6.3 (-12.0/-0.7)*

-3.9 (-7.9/0.2)
-3.3 (-5.6/-1.1)*

3.4 (-72/0.4)

2.9 (-10.4/4.5)

0.7 (-72/5.8)
6.5 (-14.3/1.3)
15.3 (7.6/23.0)*
0.1 (-5.5/5.7)
9.6 (22/169)

-10.8 (-17.7/-
40)*

3.0 (-12.7/6.8)
25 (-6.8/11.8)

8.3 (-17.3/0.7)

Dif, difference between groups; RAAS, renin-angiotensin-aldosterone system; ACEIL, angiotensin converting enzyme inhibitors; ARBIL, angiotensin II receptor blockers; CCB, calcium channel
blocker; CVRE, cardiovascular risk factor; HbAL, glycated haemoglobin; BP, blood pressure; LDL cholesterol, low density lipoprotein cholesterol. $Lipid-lowering and anti-hypertensive
treatment, proportion data are calculated based on those with dyslipidaemia and hypertension respectively. *Significant comparisons.
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Variable Women Men
Primary prevention 5159 6,383
Events of CAD, n (%) 33 (0.6) 65 (1.0) 0.027
Events of cerebrovascular disease, n (%) 44 (0.9) 51 (0.8) 0.750
Events of PAD, n (%) 19 (0.4) 46 (0.7) 0012
Secondary prevention 636 1,451
Events of CAD, n (%) 30 (47) 79 (5.4) 0.492
Events of cerebrovascular disease, n (%) 12 (1.9) 34 (23) 0513
Events of PAD, n (%) 6(0.9) 19 (1.3) 0479

CAD, coronary artery disease; PAD, peripheral artery discase.
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Variable
Age (years), mean + SD
Age group (years), n (%)
30 - <50
50 - <65
65 - <75
275
Smoking habit, n (%)
Smoker
Former smoker
Alcohol use, n (%)
Teetotal
Low Risk
High Risk
BMI (kg/m?), mean + SD
BMI range (kg/m?), n (%)
<25
25-<30
30-<35
235
Glucose (mg/dL), mean + SD
HbAlc (%), mean + SD
Lipids
Total-c (mg/dL), mean + SD
HDL-c (mg/dL), mean + SD
LDL-c (mg/dL), mean + SD
TGs (mg/dL), mean + SD
Dyslipidemia, n (%)
Blood pressure
sBP (mmHg), mean + SD
dBP (mmHg), mean + SD
Hypertension, n (%)
Chronic kidney disease, n (%)
eGFR (mL/min), mean + SD
Score2-Diabetes (%), mean + SD
Age 40-<45 years
Age 45-<50 years
Age 50-<55 years
Age 55-<59 years
Age 60-<64 years
Age 65-<69 years
Macrovascular disease, n (%)
CAD
Cerebrovascular disease

PAD

13,629

13,629

12,751

7,736

7,666

7,666

11,359

8,150

11,022
9,960
8,981
10,209

13,629

10,206
10,206
13,629
11,282
11,243
4,369
211
410
537
656
713
785
13,629
2,087
2,087

2,087

tal

634 +132

2,279 (16.7)
5,164 (37.9)
3418 (25.1)
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463 (31.9)

318 (21.9)

Dif (95%Cl)

4.1 (3.9/4.3)

5.8 (-7.1/-4.6)
7.8 (-9.7/-6.0)
35 (1.9/5.1)

102 (8.7/11.7)

-12.7 (-14.2/-11.2)

253 (-26.8/-23.8)

343 (31.8/36.8)
-29.3 (-31.8/-26.7)
-5.1 (-5.6/-4.5)

1.4 (1.3/1.6)

0.6 (-1.9/0.6)
8.4 (-11.0/-5.9)
2.0 (-4.6/0.7)
110 (8.7/133)
119 (-12.8/-10.9)

0.3 (-0.4/-0.3)

10.0 (9.1/10.8)
7.3 (7.1/7.6)

7.0 (63/7.7)

-36.1 (-39.1/-33.1)

42 (23/6.1)

1.8 (-2.1/-15)
1.9 (-2.1/-17)
46 (2.8/6.5)
2.0 (0.5/3.4)
2.2 (-25/-19)
3.0 (-32/-29)
3.4 (-3.5/-33)
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7.5 (-8.7/-6.4)
-13.8 (-209/-6.7)
209 (14.1/27.7)

-11.7 (-16.4/-7.0)

Dif, difference between groups; SD, standard deviation; BMI, body mass index; HbA ¢, glycated hemoglobin; Total-c, total cholesterol; HDL-c, high density lipoprotein cholesterol; LDL-c, low
density lipoprotein cholesterol; TGs, triglycerides; sBP, systolic blood pressure; dBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; CAD, coronary artery disease; PAD,
peripheral artery disease; NIAD, noninsulin antidiabetic drug. All comparisons were significant except for BMI range < 25kg/m? BMI range 30-<35kg/m? and Combined NIAD.
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DIf, difference between groups; NIAD, noninsulin antidiabetic drug. $Baseline for antidiabetic treatment is at 3 months after diabetes diagnosis. *Significant comparisons.
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NP GeneName Min/Maj positio Region Function MAF HWE (P)
rs1111875 HHEX C/T chr10:94462882 3'—ﬂanking / 0.256 0.101
155015480 HHEX C/IT chr10:94465559 3’-flanking / 0.16 0.097
£54402960 IGF2BP2 TIG chr3:185511687 intron2 / 0.246 015
1511705701 IGF2BP2 AIG chr3:185544309 5"-flanking / 0.108 <0.001
159939609 FTO AT chrl6:53820527 intronl / 0.126 1.00

HWE, Hardy-Weinberg equilibrium; Min, minor allele; Maj, major allele; MAF, frequency of minor allele.
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Multipara

pre-BML, pre-gestational body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBP, fasting blood glucose level; 1h-PG, 1 hour blood glucose levels 2h-PG, 2 hour blood

glucose level.
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=30 (6,302) (3,195) 1.291 (0.319-5.224) 0.72 1.375 (0.332-5.693) 0.661
TAVS.AAHTT

All subjects (117,383) (110.392) 1.089 (0.810-1.464) 0574 1,151 (0.844-1.569) 0.375
Age

<30 (43,149) (74.230) 0.897 (0.584-1.377) 0.619 0.816 (0.523-1.274) 0371
=30 (74,234) (36,162) 1.423(0.911-2.223) 0.121 1.593 (1.007-2.520) 0.047
AAVSTT

All subjects (10,373) (8,384) 1287 (0.502-3.296) 0.599 1.524(0.562-4.135) 0.408
Age

<30 (4.145) (5,225) 1.241 (0.328-4.700) 0.75 1.585 (0.392-6.406) 0.518
=30 (6,228) (3.159) 11,395 (0.344-5.659) 0.642 1.534(0.368-6.390) 0.557
TAVS.TT

All subjects (117.373) (110,384) 1.095 (0.814-1.473) 0.549 1.162 (0.851-1.586) 0.344
Age

<30 (43,145) (74.225) I 0.902 (0.587-1.386) 0.637 0.824(0.527-1.288) 0.397
=30 (74.228) (36.159) 1.433(0.917-2.241) 0.114 1.609 (1.016-2.550) 0.043
Avs.T :

All subjects (137.863) (126,878) 1.106 (0.853-1.434) 0.446 I lnend 1.18 (0.899-1.55) 0.232
Age :

<30 (51,333) (84.524) 0.955 (0.657-1.389) 0.811 0.923 (0.626-1.360) 0.685
=30 42354 1.504 (1.006-2.248

05 10 15 20 25 30 35 40 45 50 55 05 10 15 20 25 30 35 40 45 50 55 6.0 65
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KORA F4 study participants (n=3,080)

- Premenopausal women (n=602)
- Women with hysterectomie or bleeding due to hormone

replacement therapy and younger than 60 years (n=188)
- Missing menopausal status (n=4)
- Missing FLI information at baseline (n=47)

\ 4
Cross-sectional analyses (n=2,239)
Missing sex hormones/SHBG at baseline (n=exposure-specific)

Testosterone (n=2,039): men (n=1,358); postmenopausal women (n=681)
Free testosterone (n=1,995): men (n=1,328); postmenopausal women (n=667)
DHEA (n=2,039): men (n=1,358); postmenopausal women (n=681)

DHEAS (n=2,039): men (n=1,358); postmenopausal women (n=681)

DHT (n=2,039): men (n=1,358); postmenopausal women (n=681)

Free DHT (n=1,995): men (n=1,328); postmenopausal women (n=667)
Progesterone (n=2,039): men (n=1,358); postmenopausal women (n=681)
17-OHP (n=2,039): men (n=1,358); postmenopausal women (n=681)

SHBG (n=2,179): men (n=1,417); postmenopausal women (n=762)

- Lost to follow-up in FF4 (n=720)
- Missing FLI information at follow-up (n=14)

Longitudinal analyses at FF4 (n=exposure-specific)
Testosterone (n=1,375): men (n=959); postmenopausal women (n=416)
Free testosterone (n=1,349): men (n=941); postmenopausal women (n=408)
DHEA (n=1,375): men (n=959); postmenopausal women (n=416)
DHEAS (n=1,375): men (n=959); postmenopausal women (n=416)
DHT (n=1,375): men (n=959); postmenopausal women (n=416)
Free DHT (n=1,349): men (n=941); postmenopausal women (n=408)
Progesterone (n=1,375): men (n=959); postmenopausal women (n=416)
17-OHP (n=1,375): men (n=959); postmenopausal women (n=416)
SHBG (n=1,471): men (n=1,003); postmenopausal women (n=468)
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Characteristics

2928 +

A 27.73£5.12 0.014
ge (years) + <53
. . 8.91 =
Poverty income ratio (PIR) 8.51 + 2349 0.940
24.35
100.45 +
Fasting Glucose (mg/uL) 80.85 + 6.22 047 < 0.001
199.92 +
Total Cholesterol (mg/dL) 225.44 + 50.65 52.82 < 0.001
61.62 +
HDL Cholesterol (mg/dL) 68.32 + 16.49 1541 < 0.001
102.97 +
LDL cholesterol (mg/dL) 122.05 + 39.98 3487 < 0.001
2 = 161.82 +
.23 + 80. ¥
Triglyceride (mg/dL) 165.23 + 80.60 100.85 0.220
HbALc (%) 1493 £031 216 <0.001
N R 0.36 -
Race, n (%) 0.179 ‘
¢ ; 29
Mexican American 152 (28.04%)
(24.37%)
Other Hispanic 34 (6.27%) 8 (6.72%)
. . . 46
Non-Hispanic White 245 (45.20%)
(38.66%)
Non-Hi ic Black 72 (13.28%) 21
on-Hispanic blacl p (1765%)
Other Race (including 15
i 3 39 (7.20%)
multi-racial) (12.61%)
L
Education level, n (%) 0.628
< High school 125 (23.06%) b
8 h (21.01%)
> High school 417 (76.94%) -
> High school % (78.99%)
Body Mass Index, n (%) < 0.001
<25 (kg/m®) 176(32.47%) 16
g/m g (13.45%)
103
5 2
> 25 (kg/m*) 366 (67.53%) (86.55%)
Smoking status, n (%) 0.702
12
N 46 (8.49%
o (&5%) (10.08%)
Former 120 (22.14%) 2,
i (24.37%)
Never 376 (69.37%) -
: (65.55%)
Drinking status, n (%) < 0.001
Mild 332 (61.25%) 0 (0.00%)
Moderate 58 (10.70%) 0 (0.00%)
Heavy 26 (4.80%) 4 (3.36%)
Never 89 (16.42%) 102
(85.71%)
Uncl 37 (6.83%) 13
nclear X (1092%)
Hypertension, n (%) 0.147
13
Yo 38 (7.01%
= (7.01%) (10.92%)
106
N 504 (92.99%
© (2:9%) (89.08%)
Hypercholesterolemia,
P 0.021
n (%)
29
Y 192 (35.42!
= 22/ (o42%) (2437%)
90
N 350 (64.58%,
‘ © (o438%) (75.63%)
‘ Gestational age, n (%) <0.001
1* Trimester 82 (15.13%) 2
) (17.65%)
2" Trimester 175 (32.29%) 20
’ (16.81%)
30
3 Trimester 169 (31.18%)
(25.21%)
48
Unclear 116 (21.40%) (1034%)
. 8.82
TyG index 8.68 + 0.52 065 0.023
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Crude
Model

OR (95%Cl),
P-value

Model 1 Model 2
OR (95%Cl), OR (95%ClI),
P-value P-value

Parameters

1.61 (1.11, 2.35) 1.88 (1.25,2.81) 3.43 (1.20, 9.85)

R
¥G index 00124 0.0022 0.0216

TyG index Tertile

Tertile 1 1.0 1.0 1.0
) 090 (054,151) | 0.98 (0.57,1.66) 162 (0.69, 3.80)
Terlle2 0.6942 0.9317 0.2660
—_— 149 (093, 241) | 175 (104,293) | 3.92 (116, 13.25)
! 0.0983 0.0353 0.0282
Sionand 146 (092,230) | 1.68 (102,276) | 3.22 (1.07,9.72)

0.1067 0.0399 0.0379

Crude model adjusts for: none.

Model 1 adjusts for: age and race.

Model 2 adjusts for: Model 1+ BMI; education level; hypertension; hypercholesterolemia; PIR;
HDL-G; LDL-G; TC; HbA1G; gestational age; smoking status and drinking status.
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Subgroups

OR (95%Cl), P value

P for

interaction

Age (years)
<35
=35
Race
Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other Race
Education level
< High School
> High School
PIR
<13
21.3,<35
235
BMI (kg/m?)
<25
=225
Hypertension
Yes
No
Hypercholesterolemia
Yes
No
Gestational age
1% Trimester
2 Trimester
3" Trimester

Unclear

3.46 (1.16, 10.33) 0.0260

3.19 (075, 13.51) 0.1150

5.25 (1.03, 26.89) 0.0466
1.41 (0.17, 11.62) 0.7522
247 (0.64, 9.50) 0.1869

3.50 (0.71, 17.26) 0.1246

12.29 (1.58, 95.41) 0.0164

5.97 (1.16, 30.74) 0.0327

3.14 (1.08, 9.15) 0.0360

2.11 (0.62, 7.17) 0.2296
8.26 (1.77, 38.48) 0.0072

3.48 (0.92, 13.11) 0.0657

1.47 (031, 6.83) 0.6264

4.78 (1.55, 14.77) 0.0066

1.95 (0.36, 10.56) 0.4394

3.69 (1.26, 10.81) 0.0170

11.01 (1.13, 106.88) 0.0386

3.40 (1.18, 9.84) 0.0238

2.58 (0.01, 772.90) 0.7444
25.70 (1.58, 418.98) 0.0226
29.21 (0.57, 1491.29) 0.0926

31.69 (1.59, 632.16) 0.0236

0.9023

0.4599

0.3809

0.1972

0.1123

0.4052

0.2228

0.8991
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Crude
OR (95%Cl)

Lp (a), mg/dL

<37 reference

3.7-6.5 0.66(0.54-0.82) <0.01
6.5-10.8 0.61(0.49-0.77) <0.01
10.8-21.95 0.60(0.48-0.75) <0.01
22195 0.49(0.39-0.61) <0.01

P<0.01 for trend

Partially
OR (95%Cl)
reference

0.66(0.53-0.82)

0.62(0.50-0.78)

0.61(0.48-0.76)
0.50(0.39-0.63)

P<0.01 for trend

Crude, partially and fully denotes progressive adjustment of ORs for the confounding factors as in

<0.01

<0.01

<0.01

<0.01

Fully

OR (95%ClI)
reference
0.67(0.54-0.85)
0.68(0.54-0.86)
0.69(0.54-0.88)
0.56(0.44-0.72)

P<0.01 for trend

<0.01

<0.01

<0.01

<0.01
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Lp(a) RERI (95%Cl) P Product term OR (95%Cl)

Q4(<21.95mg/dL) 0.19(-0.19~0.58) 032 1.18(0.82~1.70) 036
Q3(<10.8mg/dL) 0.13(-0.28~0.53) 054 1.09(0.76~1.57) 0.62
Q2(<6.5mg/dL) 0.04(-0.39~0.48) 085 1.01(0.71~1.45) 094
QI(<3.7mg/dL) 0.81(0.33~1.28) <001 1.62(1.13~2.30) 0.01

RERI, relative excess risk due to interaction. Adjustment as in Table 2.
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SNP Genotype FBG 1 h-PG 2 h-PG Gestational week Ne_onatal
(mmol/L) (mmol/L) (mmol/L) of labor weight (g)
age>30 | rsl111875 T 4710 + 0421 9261 + 1.777* 8159 + 1.730 38.84 + 1991 3240.56 + 362.961
I TC 4.711 £ 0.407 9.815 + 1.718" 8.528 + 1.700 38.97 + 1.638 3180.47 + 436.814
cc 4.680 + 0.389 9.562 + 1.910 8.589 + 1.907 38.37 + 1.416 3130.29 + 371.606
F 0.086 5430 2.850 1622 2.080
P >0.05 <0.05 > 005 > 005 > 0.05
pre-BMI | rs1111875 T 4524 +0.371 8467  1.770 7.425 £ 1.500 39.24 + 1361 3099.34 + 345.266
18 I TC 4553 + 0,638 8718 + 1.978 7.952 + 1.734° 38.76 + 3.848 3106.77 + 320.460
cC ‘ 4423 £0.281 7.589 + 1.261 6.384 + 1.424° 39.56 + 1.810 2938.89 + 446.443
B 0.289 1.530 4.478 0.786 0.980
P >0.05 >0.05 <005 > 005 > 005
155015480 T 4524 + 0371 8508 + 1.877 7.504 + 1.524° 39.23+1.288 3103.83 + 338.107
TC 4527 +0.673 8684 + 1722 7910 + 1.831° 3847 + 4842 3101.84 + 341.688
{s'ed 4653 +0.196 6893 + 0913 5820 = 1.260 40.00 = 2.708 2695.00 + 284.429
)4 0.132 1.739 3.320 1475 2.847
P >0.05 >0.05 < 0.05 > 0.05 > 0.05
pre-BMI | 155015480 T 4938 + 0.470" 9.691 + 1.921 8.174 + 1668 38.86 + 1349 3329.95 + 338.066
= TC 4.853  0.547° 9761 + 2,139 8358 +2.128 39.03 1577 334150 + 463.048
cc 4204 +0.102* 9.598 + 2.205 8814 + 1.865 38.20 + 0.837 3374.00 £ 510.176
F ‘ 5.485 0025 0383 0.804 0.040
P <0.05 > 0.05 > 0.05 > 0.05 > 0.05
159939609 TT 4.843 £ 0.410 9.443 + 1.823* 8.036 + 1.556" 39.00 + 1.337 3313.61 + 368.909
‘ TA 4996 + 0.701 10445 + 2.332° 8791 + 2397 38.50 + 1.606 3418.75 + 421.960
‘ AA 5103 = 0.849 10.690 + 0.961 9747 + 1190 39.00 + 1.000 3176.67 + 282.194
F 1386 3.506 3176 1574 1.199
P >0.05 <0.05 <005 > 005 >0.05

*PA p-value<0.05 indicates statistical significance.
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Genetic

Models

Controls
(freq)

502)

Crude OR (95 %

(¢])]

Crude

P

Adjusted oR (95 %

Cl)

Adjusted
P

151781735 Codominant model
T 205 (0.41) 210 (0.418) 1 (ref) 1 (ref)
TG 228 (0.456) 234 (0.466) 0.998 (0.766-1.301) 0.989 0.937 (0.708-1.239) 0.648
GG 67 (0.134) 58 (0.115) 1.183 (0.793-1.767) 0410 1.228 (0.805-1.872) 0.340
Aelle model
T 638 (0.638) 654 (0.651) 1 (ref) 1 (ref)
G 362 (0.362) 350 (0.348) 1.060 (0.883-1.273) 0.531 1.055 (0.870-1.279) 0.589
Dominant Model
TT 205 (0.41) 210 (0.418) 1 (ref) 1 (ref)
GG+TG 295 (0.59) 292 (0.582) 1.035 (0.805-1.331) 0.789 0.993 (0.762-1.294) 0.958
Recessive Model
TG+TT 433 (0.866) 444 (0.885) 1 (ref) 1 (ref)
GG 67 (0.134) 58 (0.115) 1.185 (0.814-1.725) 0377 1.270 (0.855-1.887) 0.236
Overdominant model
TT+GG 272 (0.544) 268 (0.534) 1 (ref) 1 (ref)
TG 228 (0.456) 234 (0.466) 0.960 (0.749-1.231) 0.748 0.894 (0.688-1.162) 0.401
154746 Codominant model
TT 372 (0.744) 350 (0.697) 1 (ref) 1 (ref)
TG 119 (0.238) 143 (0.284) 0.783 (0.590-1.040) 0.091 0.740 (0.548-0.999) 0.049
GG 9 (0.018) 9 (0.017) 0.941 (0.369-2.398) 0.898 0.995 (0.369-2.682) 0.991
Aelle model
T 863 (0.863) 843 (0.839) 1 (ref) 1 (ref)
G 137 (0.137) 161 (0.16) 0.831 (0.649-1.064) 0.142 0.804 (0.619-1.042) 0.100
Dominant Model
T 372 (0.744) 350 (0.697) 1 (ref) 1 (ref)
GG+TG 128 (0.256) 152 (0.303) 0.792 (0.601-1.045) 0.099 0.754(0.563-1.010) 0.059
Recessive Model
TG+TT 491 (0.982) 493 (0.983) 1 (ref) 1 (ref)
GG 9 (0.018) 9 (0.017) 1.004 (0.395-2.551) 0.993 1.073 (0.399-2.884) 0.889
Overdominant model
TT+GG 381 (0.762) 359 (0.716) 1 (ref) 1 (ref)
TG 119 (0.238) 143 (0.284) 0.784 (0.591-1.040) 0.092 0.740 (0.548-0.998) 0.048
151130534 Codominant model
TT 265 (0.53) 284 (0.565) 1 (ref) 1 (ref)
TA 204 (0.408) 177 (0.352) 1.235 (0.951-1.605) 0.114 1.289 (0.978-1.699) 0.072
AA 31 (0.062) 41 (0.081) 0.810 (0.494-1.330) 0.406 0.814 (0.483-1.373) 0.441
Aelle model
T 734 (0.734) 745 (0.742) 1 (ref) 1 (ref)
A 266 (0.266) 259 (0.257) 1.042 (0.854-1.272) 0.683 1.065 (0.863-1.313) 0.558
Dominant Model
TT 265 (0.53) 284 (0.565) 1 (ref) 1 (ref)
AA+TA 235 (0.47) 218 (0.435) 1.155 (0.901-1.482) 0.256 1.198 (0.922-1.558) 0.177
Recessive Model
TA+TT 469 (0.938) 461 (0.919) 1 (ref) 1 (ref)
AA 31 (0.062) 41 (0.081) 0.743 (0.458-1.206) 0.229 0.734 (0.441-1.222) 0.235
Overdominant model
TT+AA 296 (0.592) 325 (0.648) 1 (ref) 1 (ref)
TA 204 (0.408) 177 (0.352) 1.265 (0.980-1.634) 0.071 1.320 (1.008-1.728) 0.044

Adjusted P value calculated by logistic regression with adjustment for age, pre-BMI,

SBP, DBP and parity, bold values indicate the P < 0.05.





OPS/images/fendo.2023.1235581/fendo-14-1235581-g001.jpg
g 3 g

s
8

g 8 8
Wu) uonenussuod [exokiBAuIEIN

————r——
§ &8 °

o

N
©

<

I EE
:

3
g
Wu) uonesuadu0d [exok|BIAYIa W

o )

* Tlo&

<

S g g o
g8 8§ R®

( Wu) uonenuaduod [exok|Bylal

800

P~ d





OPS/images/fendo.2023.1235581/fendo-14-1235581-g002.jpg
Study

Alhujaily et al. (2022)

Skrha et al. (2014)

Skrha etal (2014)

Sakhi et al. (2013)

Overall (I-squared = 46.9%, p = 0.130)

OR (95% CI)

e 258 (1.48,448)

a8

1.26 (0.78, 2.06)

1.0 (061, 1.94)

1.16 (0.49, 2.74)

1.47 (1.10, 1.96)

%

Weight

2073

3753

29.05

12.69

100.00

Study

Alhujaily et al. (2022)

Skrha et al. (2014)

Skrha etal (2014)

Sakhi et al. (2013)

Overall (I-squared = 0.0%, p = 0.449)

_—

—

OR (95% Cl)

193 (1.15,3.24)

1.20(0.79, 1.82)

116 (0.71,191)

159 (0.78, 3.25)

1.38 (1.07,1.78)

Weight

2020

40.02

28.16

11.62

100.00
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VEELIES Cases (%) ols (%) t/x2 P

Age, year (mean + SD) 3144 29+4 -856 <0.001

<30 2742 26+3 -3.64 <0.001

230 3443 332 -3.14 0.002

pre-BMI, Kg/m2 21.51+3.10 20.53+2.58 -5.42 < 0.001

<185 17.45£0.84 17.60+1.50 0.75 0453

18,5 < BMI < 24 20.96+1.49 20.67+1.41 -263 0.009

224 26.16+2.84 25.83+3.31 -0.60 0.548

SBP, mmHg 11711 11410 -3.53 < 0.001

DBP, mmHg 708 687 -3.23 0.001

FBP, mmol/L 4.82+0.64 4.50+0.31 -9.75 < 0.001

1h-PG, mmol/L 10.17+1.60 7.66+1.27 2622 <0.001

2h-PG, mmol/L 8.91£1.60 6.69+0.99 2585 <0.001

Parity (n) 8.88 0.003
Primipara 210(42) 258(51.4)
Multipara 290(58) 244(48.6)

pre-BMI pre-gestational body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, FBP fasting blood glucose level, 1h-PG 1 hour blood glucose level, 2h-PG 2 hour blood
glucose level, bold values indicate the P < 0.05.
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MAF

SNP Min/Maj
rs1781735 G/IT chr6:38672079 5'-flanking / 0.355 0.839
154746 G/T chr6:38650628 nonsynon_exond p.Glull1Ala 0.149 0.431
rs1130534 AIT chr6:38650588 synon_exond p= (Gly124Gly) 0.261 0.208

HWE Hardy-Weinberg equilibrium, Min minor allele, Maj major allele, MAF frequency of minor allele.
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,456) Postmenopausal women 83)
FLI<30 30 < FLI < 60 FLI > 60 FLI<30 30 < FLI < 60 FLI > 60
(N=264) (N=410) (N=782) (N=278) (N=208) (N=297)
Age (years) 50.6 (13.0) 56.2 (14.1) 58.8 (12.5) <0.001 62.7 (8.6) 67.1(8.2) 66.9 (7.7) < 0.001
BMI (kg/m?) 235 (1.8) 26.0 (1.8) 304 (3.9) <0.001 24.1 (2.4) 27.7 (2.2) 333 (43) < 0.001
Waist Circumference 86.0 (5.5) 94.6 (5.3) 107.1 (10.5) < 0.001 80.2 (6.2) 90.7 (5.0) 103.7 (9.4) < 0.001
(cm)
Smoking <0.001 0.002
never smoker 105 (39.9%) 132 (32.3%) 212 (27.2%) 150 (54.0%) 137 (65.9%) 186 (62.6%)
ex-smoker 98 (37.3%) 179 (43.8%) 436 (55.9%) 84 (30.2%) 51 (24.5%) 92 (31.0%)
smoker 60 (22.8%) 98 (24.0%) 132 (16.9%) 44 (15.8%) 20 (9.6%) 19 (6.4%)
Physically active 164 (62.4%) 243 (59.4%) 371 (47.6%) <0.001 175 (62.9%) 106 (51.0%) 145 (48.8%) 0.002
Alcohol consumption <0.001 0.049
no intake 55 (20.9%) 88 (21.5%) 155 (19.9%) 108 (38.8%) 73 (35.1%) 142 (47.8%)
moderate intake 161 (61.2%) 231 (56.5%) 391 (50.1%) 125 (45.0%) 103 (49.5%) 117 (39.4%)
excessive intake 47 (17.9%) 90 (22.0%) 234 (30.0%) 45 (16.2%) 2 (15.4%) 38 (12.8%)
Systolic blood pressure 119.8 (15.9) 126.9 (16.9) 131.0 (17.5) <0.001 119.0 (19.8) 122.7 (19.3) 125.9 (17.3) <0.001
(mmHg)
Diastolic blood 735 (8.8) 76.4 (9.5) 79.4 (10.4) <0.001 73.1(9.3) 73.2(94) 74.1 (9.3) 0.385
pressure (mmHg)
Hypertension 42 (16.0%) 160 (39.1%) 434 (55.6%) <0.001 83 (29.9%) 104 (50.0%) 199 (67.2%) < 0.001
Total cholesterol 5.1(0.9) 5.5 (0.9) 5.6 (1.1) <0.001 6.0 (0.9) 6.0 (1.0) 60 (1.1) 0.758
(mmol/l)
HDL-C (mmol/l) 1.5 (0.3) 13 (03) 12(0.3) <0.001 1.8 (0.4) 1.6 (0.3) 14 (03) <0.001
LDL-C (mmol/l) 33(08) 3.6 (0.8) 3.6 (09) <0.001 3.6 (0.9) 3.8(0.9) 3.8 (0.9) 0.013
Triglycerides (mmol/l) 0.8 (0.6, 1.1) 12 (09, 1.5) 1.8 (1.3,2.5) <0.001 0.9 (07, 1.1) 1.3 (1.0, 1.6) 16 (1.2,22) < 0.001
ALT (ukat/l) 0.3 (0.3, 0.4) 04 (03, 0.5) 0.5 (0.4,0.7) <0.001 0.3 (0.2, 0.4) 0.3 (0.3, 0.4) 04 (0.3, 0.5) < 0.001
AST (ukat/l) 0.4 (0.4, 0.5) 0.4 (04, 0.5) 0.5 (0.4, 0.6) <0.001 04 (0.3, 0.5) 0.4 (0.3, 0.5) 04 (0.3, 0.5) < 0.001
GGT (U/) 240 (20.0, 310 (25.0, 41.0) 46.0 (34.0, <0.001 21.0 (17.0, 25.5 (20.0, 36.0) 31.0 (24.0, <0.001
29.0) 71.8) 26.0) 48.0)
C-reactive protein (mg/ 0.5 (0.3, 1.1) 0.8 (05, 1.8) 1.5 (0.8, 2.9) 0.008 0.9 (0.5, 1.8) 1.5 (0.9, 3.0) 2.5 (1.4, 4.9) <0.001
I
Diabetes 5 (2.0%) 43 (10.7%) 147 (19.2%) <0.001 8 (2.9%) 19 (9.4%) 79 (26.9%) < 0.001
Antihypertensive 31 (11.8%) 111 (27.1%) 335 (42.8%) <0.001 74 (26.6%) 95 (45.7%) 182 (61.3%) < 0.001
medication
Lipid lowering 16 (6.1%) 53 (12.9%) 143 (18.3%) <0.001 31 (11.2%) 42 (20.2%) 64 (21.5%) 0.002
medication
Thyroid stimulating 1.2 (0.8, 1.8) 1209, 1.8) 1.3 (09, 1.9) 0.328 13 (038, 1.9) 1.1 (06, 1.7) 12(08,1.7) 0.155
hormone (mIU/I)
Serum albumin (g/l) 45.6 (3.4) 453 (32) 453 (3.5) 0.363 44.0 (3.1) 43.6 (3.0) 435 (3.0) 0.102

Values are expressed as the mean (SD) for normally distributed continuous variables or median (interquartile range) for non-normally distributed continuous variables, or n (%) for categorical
variables. P-values were generated by ANOVA for continuous variables and chi-square test for categorical variables. P-values< 0.05 are shown in bold.

Excessive alcohol consumption was defined as men with alcohol intake > 30 g/day and women with alcohol intake > 20 g/day.

ELL, fatty liver index; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ALT, Alanine Aminotransferase; AST, Aspartate

Aminotransferase; GGT, Gamma-Glutamyl Transferase; SD, standard deviation; ANOVA, analysis of variance.
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(N=264) 60 (N=410) (N=782) (N=278) = 60 (N=208) (N=297) value
Testosterone 18.00 (14.47, 15.12 (12.06, 13.41 (10.36, < 0.001 0.66 (0.48, 0.58 (0.40, 0.90) 0.62 (0.43, 0.325 200
(nmol/l) 21.54) 19.17) 16.80) 0.87) 0.94) (8.93%)
Free 208.58 194.17 (157.74, 183.26 <0.001 5.47 (3.54, 5.50 (3.92, 8.38) 7.39 (5.12, < 0.001 244
testosterone (179.71, 239.79) (143.29, 8.10) 10.93) (10.90%)
(pmol/l) 244.65) 218.49)
DHEA (nmol/l) 10.84 (7.52, 9.04 (5.51, 14.55) 7.89 (4.74, <0.001 7.94 (4.58, 6.41 (393,9.11) 621 (4.17, <0.001 200
16.04) 13.13) 11.90) 9.23) (8.93%)
DHEAS (nmol/l) 3776.67 3219.94 (1777.56, 2838.35 <0.001 1638.94 1267.93 (737.68, 1392.92 0.202 200
(2257.44, 5405.83) (1535.46, (940.49, 2120.88) (735.54, (8.93%)
5867.85) 4727.63) 2429.63) 2201.20)
DHT (nmol/l) 1.60 (1.17, 1.36 (1.04, 1.78) 1.09 (0.76, <0.001 021 (0.12, 0.17 (0.09, 0.27) 0.15 (0.09, < 0.001 200
2.08) 1.50) 0.34) 0.24) (8.93%)
free DHT 13.37 (10.47, 1292 (9.72, 11.11 (8.43, <0.001 1.33 (0.65, 1.15 (0.70, 1.95) 1.27 (0.72, 0.399 244
(pmol/l) 17.33) 16.45) 14.38) 2.04) 229) (10.90%)
Progesterone 0.24 (0.15, 0.21(0.11, 0.32) 0.17 (0.09, <0.001 0.12 (0.05, 0.12 (0.03, 0.18) 0.09 (0.04, 0.569 200
(nmol/l) 0.37) 0.29) 0.23) 0.17) (8.93%)
17-OHP (nmol/ 3.19(2.38, 2.92(2.29, 3.80) 247 (178, <0.001 0.80 (051, 079 (0.53, 1.21) 0.79 (0.54, 0.545 200
1 431) 3.50) 1.20) 1.13) (8.93%)
SHBG (nmol/l) 56.00 (41.05, 49.45 (37.77, 4570 (3163, | <0.001  88.50 (65.80, 74.20 (53.70, 5335 (40.08, = <0.001 = 60 (2.68%)
71.75) 67.12) 63.05) 112.55) 96.80) 73.65)
Hormone NA NA NA NA 26 (9.4%) 11 (5.3%) 15 (5.1%) 0.077
replacement
therapy

Values are expressed as the mean (SD) for normally distributed continuous variables or median (interquartile range) for non-normally distributed continuous variables, or n (%) for categorical
variables. P-values were generated by ANOVA for continuous variables and chi-square test for categorical variables. P-values< 0.05 are shown in bold.

ELI, fatty liver index; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone-sulfate; DHT, dihydrotestosterone; SHBG, sex hormone-binding globulin; 17-OHP, 170~
hydroxyprogesterone; SD, standard deviation; ANOVA, analysis of variance; NA, not applicable.
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instruments
B (95% ClI) B (95% CI) P B (95% CI) 2 B (95% ClI) P for
value value pleiotropy
Total Men 104 -0.09 (-0.16, 0.020 -0.05 (-0.13, 0.157 -0.03 (-0.09, 0.343 -0.02 (-0.14, 0.713 0.163
testosterone -0.01) 0.02) 0.03) 0.10)
Women 124 -0.05 (-0.11, 0.121 0.02 (-0.05, 0.529 0.01 (-0.06, 0.800 0.004 (-0.10, | 0.943 0.229
0.01) 0.09) 0.08) 0.11)
Bioavailable Men 57 0.003 (-0.06, 0.927 0.02 (-0.09, 0.733 0.02 (-0.09, 0.677 0.04 (-0.07, 0.496 0.448
testosterone 0.06) 0.12) 0.13) 0.14)
Women 88 0.13 (0.03, 0.012 0.13 (0.02, 0.016 0.11 (0.01, 0.036 0.10 (-0.09, 0.312 0.678
0.23) 0.24) 0.22) 0.28)
Estradiol Men 10 -0.35 (-1.16, 0.400 -0.03 (-0.74, 0.935 0.08 (-0.61, 0.823 175 (-0.19, 0.115 0.053
047) 0.68) 0.77) 3.69)
Progesterone Women 3 0.004 (-0.06, 0.910 -0.02 (-0.09, 0.563 -0.03 (-0.11, 0.531 0.19 (-0.48, 0.678 0.681
0.07) 0.05) 0.05) 0.87)
17-OHP Men 1 0.10 0.051 0.04 (-0.04, 0.290 0.05 (-0.04, 0.351 0.01 (-0.18, 0912 0.404
(-0.0003, 0.12) 0.13) 0.20)
0.20)
Women 2 0.01 (-0.01, 0.247 NA NA NA NA NA NA NA
0.03)
DHEAS Sex- 4 0.01 (-0.16, 0.916 0.03 (-0.11, 0.694 0.07 (-0.05, 0.341 0.26 (0.05, 0.141 0.119
combined 0.18) 0.16) 0.20) 0.47)
SHBG Men 151 -0.19 (-0.33, 0.0074 | -0.09 (-0.22, 0.151 -0.04 (-0.15, 0.422 -0.14 (-0.34, 0.190 0.479
-0.05) 0.03) 0.06) 0.07)
Women 160 -0.36 (-0.61, 0.004 -0.18 (-0.32, 0.008 -0.16 (-0.29, 0.023 -0.14 (-0.53, 0.503 0.150
-0.12) -0.05) -0.02) 0.26)

Mendelian randomization analysis was carried out with the inverse-variance weighted approach as the main analysis, and robust methods such as weighted median, weighted mode and MR-
Egger were carried out as sensitivity analyses. The robust methods allow for certain percentage of invalid (e.g. pleiotropic) instrumental SNPs in the Mendelian randomization analysis, and
provide estimates of causal effect not subject to these violations. A statistically significant IVW result with directionally consistent Mendelian randomization estimates from all three sensitivity
analyses was considered to be a potential causal effect.

P for pleiotropy is the p value to reject the null hypothesis that the intercept term of the MR Egger regression equals to zero. P for pleiotropy < 0.05 indicates the existence of directional pleiotropy.
P<0.0071 (0.05/7) is considered significant with Bonferroni correction for multiple testing and was shown in bold.

SHBG, sex hormone-binding globulin; DHEAS, Dehydroepiandrosterone-sulfate; 17-OHP, 170-hydroxyprogesterone; IVW, inverse-variance weighted; NA, Not applicable.
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