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Gestational diabetes mellitus is a prevalent metabolic disease that can impact the normal course of pregnancy and delivery, leading to adverse outcomes for both mother and child. Its pathogenesis is complex and involves various factors, such as insulin resistance and β-cell dysfunction. Metabolic reprogramming, which involves mitochondrial oxidative phosphorylation and glycolysis, is crucial for maintaining human metabolic balance and is involved in the pathogenesis and progression of gestational diabetes mellitus. However, research on the link and metabolic pathways between metabolic reprogramming and gestational diabetes mellitus is limited. Therefore, we reviewed the relationship between metabolic reprogramming and gestational diabetes mellitus to provide new therapeutic strategies for maternal health during pregnancy and reduce the risk of developing gestational diabetes mellitus.
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highlights

	We aimed to provide new therapeutic strategies for maternal health during pregnancy and reduce the risk of developing gestational diabetes mellitus (GDM).

	We investigated the link and metabolic pathways between metabolic reprogramming and GDM.

	Energy metabolism molecules, such as CMPF, miR-143, and SIRT1, may be key regulators and potential therapeutic targets for metabolic reprogramming in GDM; however, the exact mechanisms are unclear.

	Further basic and clinical studies are needed to facilitate the development of new therapies for GDM.







Introduction

Gestational diabetes mellitus (GDM) is a metabolic abnormality that occurs when women are pregnant and is defined as the first detection of abnormal glucose tolerance in pregnancy (1), accounting for 86.4% of all hyperglycemia cases during pregnancy (2). GDM prevalence is increasing globally due to increasing maternal obesity and age (3). In the last two decades, GDM prevalence in developing countries has increased by over 30% (4). According to the International Diabetes Federation, approximately 14.0% of pregnant women worldwide are affected by GDM (5). It increases the incidence of serious pregnancy outcomes in mothers and infants, such as premature birth, stillbirth, hypertension, and obesity (6, 7). It affects approximately 20 million newborns each year (5).

Patients with GDM are 7 times more likely to develop type 2 diabetes mellitus (T2DM) after delivery compare to healthy women (8), imposing a significant burden on society. However, the pathogenesis and pathophysiological mechanisms of GDM are complex and are not fully understood. Current evidence suggests insulin resistance (IR), β cell dysfunction, and placental dysfunction contribute to its development (9, 10). GDM pathogenesis is associated with abnormal glucose metabolism due to metabolic reprogramming; however, the exact mechanism is unclear (11–13).

Metabolic reprogramming was first observed by Warburg in the 1920s, who discovered that tumor cells could synthesize ATP through glycolysis even under good oxygen conditions, known as the “Warburg effect” (14). Recent technological advancements have enhanced our understanding of metabolic reprogramming. A balanced metabolic system is essential for the structural stability of glucose and normal physiological function. Metabolic processes can adapt to changes in the environment; thus, they can be reprogrammed to support energy requirements in biosynthesis, leading to disease development such as cancer, diabetes, polycystic kidney disease, and vascular inflammatory diseases (15–18). Metabolic reprogramming is also important in GDM development (11–13).

We explored the relationship between GDM and metabolic reprogramming to provide new therapeutic strategies for prenatal care of pregnant women to reduce the risk of developing GDM.





Metabolic pathways of metabolic reprogramming

Metabolic reprogramming has recently become a popular research area. Metabolic reprogramming refers to the ability of cells to alter their metabolism in order to support the increased energy (19). The main metabolic pathways of metabolic reprogramming are mitochondrial oxidative phosphorylation (OXPHOS) and glycolysis. Metabolic reprogramming leads to the development of many diseases through these processes.





Mitochondrial OXPHOS

Mitochondrial OXPHOS is a process that occurs in mitochondria, which are important organelles in eukaryotic cells. Mitochondria are involved in many cellular processes, including energy metabolism, oxidative stress regulation, fatty acid oxidation, calcium homeostasis, and the balance between cell survival and death. Given the importance of these processes in the cell, mitochondrial dysfunction may be associated with any disease. Mitochondrial dysfunction results from impaired cellular respiration or defects in mitochondrial quality control, mainly reflected in the OXPHOS machinery (20). Metabolic reprogramming is involved in many diseases, including cancer, diabetes, and rare genetic diseases, mainly through mitochondrial OXPHOS (15, 21, 22). Mitochondrial OXPHOS comprises ATP synthase and the electron transport chain. It regulates the metabolic system by generating membrane potential to drive ATP synthesis and maintain redox homeostasis (20). Mitochondrial ATP synthase, or complex V or F1-FO-ATPase, is the final complex in the OXPHOS cascade reaction. The OXPHOS cascade reaction reduces oxygen by transferring electrons from biological oxidation to the respiratory chain complex and generates an electrochemical proton gradient across the inner membrane. which is used by synthases to generate ATP from inorganic phosphate and ADP (23, 24). The main energy carrier molecule in living organisms is ATP, most of which is produced by mitochondrial ATP synthase via OXPHOS. Mitochondrial OXPHOS can produce ATP at a rate up to 18 times that of aerobic glycolysis (20). OXPHOS dysfunction increases the production of mitochondrial reactive oxygen species clusters, causes oxidative damage and various pathological and aging processes (25).





Glycolysis

Glucose is the primary carbon and energy source for cells. It provides energy as ATP for metabolites of various biosynthetic pathways (26). Under anoxic conditions, glucose undergoes a series of enzymatic reactions to produce pyruvate, which is then reduced to lactate in a process called anaerobic glycolysis. The extracellular enzyme lactate dehydrogenase (LDH) converts pyruvate to lactate without oxidative phosphorylation. The increase in glycolytic activity ultimately counteracts the effects of hypoxia by generating sufficient ATP from this anaerobic pathway (27). In states where mitochondrial dysfunction occurs in the organism, cells mostly turn to anaerobic glycolysis by increasing the expression of the Lactate Dehydrogenase-Agene(LDHA) (28). Cancer cells exhibit increased glycolysis and glucose uptake rates, generating much ATP and glycolytic intermediates diverted to biosynthetic pathways instead of producing pyruvate (26, 29).





GDM

GDM is mainly caused by metabolic abnormalities during pregnancy, such as IR, β-cell dysfunction, and placental dysfunction (9, 10). Blood glucose can be improved through exercise, diet, drugs, and self-monitoring of blood sugar (Figure 1).




Figure 1 | Pathogenesis and treatment of GDM Illustration: The pathogenesis of GDM mainly includes IR, β cell dysfunction, and placental dysfunction. As an endocrine organ, the placenta accelerates inflammatory reactions by secreting adiponectin, leptin, visfatin, progesterone, cortisol, PPAR-γ, HPL, prolactin, SHBG, TNF-α, IL-6 and estrogen, which in turn leads to GDM.The treatment of GDM currently mainly includes drug therapy and non-drug therapy. The drug treatment includes insulin injections and oral medications such as metformin and glyburide. Non-drug treatment mainly includes exercise, diet and self-monitoring of blood sugar.







Pathophysiology and pathogenesis




IR

Maternal obesity, cardiovascular disease, and GDM may be related to IR, which is the reduced efficiency of insulin to promote glucose uptake and utilization. The accumulation of excess lipids or other metabolites can lead to IR, thus, activating inflammatory signaling and endoplasmic reticulum stress (30, 31). Patients with GDM had a 54% reduction in glucose uptake compared to normal pregnancy (32). IR usually results from insulin signaling failure, leading to inadequate GLUT4 membrane transport at the molecular level. And insulin receptor abundance is unaffected; however, decreased levels of insulin receptor tyrosine and increased levels of serine/threonine phosphorylation may inhibit the insulin pathway (33).

Insulin signaling failure reduces cellular glucose uptake, leading to GDM in pregnant women (34). In addition, changes in phosphorylation and/or expression of regulatory factors downstream of the insulin signaling pathway, mainly phosphatidylinositol 3-kinase, GLUT4, and insulin receptor substrate, are the main causes of GDM (32) (Figure 2).




Figure 2 | IR mechanism Illustrated: IR is one of the main pathogenesis of GDM.IR is often the result of unsuccessful insulin signaling pathways. Insulin resistance is often the result of unsuccessful insulin signaling pathways. Failure of insulin signaling reduces cellular glucose uptake, leading to GDM in pregnant women. The principle is mainly that insulin activates IRS-1 by binding to the insulin receptor, IRS-1 activates phosphoinositide 3-kinase (PI3K), which further phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5- triphosphate (PIP3). Finally, PIP3 activates Akt2, which facilitates the translocation of GLUT4, allowing glucose uptake into the cell.








β cell dysfunction

The primary function of β cells is to store and secrete insulin to address glucose load. When β cells fail to detect blood sugar levels adequately or release sufficient insulin is defined as β-cell dysfunction (32). Most of the susceptibility genes associated with GDM may be related to beta cell function, such as glucokinase (Gck) and potassium voltage-gated channel (KQT-like 1, Kcnq1) (34–36). IR exacerbates β cell dysfunction; insulin-stimulated glucose uptake is reduced, leading to the situation of hyperglycemia. This increases the burden on β-cells, forcing them to produce more insulin. Glycotoxicity is the direct effect of glucose on beta cell failure. And, if β cell dysfunction occurs, hyperglycemia, a vicious cycle of IR and more severe β cell dysfunction can be triggered. The number of β-cells is an important regulator of glucose homeostasis (32).





Placental adipokines and cytokines

As an endocrine organ during pregnancy, the placenta accelerates the inflammatory response by secreting adipokines and cytokines such as adiponectin, leptin, and visfatin, which leads to IR (3, 37) (Table 1). Adiponectin, an adipose-derived hormone with anti-inflammatory and insulin-sensitizing effects, may be involved in glucose metabolism during pregnancy (48, 49). It responds to insulin release, helps lower blood glucose levels, and alleviates IR. The mechanism by which adiponectin affects tissues is not fully understood; however, adiponectin binds to its receptor and activates the protein kinase cascade pathway, leading to increased fatty acid oxidation and gluconeogenesis inhibition. In GDM, adiponectin levels are substantially reduced, resulting in IR and hyperglycemia (38). More researchs are needed to explore the role for early prediction of adiponectin levels at 25–28 weeks of pregnancy as a useful biomarker for GDM onset (50, 51). Additionally, adiponectin exerts anti-atherosclerotic and anti-inflammatory effects through the placental barrier and maintains immune interactions between mother and infant blood (51–53).


Table 1 | Placental adipokines and cytokines.



Pregnant women with obesity and GDM have higher leptin concentrations (54). Leptin is an adipocyte-derived hormone controlled by the hypothalamus and is vital in the metabolic feedback regulation of food intake. Abnormal leptin expression can lead to weight gain, irregular food intake, and chronic obesity. This causes the pancreas to secrete more insulin into the bloodstream, a phenomenon known as hyperinsulinemia (51). Higher leptin concentrations can upregulate inflammatory cytokines such as tumor necrosis factor-α and interleukin-6, increasing blood levels and impairing insulin sensitivity, promoting GDM development (41, 55). However, the mechanisms involved remain unclear.

Sex hormone-binding globulin (SHBG) is key in GDM pathogenesis. Disturbances in glucose metabolism cause IR in GDM. Lower SHBG levels in early pregnancy are associated with higher insulin levels, IR, and an increased risk of GDM in mid-pregnancy. Therefore, SHBG can be used to identify high-risk pregnancies in early pregnancy (45, 56). Additionally, SHBG expression negatively correlates with GLUT1 and positively correlates with GLUT3 and GLUT4, suggesting SHBG’s involvement in glucose metabolism by regulating multiple GLUTs, binding to sex hormones or other pathways, thereby eliminating IR in GDM (57). Therefore, SHBG transfection into insulin-resistant cells may be a new approach for GDM treatment.

Visfatin, also known as nicotinamide phosphoribosyltransferase, is an adipocyte cytokine primarily produced by visceral adipose tissue. However, during pregnancy, placental tissue expresses and secretes visfatin (41).Visfatin exerts insulin-like effects via insulin receptor-1 and is associated with IR, inflammation, and obesity. It is involved in the pathogenesis of metabolic disorders such as obesity and GDM (40, 58). Serum visfatin levels are elevated and positively correlated with glycated hemoglobin in patients with GDM with high body mass index but decrease after insulin therapy (40). Furthermore, visfatin-mediated biosynthesis of NAD+ in adipocytes is an important physiological regulator of the metabolic function of the whole body (59).

The expression of substances such as estrogen, progesterone, human placental prolactin, prolactin, and cortisol may change as pregnancy progresses, affecting the peripheral insulin sensitivity of pregnant women (60). This unstable metabolic state increases blood glucose and free fatty acid levels, further contributing to GDM development. However, no consensus exists on whether these hormones contribute to GDM, as some systematic reviews have discovered no association between placental prolactin and prolactin and an increased GDM risk (43, 61). Therefore, further large-scale studies are needed. In GDM, fatty acid binding protein expression is significantly increased in adipocytes due to defective insulin-like growth factor receptor 1 function and phosphorylation of insulin receptors; PPAP-γ expression is decreased, and a chronic inflammatory response occurs (51, 62). PPAR-γ is critical in regulating lipid homeostasis and glucose metabolism in GDM (63). In addition, PPAR-γ ligands upregulate adiponectin expression (41), although the exact mechanism is unknown.





Current treatment methods and prognosis

GDM can be detected, diagnosed, and treated. Excessive weight gain during pregnancy, pre-pregnancy overweight and obesity, sedentary lifestyle, and maternal age are risk factors for developing GDM (64, 65). GDM management comprises self-monitoring of blood glucose, lifestyle interventions, and medication. Appropriate diabetes management can prevent adverse outcomes and reduce the incidence of adverse maternal and infant outcomes during pregnancy (66). Non-pharmacological interventions are preferred for GDM. Therefore, lifestyle changes are essential for GDM management. The American Diabetes Association (ADA) states that nutritional therapy for GDM can provide enough nutrition to promote health of mothers and their babies, achieve normoglycemia and freedom from ketosis (67). All women with GDM should receive dietary advice from a clinical nutritionist as the basis for non-pharmacological interventions for GDM (68). Dietary recommendations for GDM include sufficient macronutrients and micronutrients to support fetal growth while limiting dietary carbohydrate intake (68). Diet is important in GDM prevention in pregnant women (64). In addition, implementing a carbohydrate-restricted diet or nutritional counseling and other dietary interventions can effectively improve hyperglycemia in people with GDM and delay insulin use during pregnancy (68–70). Exercise interventions, including aerobic and resistance exercise, have also received increasing attention (71). Aerobic or resistance exercise positively affects blood glucose levels, adverse pregnancy outcomes and insulin use in patients with GDM (72–74). More multi-center, large-sample, high-quality RCTs should be conducted to clarify the optimal type, frequency, and duration of exercise and other factors to determine prevention strategies for GDM.

The ADA and the American College of Obstetricians and Gynecologists (ACOG) recommend target glucose levels of <5.3 mmol/l fasting, <7.8 mmol/l 1 hour postprandial, and <6.7 mmol/l 2 hours postprandial (67, 75). For patients with GDM in whom non-pharmacological interventions cannot achieve glycemic control, pharmacological treatment may be initiated if plasma glucose levels exceed target levels by 30%. Insulin is the preferred and only FDA-approved drug (66). Oral medications may sometimes be preferable to insulin injections because they are cheaper, easier to administer, and more acceptable to the patient. Currently, the ACOG recommends oral medications for women who refuse insulin therapy or for whom insulin use is not feasible or safe, with metformin being the preferred oral hypoglycemic agent (76). However, glyburide is an effective treatment for achieving glycemic targets in women with GDM. Clinical experience can minimize the risk of maternal hypoglycemia (77). Glyburide has been widely used in the USA for women with GDM (78). In most guidelines, insulin remains the drug of choice for GDM treatment because the safety and efficacy of other drugs have not been established (67, 79, 80) (Figure 1).





Gestational diabetes and metabolic reprogramming

The relationship between GDM and metabolic reprogramming is poorly understood; however, according to the existing evidence, the metabolic pathways of metabolic reprogramming in GDM may lie mainly in mitochondrial dysfunction, glycolysis, and energy metabolism.





Gestational diabetes and metabolic reprogramming




Mitochondrial dysfunction

An interaction exists between high blood glucose concentrations and mitochondrial dysfunction in patients with GDM. Spiral cells isolated from patients with GDM tend to have elevated reactive oxygen species (ROS) levels and vascular dysfunction (11, 13). Glucose is believed to be a source of free radicals, and hyperglycemia promotes lipid peroxidation in low-density lipoprotein through a superoxide-dependent pathway, which is attributed to increased oxidative stress levels in GDM. When hyperglycemia causes free radical production, it disrupts antioxidant defenses. Superoxide dismutase levels are reduced in patients with GDM. Furthermore, hyperglycemia during pregnancy has a detrimental effect on mitochondrial function. Mitochondrial regulatory genes ND2, TFAM, PGC1DNA and NDUFB9 are significantly reduced in patients with GDM (11). Therefore, mitochondrial dysfunction promotes ROS, which may lead to oxidative stress if cellular defense mechanisms are compromised. High levels of oxidative stress, mitochondrial dysfunction, and disrupted antioxidant defense mechanisms occur simultaneously, leading to metabolic damage and cellular changes that lead to GDM development (11).





Glycolysis and energy metabolism

GDM severely disrupts the metabolism of glucose and fatty acids, suggesting a disturbance in energy metabolism in women with GDM. Compared with normal pregnant women, patients with GDM have significantly lower levels of valine, leucine, lactate, isoleucine, and glycerol-3-phosphate, indicating glycolysis. Glycerol 3-phosphate is synthesized by reducing dihydroxyacetone phosphate with glycerol 3-phosphate dehydrogenase, and its decrease in plasma levels indicates that its production is inhibited. Anaerobic products also indicate glycolysis inhibition in patients with GDM. Impaired absorption and utilization of glucose, resulting in cellular functional reprogramming, and diabetes onset could cause inadequate glucose metabolism in GDM. Triethanolamine is substantially increased in patients with GDM compared with normal pregnant women. Triethanolamine is an important intermediate in glycolysis and acetaldehyde precursor. The substantial increase in triethanolamine may be due to impeded bioconversion of triethanolamine to acetaldehyde, exacerbating energy metabolism disturbance in GDM (12). 2-ketobutyric acid is involved in IR and disrupts glucose homeostasis (81). Plasma 2-hydroxybutyric acid, which produced by 2-ketobutyric acid, concentrations are higher in patients with GDM in late pregnancy than in controls, suggesting that it may be an independent early predictor of glucose abnormalities in humans (82). 3-Hydroxybutyric acid is substantially reduced in patients with GDM, suggesting a disturbance in Krebs’ circulating energy metabolism. Under conditions of insufficient energy, 3-hydroxybutyric acid levels decrease due to its use as a metabolic energy source (83). In addition, pregnant women with obesity are more likely to develop GDM (84). The mechanism is not fully understood; however, this may be due to a high-fat diet (HFD) in patients with obesity leading to hepatic lipogenesis, fat accumulation, lipid oxidation, gluconeogenesis, and glycolysis inhibition. Hepatic glycolytic enzymes PFK-1 and GCK expression is reduced, and PEPCK and G6Pase expression is increased in male mice on HFD. HFD reprograms fuel preference from glucose to fatty acid metabolism, leading to IR (85, 86). This may also be the case in patients with GDM. Glycolysis inhibition and enhanced fatty acid oxidation by HFD may be directly involved in GDM pathogenesis.

Higher glucose levels in the liver cause the separation of lipids from the mitochondrial oxidative pathway, activating serine kinases and inactivating molecules involved in insulin signaling. In fat-overloaded muscles, fatty acid oxidation increases, but downstream Kreb’s energy cycling is blocked, accumulating unprocessed lipid droplets in the mitochondria. This ultimately leads to IR or impaired insulin signaling, resulting in GDM (11).

In patients with type 2 diabetes, insulin resistance is induced by changes in OXPHOS levels, reduced NADH oxidoreductase and citrate synthase activity (87). In contrast, data on changes in metabolic reprogramming in patients with GDM are still limited. For women with OXPHOS mutations, the probability of developing GDM is higher (88). It has recently been shown that GDM and hyperglycemia inhibit placental mitochondrial function and glycolysis and alter lipid processing compared to controls. Specifically, GDM had a 39% reduction in ATP content, a 44% reduction in oxidative phosphorylation, and 55%-60% inhibition of CTB glycolysis (89). Although obese pregnant women may disrupt glucose metabolism by inhibiting hepatic glycolysis and fat oxidation, leading to the development of metabolic reprogramming. However, there are still specific data on obese pregnant women or normal weight pregnant women in this regard and more studies are needed to further elucidate this (Figure 3).




Figure 3 | Metabolic pathways of GDM and metabolic reprogramming Illustration: The metabolic pathways of metabolic reprogramming in GDM mainly include mitochondrial dysfunction and the occurrence of glycolysis. Increased levels of oxidative stress in GDM lead to spikes in blood sugar, which further lead to mitochondrial dysfunction. Mitochondrial dysfunction promotes the accumulation of ROS, leading to impaired cellular defense mechanisms, resulting in decreased levels of OXPHOS and ultimately metabolic reprogramming. In addition, obese pregnant women may experience reprogramming of GDM metabolism due to suppressed fat oxidation and decreased levels of glycolysis.







The factors involved in metabolic reprogramming in GDM

Many factors regulate GDM metabolic programming. However, most studies have been limited to comparing the level of factors in patients with GDM and normal patients, and less research has been conducted on the underlying mechanisms. Therefore, GDM mechanisms remain unclear (Table 2).


Table 2 | The factors involved in metabolic reprogramming in GDM.






Neuregulin 4

Neuregulin 4 (NRG4) is a batokine. It may be important in regulating metabolic homeostasis, insulin sensitivity, and energy maintenance. NRG4 maintains the dynamic balance of glucose and lipids through ERB3 and ERB4 receptors in the liver. It also upregulates GLUT3 and GLUT1 transporters in skeletal muscle to increase glucose uptake and maintain glucose homeostasis (8, 97). However, the exact mechanism of action of NRG4 in GDM is unknown. Patients with GDM have considerably lower NGR4 levels. In contrast, other metabolic factors, particularly the Homeostatic Model Assessment of Insulin and Insulin Resistance, are substantially associated with NGR4. Therefore, NGR4 may be a biomarker for GDM (8). However, larger researchs are needed to explore these results and further determine the potential of NRG4 as a biomarker for GDM.





Angiopoietin-like protein 8

Angiopoietin-like protein 8 (Angptl 8) is a newly identified protein factor whose secretion is closely related to lipid metabolism, insulin sensitivity, and glucose metabolism (90). Angptl8 can influence plasma lipoprotein levels by regulating IR and glucose homeostasis (98). JNK signaling pathway inhibition by ANGPTL8 knockdown can enhance insulin sensitivity in trophoblast cells. Thus, ANGPTL8 may be involved in GDM development and provide new insights into its clinical diagnosis and treatment (99). ANGPTL8 levels in early pregnancy are associated with GDM risk (90), which may be used to predict GDM onset and minimize hyperglycemia risk in pregnant women and their offspring.





Smad4

Smad4 is a member of the SMAD family of intracellular proteins involved in transducing signals from the transforming growth factor beta (TGF-β) signaling pathway (100, 101). Glucose uptake is widely recognized as the primary source of energy for cellular survival (102). Effective insulin secretion and function are essential for maintaining glucose homeostasis (103). In IR models, Smad4 deficiency impairs insulin sensitivity and suppresses inflammatory responses, whereas Smad4 overexpression has the opposite effect on these changes. TGF-β signals are transmitted to intracellular SMAD proteins, including R-SMADs and Co-SMAD. R-SMAD is phosphorylated at its C-terminal serine residue to form the R-SMAD/Co-SMAD heterodimer. The heteromeric complex is then transported to the nucleus, where it activates or inhibits the transcription of TGF-β responsive genes (91, 104). The main pathological and physiological basis of GDM is manifested as placental IR. Smad4 deficiency substantially increases insulin sensitivity and alleviates the inflammatory response in insulin-resistant cell models. Furthermore, a positive effect of Smad4 on cell viability has been observed (91). The role of Smad4 in regulating IR and inflammatory responses in GDM may confirm its role in metabolic reprogramming and provide new insights into GDM pathogenesis.





Sirtuin 1

Sirtuin 1 (SIRT1) is involved in mitochondrial function, energy metabolism, and insulin regulation (105). The T allele of rs3811463 increases SIRT1 protein levels; replacing the T allele with the C allele considerably increases SIRT1 levels. The let-7/Lin28 pathway, which regulates insulin sensitivity by regulating SIRT1 expression (106), is key in regulating glucose and insulin metabolism. Sirt-1 expression is downregulated in patients with GDM (107), and the mechanism of metabolic reprogramming is mainly through oxidative stress, mitochondrial dysfunction, changes in mitochondrial membrane potential, and antioxidant response (108).





Hypoxia-inducible factor 1

Hypoxia-inducible factor 1 (HIF1) is encoded by the HIF1a gene and regulates energy metabolism and cellular glucose in pathological processes. Hypoxia is an imbalance in oxygen homeostasis and is essential for metabolism and survival (109). HIF1α protein is crucial in hypoxia. It controls the activity of several target genes involved in metabolism and glucose transport (109). HIF1α upregulation facilitates normal early placental development and embryonic growth as the fetus develops under hypoxic conditions (93, 110). However, in late pregnancy, activation of this protein may lead to poor pregnancy outcomes (111). HIF1α expression is associated with VEGF activation and is linked to placental formation and obesity (112), which may contribute to high HIF1α expression in GDM. WW-domain-containing oxidoreductase (WWOX) regulates glucose metabolism by inhibiting HIF1α in cells and animal models, which affects aerobic glycolysis (93). Skeletal muscle-specific WWOX deficiency disrupts mitochondrial glucose oxidation and stimulates lactate production, disrupting systemic glucose dynamic homeostasis. WWOX deficiency increases HIF1α expression and its target genes, including those that encode important glycolytic enzymes (113). In GDM, WWOX expression is lower than in normal pregnant women and regulates HIF1α activity in tissues. Excessive HIF1α activation leads to the production of glycolysis-related proteins, resulting in pathological changes in glucose metabolism in GDM. Therefore, the regulatory effect of WWOX on HIF1α suggests that the upregulation of glycolytic energy metabolism is important in the metabolic homeostasis of GDM (93). However, data on the effects of gestational diabetes on the WWOX/HIF1 α signaling pathway are limited, and the role of the HIF1α pathway in GDM remains unclear.





Hexokinase-2

Hexokinase-2 (HK2) is an enzyme responsible for catalyzing the initial step of most glucose metabolic pathways that involve the conversion of glucose to glucose-6-phosphate by phosphorylation. HK2 is crucial in regulating glycolysis and is overexpressed in different types of cancer, which can alter intracellular glucose homeostasis (114, 115). Reduced glucose-6-phosphate levels in the muscle of patients with IR suggest that abnormal HK2 expression may contribute to IR and diabetes onset. However, the mechanism underlying the correlation between HK2 dysregulation and GDM is unclear. Aerobic glycolysis via HK2 in the placenta of patients with GDM may lead to HK2 expression upregulation due to reduced mitochondrial respiration, resulting in metabolic disorders in patients with GDM. Placental cells rely on glycolysis to facilitate their rapid growth. Primary human trophoblast cells exhibit a higher aerobic glycolysis rate than mature somatic cells. HK1 expression remains stable in the placenta; however, temporary suppression of HK2 may impede glycolytic flow, resulting in feedback inhibition of glucose intake (94). This may explain the reduced glucose uptake observed in HK2-deficient trophoblast cells, although further confirmation is required.





MiR-143

MiR-143 has been studied. Extracellular vesicles in the adipose tissue of women with GDM affect glucose metabolism in the placenta. This effect is achieved by increasing the expression of genes related to glycolytic and gluconeogenic pathways (116). Thus, extracellular vesicles can participate in maternal metabolism by regulating adipose tissue activity (117). MiRNA is a small non-coding RNA. It can regulate gene expression by translation inhibition or mRNA degradation (118). MiRNA can regulate cell proliferation, tumorigenesis, and other functions and is involved in cellular physiological or pathological processes, including glucose metabolism (119). Human miR-143 on chromosome 5 inhibits the glycolytic enzyme HK2 and upregulates aerobic glycolysis in cancer cells (95). In GDM, miR-143 downregulation is crucial in glucose metabolism and mitochondrial function, mediating the metabolic transition from OXPHOS to aerobic glycolysis in GDM placentas. In addition, mitochondrial protein expression is reduced in the skeletal muscle of patients with GDM. Therefore, the increased glucose utilization and consumption in GDM placentas may reflect increased expression or activity of limiting enzymes in the glycolytic pathway. Mitochondrial dysfunction and upregulation of glycolytic expression in GDM placentas, including a substantial increase in glycolytic enzyme expression (HK2), phosphofructokinase, and LDH, has been discovered. MiR-143 overexpression partially rescues mitochondrial function, reorganizes mitochondrial respiration, increases the expression of mitochondrial complex proteins, and reduces the expression of glycolytic enzymes by 40% (95). Therefore, miR-143 regulation may be partially responsible for placental mitochondrial dysfunction in GDM. Additionally, miR-143-3p inhibits the Tak1/NF-κB pathway, thereby preventing pancreatic β-cell dysfunction (120).





3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid

3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) is a metabolite of furan fatty acids and is important in glucolipid metabolism. Considerable increases have been observed in women with GDM, postpartum women, patients with impaired glucose tolerance, and patients with T2DM (121, 122). However, the specific role of CMPF in GDM development is unclear. CMPF directly affects pancreatic cells, leading to mitochondrial dysfunction, reduced oxidative stress and glucose-induced ATP accumulation. This may lead to the dysregulation of key transcription factors and a substantial decrease in insulin synthesis levels, resulting in metabolic reprogramming and pancreatic cell dysfunction (121, 123). However, blocking CMPF transport through OAT3 or using antioxidant therapy may prevent CMPF-induced β-cell dysfunction (121). Therefore, CMPF’s role in β-cell dysfunction in GDM/T2DM could be a therapeutic target, and drugs targeting CMPF may improve maternal outcomes and prevent future complications. CMPF may be a biomarker for hyperglycemia and β-cell dysfunction in GDM.







Conclusions

Metabolic reprogramming in GDM is complex and involves a multifactorial and multistep pathway that can be controlled through mitochondrial OXPHOS and glycolysis. Energy metabolism molecules, such as CMPF, miR-143, and SIRT1, may be key regulators and potential therapeutic targets for metabolic reprogramming in GDM; however, the exact mechanisms are unclear. Owing to the lack of targeted metabolic reprogramming drugs for GDM prevention and treatment, research on GDM can help identify metabolic factors associated with its development and prognosis, which is important to explain the underlying metabolic pathways and improve the diagnosis, treatment, and GDM prognosis. Research can also help to identify novel biomarkers or therapeutic targets. Thus, further basic and clinical studies are needed to facilitate the development of new therapies for GDM.





Author contributions

Y-PX: Conceptualization, Formal Analysis, Investigation, Writing – original draft, Writing – review & editing. SL: Data curation, Writing – original draft, Writing – review & editing. B-YX: Conceptualization, Writing – original draft, Writing – review & editing. H-FZ: Conceptualization, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Science and Technology Bureau of Quanzhou (Grant Number 2020CT003), Fujian Provincial Key Clinical Specialties Construction Project in 2022 (The Second Affiliated Hospital of Fujian Medical University Key Discipline Special Project, Grant number:HLZDZK202301) and Startup Fund for scientific research, Fujian Medical University(Grant number:2022QH1119).




Acknowledgments

Thanks to the organizations that provided financial support for this study.





Conflict of interest

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





References

1. American College of Obstetricians and Gynecologists. Practice bulletin no. 180 summary: gestational diabetes mellitus. Obstet Gynecol (2017) 130(1):244. doi: 10.1097/AOG.0000000000002152

2. Cho, NH, Shaw, JE, Karuranga, S, Huang, Y, da Rocha Fernandes, JD, Ohlrogge, AW, et al. IDF Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract (2018) 138:271–81. doi: 10.1016/j.diabres.2018.02.023

3. Du, R, Wu, N, and Li, L. Aberrantly expressed non-coding RNAs in the placenta and their role in the pathophysiology of gestational diabetes mellitus. Diabetes Metab Syndr Obes (2021) 14:3719–32. doi: 10.2147/DMSO.S325993

4. Zhu, Y, and Zhang, C. Prevalence of gestational diabetes and risk of progression to type 2 diabetes: a global perspective. Curr Diabetes Rep (2016) 16(1):7. doi: 10.1007/s11892-015-0699-x

5. Modzelewski, R, Stefanowicz-Rutkowska, MM, Matuszewski, W, and Bandurska-Stankiewicz, EM. Gestational diabetes mellitus-recent literature review. J Clin Med (2022) 11(19):5736. doi: 10.3390/jcm11195736

6. Draznin, B, Aroda, VR, Bakris, G, Benson, G, Brown, FM, Freeman, R, et al. 15. Management of diabetes in pregnancy: standards of medical care in diabetes-2022. Diabetes Care (2022) 45(Suppl 1):S232–S43. doi: 10.2337/dc22-S015

7. Damm, P, Houshmand-Oeregaard, A, Kelstrup, L, Lauenborg, J, Mathiesen, ER, and Clausen, TD. Gestational diabetes mellitus and long-term consequences for mother and offspring: a view from Denmark. Diabetologia (2016) 59(7):1396–99. doi: 10.1007/s00125-016-3985-5

8. Attique, H, Baig, S, Ishtiaque, S, Rehman, R, Ahmed, ST, and Ali Shahid, M. Neuregulin 4 (NRG4) - the hormone with clinical significance in gestational diabetes mellitus. J Obstet Gynaecol (2022) 42(6):1931–36. doi: 10.1080/01443615.2022.2054683

9. Li, C, Qu, L, Farragher, C, Vella, A, and Zhou, B. MicroRNA regulated macrophage activation in obesity. J Transl Int Med (2019) 7(2):46–52. doi: 10.2478/jtim-2019-0011

10. Tanaka, T, Wada, T, Uno, K, Ogihara, S, Ie, H, Okekawa, A, et al. Oestrogen receptor α in T cells controls the T cell immune profile and glucose metabolism in mouse models of gestational diabetes mellitus. Diabetologia (2021) 64(7):1660–73. doi: 10.1007/s00125-021-05447-x

11. Kong, CM, Subramanian, A, Biswas, A, Stunkel, W, Chong, YS, Bongso, A, et al. Changes in stemness properties, differentiation potential, oxidative stress, senescence and mitochondrial function in wharton's jelly stem cells of umbilical cords of mothers with gestational diabetes mellitus. Stem Cell Rev Rep (2019) 15(3):415–26. doi: 10.1007/s12015-019-9872-y

12. Jin, B, Liu, L, Zhang, S, Cao, X, Xu, Y, Wang, J, et al. Nuclear magnetic resonance-assisted metabolic analysis of plasma for mild gestational diabetes mellitus patients. Metab Syndr Relat Disord (2017) 15(9):439–49. doi: 10.1089/met.2017.0065

13. Fisher, JJ, Vanderpeet, CL, Bartho, LA, McKeating, DR, Cuffe, JSM, Holland, OJ, et al. Mitochondrial dysfunction in placental trophoblast cells experiencing gestational diabetes mellitus. J Physiol (2021) 599(4):1291–305. doi: 10.1113/JP280593

14. Warburg, O, Wind, F, and Negelein, E. The metabolism of tumors in the body. J Gen Physiol (1927) 8(6):519–30. doi: 10.1085/jgp.8.6.519

15. Wang, M, Pang, Y, Guo, Y, Tian, L, Liu, Y, Shen, C, et al. Metabolic reprogramming: A novel therapeutic target in diabetic kidney disease. Front Pharmacol (2022) 13:97060. doi: 10.3389/fphar.2022.97060

16. Sun, J, Ding, J, Shen, Q, Wang, X, Wang, M, Huang, Y, et al. Decreased propionyl-CoA metabolism facilitates metabolic reprogramming and promotes hepatocellular carcinoma. J Hepatol (2023) 78(3):627–42. doi: 10.1016/j.jhep.2022.11.017

17. Shen, L, Chen, W, Ding, J, Shu, G, Chen, M, Zhao, Z, et al. The role of metabolic reprogramming of oxygen-induced macrophages in the dynamic changes of atherosclerotic plaques. FASEB J (2023) 37(3):e22791. doi: 10.1096/fj.202201486R

18. Bakaj, I, and Pocai, A. Metabolism-based approaches for autosomal dominant polycystic kidney disease. Front Mol Biosci (2023) 10:1126055. doi: 10.3389/fmolb.2023.1126055

19. Cazzaniga, M, and Bonanni, B. Breast cancer metabolism and mitochondrial activity: the possibility of chemoprevention with metformin. BioMed Res Int (2015) 2015:972193. doi: 10.1155/2015/972193

20. Gore, E, Duparc, T, Genoux, A, Perret, B, Najib, S, and Martinez, LO. The multifaceted ATPase inhibitory factor 1 (IF1) in energy metabolism reprogramming and mitochondrial dysfunction: A new player in age-associated disorders? Antioxid Redox Signal (2022) 37(4-6):370–93. doi: 10.1089/ars.2021.0137

21. Pant, K, Richard, S, Peixoto, E, and Gradilone, SA. Role of glucose metabolism reprogramming in the pathogenesis of cholangiocarcinoma. Front Med (Lausanne) (2020) 7:113. doi: 10.3389/fmed.2020.00113

22. Martín-Jiménez, R, Faccenda, D, Allen, E, Reichel, HB, Arcos, L, Ferraina, C, et al. Reduction of the ATPase inhibitory factor 1 (IF(1)) leads to visual impairment in vertebrates. Cell Death Dis (2018) 9(6):669. doi: 10.1038/s41419-018-0578-x

23. Walker, JE. The ATP synthase: the understood, the uncertain and the unknown. Biochem Soc Trans (2013) 41(1):1–16. doi: 10.1042/BST20110773

24. Walker, JE. Mechanisms of primary energy transduction in biology. R Soc Chem (2017) 5(12):338–73. doi: 10.1039/9781788010405-00338

25. Elfawy, HA, and Das, B. Crosstalk between mitochondrial dysfunction, oxidative stress, and age related neurodegenerative disease: Etiologies and therapeutic strategies. Life Sci (2019) 218:165–84. doi: 10.1016/j.lfs.2018.12.029

26. Potter, M, Newport, E, and Morten, KJ. The Warburg effect: 80 years on. Biochem Soc Trans (2016) 44(5):1499–505. doi: 10.1042/BST20160094

27. Wu, CL, Chang, CC, Wu, JK, Chiang, MH, Yang, CH, and Chiang, HC. Mushroom body glycolysis is required for olfactory memory in Drosophila. Neurobiol Learn Mem (2018) 150:13–9. doi: 10.1016/j.nlm.2018.02.015

28. Altinoz, MA, and Ozpinar, A. Oxamate targeting aggressive cancers with special emphasis to brain tumors. BioMed Pharmacother (2022) 147:112686. doi: 10.1016/j.biopha.2022.112686

29. Hsu, PP, and Sabatini, DM. Cancer cell metabolism: Warburg and beyond. Cell (2008) 134(5):703–7. doi: 10.1016/j.jnutbio.2021.108810

30. Yao, X, Liu, R, Li, X, Li, Y, Zhang, Z, Huang, S, et al. Zinc, selenium and chromium co-supplementation improves insulin resistance by preventing hepatic endoplasmic reticulum stress in diet-induced gestational diabetes rats. J Nutr Biochem (2021) 96:108810. doi: 10.1016/j.jnutbio.2021.108810

31. Aye, I, Rosario, FJ, Kramer, A, Kristiansen, O, Michelsen, TM, Powell, TL, et al. Insulin increases adipose adiponectin in pregnancy by inhibiting ubiquitination and degradation: impact of obesity. J Clin Endocrinol Metab (2022) 107(1):53–66. doi: 10.1210/clinem/dgab680

32. Plows, JF, Stanley, JL, Baker, PN, Reynolds, CM, and Vickers, MH. The pathophysiology of gestational diabetes mellitus. Int J Mol Sci (2018) 19(11):3342. doi: 10.3390/ijms19113342

33. Barbour, LA, McCurdy, CE, Hernandez, TL, Kirwan, JP, Catalano, PM, and Friedman, JE. Cellular mechanisms for insulin resistance in normal pregnancy and gestational diabetes. Diabetes Care (2007) 30 Suppl;2:S112–9. doi: 10.2337/dc07-s202

34. Ortega-Contreras, B, Armella, A, Appel, J, Mennickent, D, Araya, J, González, M, et al. Pathophysiological role of genetic factors associated with gestational diabetes mellitus. Front Physiol (2022) 13:769924. doi: 10.3389/fphys.2022.769924

35. Benny, P, Ahn, HJ, Burlingame, J, Lee, MJ, Miller, C, Chen, J, et al. Genetic risk factors associated with gestational diabetes in a multi-ethnic population. PloS One (2021) 16(12):e0261137. doi: 10.1371/journal.pone.0261137

36. She, L, Li, W, Guo, Y, Zhou, J, Liu, J, Zheng, W, et al. Association of glucokinase gene and glucokinase regulatory protein gene polymorphisms with gestational diabetes mellitus: A case-control study. Gene (2022) 824:146378. doi: 10.1016/j.gene.2022.146378

37. Kampmann, U, Knorr, S, Fuglsang, J, and Ovesen, P. Determinants of maternal insulin resistance during pregnancy: an updated overview. J Diabetes Res (2019) 2019:5320156. doi: 10.1155/2019/5320156

38. Akhtar, Y, Nawaz, S, Khan, MS, Habib, SH, Malik, MH, and Fatima, S. Relationship of serum adiponectin levels with glycaemic status in pregnant women. J J Ayub Med Coll Abbottabad (2022) 34(2):235–38. doi: 10.55519/JAMC-02-9491

39. Roca-Rodríguez, MDM, Ramos-García, P, López-Tinoco, C, and Aguilar-Diosdado, M. Significance of serum-plasma leptin profile during pregnancy in gestational diabetes mellitus: A systematic review and meta-analysis. J Clin Med (2022) 11(9):2433. doi: 10.3390/jcm11092433

40. Radzicka-Mularczyk, S, Zaborowski, MP, Brązert, J, and Pietryga, M. Serum visfatin as a metabolic biomarker in obese patients with gestational diabetes mellitus. Minerva Endocrinol (Torino) (2021) 46(4):396–405. doi: 10.23736/S2724-6507.20.03280-0

41. Zhang, Y, Huo, Y, He, W, Liu, S, Li, H, and Li, L. Visfatin is regulated by interleukin−6 and affected by the PPAR−γ pathway in BeWo cells. Mol Med Rep (2019) 1):400–6. doi: 10.3892/mmr.2018.9671

42. Alyas, S, Roohi, N, Ahmed, S, Ashraf, S, Ilyas, S, and Ilyas, A. Lower vitamin D and sex hormone binding globulin levels and higher progesterone, cortisol and t-PA levels in early second trimester are associated with higher risk of developing gestational diabetesmellitus. J Biol Regul Homeost Agents (2020) 34(1):257–61. doi: 10.23812/20-35-L

43. Rassie, K, Giri, R, Joham, AE, Teede, H, and Mousa, A. Human placental lactogen in relation to maternal metabolic health and fetal outcomes: A systematic review and meta-analysis. Int J Mol Sci (2022) 23(24):15621. doi: 10.3390/ijms232415621

44. Overgaard, M, Glintborg, D, Christesen, HT, Jensen, TK, and Andersen, MS. Maternal prolactin is associated with glucose status and PCOS in pregnancy: Odense Child Cohort. Eur J Endocrinol (2020) 183(3):307–16. doi: 10.1530/EJE-20-0144

45. Li, MY, Rawal, S, Hinkle, SN, Zhu, YY, Tekola-Ayele, F, Tsai, MY, et al. Sex hormone-binding globulin, cardiometabolic biomarkers, and gestational diabetes: A longitudinal study and meta-analysis. Matern Fetal Med (2020) 2(1):2–9. doi: 10.1097/FM9.0000000000000037

46. Hosseini, E, Mokhtari, Z, Salehi Abargouei, A, Mishra, GD, and Amani, R. Maternal circulating leptin, tumor necrosis factor-alpha, and interleukine-6 in association with gestational diabetes mellitus: a systematic review and meta-analysis. Gynecol Endocrinol (2023) 39(1):2183049. doi: 10.1080/09513590.2023.2183049

47. Tien Nguyen, S, Bui Minh, T, Trung Dinh, H, Dinh Le, T, Phi Thi Nguyen, N, Tran, TTH, et al. Relationship between maternal serum cortisol and maternal insulin resistance and fetal ultrasound characteristics in gestational diabetes mellitus. Diabetes Metab Syndr Obes (2023) 16:365–72. doi: 10.2147/DMSO.S400995

48. Ye, Y, Wu, P, Wang, Y, Yang, X, Ye, Y, Yuan, J, et al. Adiponectin, leptin, and leptin/adiponectin ratio with risk of gestational diabetes mellitus: A prospective nested case-control study among Chinese women. Diabetes Res Clin Pract (2022) 191:110039. doi: 10.1016/j.diabres.2022.110039

49. Lomakova, YD, Chen, X, Stein, TP, and Steer, RA. Decreased adiponectin levels in early pregnancy are associated with high risk of prematurity for african american women. J Clin Med (2022) 11(11):3213. doi: 10.3390/jcm11113213

50. Pala, HG, Ozalp, Y, Yener, AS, Gerceklioglu, G, Uysal, S, and Onvural, A. Adiponectin levels in gestational diabetes mellitus and in pregnant women without glucose intolerance. Adv Clin Exp Med (2015) 24(1):85–92. doi: 10.17219/acem/38141

51. Sharma, AK, Singh, S, Singh, H, Mahajan, D, Kolli, P, Mandadapu, G, et al. Deep insight of the pathophysiology of gestational diabetes mellitus. Cells (2022) 11(17):2672. doi: 10.3390/cells11172672

52. Liu, L, Shi, Z, Ji, X, Zhang, W, Luan, J, Zahr, T, et al. Adipokines, adiposity, and atherosclerosis. Cell Life Sci (2022) 79(5):272. doi: 10.1007/s00018-022-04286-2

53. Fadaei, R, Goodarzi, G, Yarahmadi, S, Allahyari, P, Fallah, S, and Moradi, N. Circulating levels of C1q/TNF-related protein 3 (CTRP3) and CTRP9 in gestational diabetes and their association with insulin resistance and inflammatory cytokines. Lab Med (2022) 54(3):23–5. doi: 10.1093/labmed/lmac096

54. Montserrat-de la Paz, S, Pérez-Pérez, A, Vilariño-García, T, Jiménez-Cortegana, C, Muriana, FJG, Millán-Linares, MC, et al. Nutritional modulation of leptin expression and leptin action in obesity and obesity-associated complications. J Nutr Biochem (2021) 89:108561. doi: 10.1016/j.jnutbio.2020.108561

55. Valerio, J, Barabash, A, Garcia de la Torre, N, De Miguel, P, Melero, V, Del Valle, L, et al. The Relationship between Serum Adipokines, miR-222-3p, miR-103a-3p and Glucose Regulation in Pregnancy and Two to Three Years Post-Delivery in Women with Gestational Diabetes Mellitus Adhering to Mediterranean Diet Recommendations. Nutrients (2022) 14(22):4712. doi: 10.3390/nu14224712

56. Liu, W, Huang, Z, Tang, S, Zhang, Z, Yu, Q, and He, J. Changes of serum sex hormone-binding globulin, homocysteine, and hypersensitive CRP levels during pregnancy and their relationship with gestational diabetes mellitus. Gynecol Obstet Invest (2021) 86(1-2):193–9. doi: 10.1159/000515085

57. Feng, C, Jin, Z, Sun, L, Wang, X, Chi, X, Zhang, X, et al. Endogenous SHBG levels correlate with that of glucose transporters in insulin resistance model cells. Mol Biol Rep (2019) 46(5):4953–65. doi: 10.1007/s11033-019-04946-w

58. Basu, A, Crew, J, Ebersole, JL, Kinney, JW, Salazar, AM, Planinic, P, et al. Dietary blueberry and soluble fiber improve serum antioxidant and adipokine biomarkers and lipid peroxidation in pregnant women with obesity and at risk for gestational diabetes. Antioxidants (Basel) (2021) 10(8):1318. doi: 10.3390/antiox10081318

59. Stromsdorfer, KL, Yamaguchi, S, Yoon, MJ, Moseley, AC, Franczyk, MP, Kelly, SC, et al. NAMPT-mediated NAD(+) biosynthesis in adipocytes regulates adipose tissue function and multi-organ insulin sensitivity in mice. Cell Rep (2016) 16(7):1851–60. doi: 10.1016/j.celrep.2016.07.027

60. Napso, T, Yong, HEJ, Lopez-Tello, J, and Sferruzzi-Perri, AN. The role of placental hormones in mediating maternal adaptations to support pregnancy and lactation. Front Physiol (2018) 9:1091. doi: 10.3389/fphys.2018.01091

61. Rassie, K, Giri, R, Joham, AE, Mousa, A, and Teede, H. Prolactin in relation to gestational diabetes and metabolic risk in pregnancy and postpartum: A systematic review and meta-analysis. Front Endocrinol (Lausanne) (2022) 13:1069625. doi: 10.3389/fendo.2022.1069625

62. Valencia-Ortega, J, González-Reynoso, R, Ramos-Martínez, EG, Ferreira-Hermosillo, A, Peña-Cano, MI, Morales-Ávila, E, et al. New insights into adipokines in gestational diabetes mellitus. Int J Mol Sci (2022) 23(11):6279. doi: 10.3390/ijms23116279

63. Acosta-Manzano, P, Leopold-Posch, B, Simmons, D, Devlieger, R, Galjaard, S, Corcoy, R, et al. The unexplored role of sedentary time and physical activity in glucose and lipid metabolism-related placental mRNAs in pregnant women who are obese: the DALI lifestyle randomised controlled trial. Bjog. (2022) 129(5):708–21. doi: 10.1111/1471-0528.16945

64. Lambert, V, Muñoz, SE, Gil, C, and Román, MD. Maternal dietary components in the development of gestational diabetes mellitus: a systematic review of observational studies to timely promotion of health. Nutr J (2023) 22(1):15. doi: 10.1186/s12937-023-00846-9

65. Hassani Zadeh, S, Boffetta, P, and Hosseinzadeh, M. Dietary patterns and risk of gestational diabetes mellitus: A systematic review and meta-analysis of cohort studies. Clin Nutr ESPEN (2020) 36:1–9. doi: 10.1016/j.clnesp.2020.02.009

66. Sandu, C, Bica, C, Salmen, T, Stoica, R, Bohiltea, R, Gherghiceanu, F, et al. Gestational diabetes - modern management and therapeutic approach (Review). Exp Ther Med (2021) 21(1):81. doi: 10.3892/etm.2020.9512

67. Committee on Practice Bulletins—Obstetrics. ACOG practice bulletin no. 190: gestational diabetes mellitus. Obstet Gynecol (2018) 131(2):e49–64. doi: 10.1097/AOG.0000000000002501

68. Rasmussen, L, Poulsen, CW, Kampmann, U, Smedegaard, SB, Ovesen, PG, and Fuglsang, J. Diet and healthy lifestyle in the management of gestational diabetes mellitus. Nutrients (2020) 12(10):3050. doi: 10.3390/nu12103050

69. Cui, M, Li, X, Yang, C, Wang, L, Lu, L, Zhao, S, et al. Effect of carbohydrate-restricted dietary pattern on insulin treatment rate, lipid metabolism and nutritional status in pregnant women with gestational diabetes in beijing, China. Nutrients (2022) 14(2):359. doi: 10.3390/nu14020359

70. Gujski, M, Szukiewicz, D, Chołuj, M, Sawicki, W, and Bojar, I. Fetal and placental weight in pre-gestational maternal obesity (PGMO) vs. Excessive gestational weight gain (EGWG) -A preliminary approach to the perinatal outcomes in diet-controlled gestational diabetes mellitus. J Clin Med (2020) 9(11):3530. doi: 10.3390/jcm9113530

71. Xie, Y, Zhao, H, Zhao, M, Huang, H, Liu, C, Huang, F, et al. Effects of resistance exercise on blood glucose level and pregnancy outcome in patients with gestational diabetes mellitus: a randomized controlled trial. BMJ Open Diabetes Res Care (2022) 10(2):e002622. doi: 10.1136/bmjdrc-2021-002622

72. Dingena, CF, Arofikina, D, Campbell, MD, Holmes, MJ, Scott, EM, and Zulyniak, MA. Nutritional and exercise-focused lifestyle interventions and glycemic control in women with diabetes in pregnancy: A systematic review and meta-analysis of randomized clinical trials. Nutrients (2023) 15(2):323. doi: 10.3390/nu15020323

73. Tan, Y, Huang, F, Wang, Y, Lan, Y, and Cai, S. Effects of exercise intervention based on self-efficacy theory on pregnant women with gestational diabetes mellitus. Z Geburtshilfe Neonatol (2023) 1:1–12. doi: 10.1055/a-2004-0740

74. Huifen, Z, Yaping, X, Meijing, Z, Huibin, H, Chunhong, L, Fengfeng, H, et al. Effects of moderate-intensity resistance exercise on blood glucose and pregnancy outcome in patients with gestational diabetes mellitus: A randomized controlled trial. J Diabetes Complications (2022) 36(5):108186. doi: 10.1016/j.jdiacomp.2022.108186

75. American Diabetes Association. 14. Management of diabetes in pregnancy: standards of medical care in diabetes-2020. Diabetes Care (2020) 43(Suppl 1):S183–S92. doi: 10.2337/dc20-S014

76. Mpondo, BC, Ernest, A, and Dee, HE. Gestational diabetes mellitus: challenges in diagnosis and management. J Diabetes Metab Dis (2015) 14:42. doi: 10.1186/s40200-015-0169-7

77. Affres, H, Senat, MV, Letourneau, A, Deruelle, P, Coustols-Valat, M, Bouchghoul, H, et al. Glyburide therapy for gestational diabetes: Glycaemic control, maternal hypoglycaemia, and treatment failure. Diabetes Metab (2021) 47(4):101210. doi: 10.1016/j.diabet.2020.11.002

78. Jung, CH, Jung, SH, Choi, D, Kim, BY, Kim, CH, and Mok, JO. Gestational diabetes in Korea: Temporal trends in prevalence, treatment, and short-term consequences from a national health insurance claims database between 2012 and 2016. Diabetes Res Clin Pract (2021) 171:108586. doi: 10.1016/j.diabres.2020.108586

79. American Diabetes Association Professional Practice Committee. 15. Management of diabetes in pregnancy: standards of medical care in diabetes-2022. Diabetes Care (2021) 45(Suppl 1):S232–43. doi: 10.2337/dc22-S015

80. Koren, R, Hochman, Y, Koren, S, Ziv-Baran, T, and Wiener, Y. Insulin treatment of patients with gestational diabetes: does dosage play a role? J Matern Fetal Neonatal Med (2022) 35(5):914–20. doi: 10.1080/14767058.2020.1733523

81. Liu, L, Liu, L, Wang, J, Zheng, Q, Jin, B, and Sun, L. Differentiation of gestational diabetes mellitus by nuclear magnetic resonance-based metabolic plasma analysis. J BioMed Res (2021) 35(5):351–60. doi: 10.7555/JBR.35.20200191

82. Dudzik, D, Zorawski, M, Skotnicki, M, Zarzycki, W, García, A, Angulo, S, et al. GC-MS based Gestational Diabetes Mellitus longitudinal study: Identification of 2-and 3-hydroxybutyrate as potential prognostic biomarkers. J Pharm BioMed Anal (2017) 144:90–8. doi: 10.1016/j.jpba.2017.02.056

83. Omori, K, Katakami, N, Yamamoto, Y, Ninomiya, H, Takahara, M, Matsuoka, TA, et al. Identification of metabolites associated with onset of CAD in diabetic patients using CE-MS analysis: A pilot study. J Atheroscler Thromb (2019) 26(3):233–45. doi: 10.5551/jat.42945

84. Stadler, JT, van Poppel, MNM, Wadsack, C, Holzer, M, Pammer, A, Simmons, D, et al. Obesity affects maternal and neonatal HDL metabolism and function. Antioxidants (Basel) (2023) 12(1):199. doi: 10.3390/antiox12010199

85. Yang, L, Zhang, B, Wang, X, Liu, Z, Li, J, Zhang, S, et al. P53/PANK1/miR-107 signalling pathway spans the gap between metabolic reprogramming and insulin resistance induced by high-fat diet. J Cell Mol Med (2020) 24(6):3611–24. doi: 10.1111/jcmm.15053

86. Zhao, H, Dennery, PA, and Yao, H. Metabolic reprogramming in the pathogenesis of chronic lung diseases, including BPD, COPD, and pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol (2018) 314(4):L544–54. doi: 10.1152/ajplung.00521.2017

87. Cojocaru, KA, Luchian, I, Goriuc, A, Antoci, LM, Ciobanu, CG, Popescu, R, et al. Mitochondrial dysfunction, oxidative stress, and therapeutic strategies in diabetes, obesity, and cardiovascular disease. Antioxidants (Basel) (2023) 12(3):658. doi: 10.3390/antiox12030658

88. Kuleva, M, Ben Miled, S, Steffann, J, Bonnefont, JP, Rondeau, S, Ville, Y, et al. Increased incidence of obstetric complications in women carrying mitochondrial DNA mutations: a retrospective cohort study in a single tertiary centre. Bjog (2019) 126(11):1372–9. doi: 10.1111/1471-0528.15515

89. Valent, AM, Choi, H, Kolahi, KS, and Thornburg, KL. Hyperglycemia and gestational diabetes suppress placental glycolysis and mitochondrial function and alter lipid processing. FASEB J (2021) 35(3):e21423. doi: 10.1096/fj.202000326RR

90. Huang, Y, Chen, X, Chen, X, Feng, Y, Guo, H, Li, S, et al. Angiopoietin-like protein 8 in early pregnancy improves the prediction of gestational diabetes. Diabetologia (2018) 61(3):574–80. doi: 10.1007/s00125-017-4505-y

91. Li, L, Bai, Y, Du, R, Tang, L, and Li, L. The role of Smad4 in the regulation of insulin resistance, inflammation and cell proliferation in HTR8-Svneo cells. Cell Biochem Funct (2021) 39(1):126–38. doi: 10.1002/cbf.3594

92. Ulubasoglu, H, Hancerliogullari, N, Tokmak, A, Keskin, LH, Candar, T, and Moraloglu Tekin, O. Low sirtuin-1 levels are associated with gestational diabetes mellitus. Minerva Endocrinol (Torino) (2022) 48(3):1–10. doi: 10.23736/S2724-6507.22.03868-4

93. Baryla, I, Pluciennik, E, Kośla, K, Wojcik, M, Zieleniak, A, Zurawska-Klis, M, et al. Identification of a novel association for the WWOX/HIF1A axis with gestational diabetes mellitus (GDM). PeerJ (2021) 9:e10604. doi: 10.7717/peerj.10604

94. Song, TR, Su, GD, Chi, YL, Wu, T, Xu, Y, and Chen, CC. Dysregulated miRNAs contribute to altered placental glucose metabolism in patients with gestational diabetes via targeting GLUT1 and HK2. Placenta (2021) 105:14–22. doi: 10.1016/j.placenta.2021.01.015

95. Muralimanoharan, S, Maloyan, A, and Myatt, L. Mitochondrial function and glucose metabolism in the placenta with gestational diabetes mellitus: role of miR-143. Clin Sci (Lond) (2016) 130(11):931–41. doi: 10.1042/CS20160076

96. Yi, J, Jin, H, Zhang, R, Zhang, S, Chen, P, Yu, X, et al. Increased serum 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) levels are associated with glucose metabolism in Chinese pregnant women. J Endocrinol Invest (2018) 41(6):663–70. doi: 10.1007/s40618-017-0789-5

97. Wang, GX, Zhao, XY, Meng, ZX, Kern, M, Dietrich, A, Chen, Z, et al. The brown fat-enriched secreted factor Nrg4 preserves metabolic homeostasis through attenuation of hepatic lipogenesis. Nat Med (2014) 20(12):1436–43. doi: 10.1038/nm.3713

98. Zhou, J, Zhe, R, Guo, X, Chen, Y, Zou, Y, Zhou, L, et al. The role of PPARδ Agosnist GW501516 in rats with gestational diabetes mellitus. Diabetes Metab Syndr Obes (2020) 13:2307–16. doi: 10.2147/DMSO.S251491

99. Bai, Y, Du, Q, Zhang, L, Li, L, Wang, N, Wu, B, et al. Silencing of ANGPTL8 alleviates insulin resistance in trophoblast cells. Front Endocrinol (Lausanne) (2021) 12:635321. doi: 10.3389/fendo.2021.635321

100. Ullah, I, Sun, W, Tang, L, and Feng, J. Roles of smads family and alternative splicing variants of smad4 in different cancers. J Cancer (2018) 9(21):4018–28. doi: 10.7150/jca.20906<t><t>

101. Itatani, Y, Kawada, K, and Sakai, Y. Transforming growth factor-β Signaling pathway in colorectal cancer and its tumor microenvironment. Int J Mol Sci (2019) 20(23):5822. doi: 10.3390/ijms20235822

102. Lee, SH, Bae, IH, Lee, ES, Kim, HJ, Lee, J, and Lee, CS. Glucose exerts an anti-melanogenic effect by indirect inactivation of tyrosinase in melanocytes and a human skin equivalent. Int J Mol Sci (2020) 21(5):1736. doi: 10.3390/ijms21051736

103. Liu, W, Aerbajinai, W, Li, H, Liu, Y, Gavrilova, O, Jain, S, et al. Olfactomedin 4 deletion improves male mouse glucose intolerance and insulin resistance induced by a high-fat diet. Endocrinology (2018) 159(9):3235–44. doi: 10.1210/en.2018-00451

104. Walldén, K, Nyman, T, and Hällberg, BM. SnoN stabilizes the SMAD3/SMAD4 protein complex. Sci Rep (2017) 7:46370. doi: 10.1038/srep46370

105. Rutanen, J, Yaluri, N, Modi, S, Pihlajamäki, J, Vänttinen, M, Itkonen, P, et al. SIRT1 mRNA expression may be associated with energy expenditure and insulin sensitivity. Diabetes (2010) 59(4):829–35. doi: 10.2337/db09-1191

106. Liu, Y, Ge, ZP, Sun, LZ, Tong, P, and Lu, HM. Genetic variation of rs3811463 is associated with gestational diabetes mellitus susceptibility. Exp Ther Med (2017) 14(5):5157–62. doi: 10.2337/db09-1191

107. Alqudah, A, Eastwood, KA, Jerotic, D, Todd, N, Hoch, D, McNally, R, et al. FKBPL and SIRT-1 are downregulated by diabetes in pregnancy impacting on angiogenesis and endothelial function. Front Endocrinol (Lausanne) (2021) 12:650328. doi: 10.3389/fendo.2021.650328

108. Di Tomo, P, Alessio, N, Falone, S, Pietrangelo, L, Lanuti, P, Cordone, V, et al. Endothelial cells from umbilical cord of women affected by gestational diabetes: A suitable in vitro model to study mechanisms of early vascular senescence in diabetes. FASEB J (2021) 35(6):e21662. doi: 10.1096/fj.202002072RR

109. Baryła, I, Styczeń-binkowska, E, Płuciennik, E, Kośla, K, and Bednarek, AK. The WWOX/HIF1A axis downregulation alters glucose metabolism and predispose to metabolic disorders. Int J Mol Sci (2022) 23(6):3326. doi: 10.3390/ijms23063326

110. Wakeland, AK, Soncin, F, Moretto-Zita, M, Chang, CW, Horii, M, Pizzo, D, et al. Hypoxia directs human extravillous trophoblast differentiation in a hypoxia-inducible factor-dependent manner. Am J Pathol (2017) 187(4):767–80. doi: 10.1016/j.ajpath.2016.11.018

111. Albers, RE, Kaufman, MR, Natale, BV, Keoni, C, Kulkarni-Datar, K, Min, S, et al. Trophoblast-specific expression of hif-1α Results in preeclampsia-like symptoms and fetal growth restriction. Sci Rep (2019) 9(1):2742. doi: 10.1038/s41598-019-39426-5

112. Messineo, S, Laria, AE, Arcidiacono, B, Chiefari, E, Luque Huertas, RM, Foti, DP, et al. Cooperation between HMGA1 and HIF-1 contributes to hypoxia-induced VEGF and visfatin gene expression in 3T3-L1 adipocytes. Front Endocrinol (Lausanne) (2016) 7:73. doi: 10.3389/fendo.2016.00073

113. Abu-Remaileh, M, Abu-Remaileh, M, Akkawi, R, Knani, I, Udi, S, Pacold, ME, et al. WWOX somatic ablation in skeletal muscles alters glucose metabolism. Mol Metab (2019) 22:132–40. doi: 10.1016/j.molmet.2019.01.010

114. DeWaal, D, Nogueira, V, Terry, AR, Patra, KC, Jeon, SM, Guzman, G, et al. Hexokinase-2 depletion inhibits glycolysis and induces oxidative phosphorylation in hepatocellular carcinoma and sensitizes to metformin. Nat Commun (2018) 9(1):446. doi: 10.1038/s41467-017-02733-4

115. Katagiri, M, Karasawa, H, Takagi, K, Nakayama, S, Yabuuchi, S, Fujishima, F, et al. Hexokinase 2 in colorectal cancer: a potent prognostic factor associated with glycolysis, proliferation and migration. Histol Histopathol (2017) 32(4):351–60. doi: 10.14670/HH-11-799

116. Jayabalan, N, Lai, A, Ormazabal, V, Adam, S, Guanzon, D, Palma, C, et al. Adipose tissue exosomal proteomic profile reveals a role on placenta glucose metabolism in gestational diabetes mellitus. J Clin Endocrinol Metab (2019) 104(5):1735–52. doi: 10.1210/jc.2018-01599

117. Bai, K, Li, X, Zhong, J, Ng, EHY, Yeung, WSB, Lee, CL, et al. Placenta-derived exosomes as a modulator in maternal immune tolerance during pregnancy. Front Immunol (2021) 12:671093. doi: 10.3389/fimmu.2021.671093

118. Zhang, B, Tian, L, Xie, J, Chen, G, and Wang, F. Targeting miRNAs by natural products: A new way for cancer therapy. BioMed Pharmacother (2020) 130:110546. doi: 10.1016/j.biopha.2020.110546

119. Xu, Y, Chai, B, Wang, X, Wu, Z, Gu, Z, Liu, X, et al. miRNA-199a-5p/SLC2A1 axis regulates glucose metabolism in non-small cell lung cancer. J Cancer (2022) 13(7):2352–61. doi: 10.7150/jca.67990

120. Liu, C, Feng, H, Zhang, L, Guo, Y, Ma, J, and Yang, L. MicroRNA-143-3p levels are reduced in the peripheral blood of patients with gestational diabetes mellitus and influences pancreatic β-cell function and viability. Exp Ther Med (2023) 25(2):81. doi: 10.3892/etm.2022.11780

121. Prentice, KJ, Luu, L, Allister, EM, Liu, Y, Jun, LS, Sloop, KW, et al. The furan fatty acid metabolite CMPF is elevated in diabetes and induces β cell dysfunction. Cell Metab (2014) 19(4):653–66. doi: 10.1016/j.cmet.2014.03.008

122. Ruszała, M, Pilszyk, A, Niebrzydowska, M, Kimber-Trojnar, Ż, Trojnar, M, and Leszczyńska-Gorzelak, B. Novel biomolecules in the pathogenesis of gestational diabetes mellitus 2.0. Int J Mol Sci (2022) 23(8):4364. doi: 10.3390/ijms23084364

123. Skórzyńska-Dziduszko, KE, Kimber-Trojnar, Ż, Patro-Małysza, J, Olszewska, A, Zaborowski, T, and Małecka-Massalska, T. An interplay between obesity and inflammation in gestational diabetes mellitus. Curr Pharm Biotechnol (2016) 17(7):603–13. doi: 10.2174/1389201017666160127105926




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

Copyright © 2024 Xie, Lin, Xie and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1284160-g001.jpg
N
Pregnant ﬁ B cell dysfunction
S | ol resisance)

Gestational diabetes x .’ Dietary interventio
“ Oral medication
‘ ~ .~ Insulin injection piccd susa

Kg');. Blood glucose monitoring

LT






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Recent progress in metabolic reprogramming in gestational diabetes mellitus: a review

      

        		

          Highlights

        



        		

          Introduction

        



        		

          Metabolic pathways of metabolic reprogramming

        



        		

          Mitochondrial OXPHOS

        



        		

          Glycolysis

        



        		

          GDM

        



        		

          Pathophysiology and pathogenesis

        

          		

            IR

          



        



        



        		

          β cell dysfunction

        



        		

          Placental adipokines and cytokines

        



        		

          Current treatment methods and prognosis

        



        		

          Gestational diabetes and metabolic reprogramming

        



        		

          Gestational diabetes and metabolic reprogramming

        

          		

            Mitochondrial dysfunction

          



          		

            Glycolysis and energy metabolism

          



          		

            The factors involved in metabolic reprogramming in GDM

          

            		

              Neuregulin 4

            



            		

              Angiopoietin-like protein 8

            



            		

              Smad4

            



            		

              Sirtuin 1

            



            		

              Hypoxia-inducible factor 1

            



            		

              Hexokinase-2

            



            		

              MiR-143

            



            		

              3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid

            



          



          



        



        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo.2023.1284160_cover.jpg
& frontiers | Frontiers in Endocrinology

Recent progress in metabolic
reprogramming in gestational diabetes
mellitus: a review





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1284160-g002.jpg
Plasma membrane

Glucose uptake
©

® &o

©®e

GLUT4 translocation






OEBPS/Images/table2.jpg
Angptl 8

Smad 4

SIRT 1

WWOX/
HIF1

HK 2

Mir-143

CMPF

hor

Attique H et al

HuangY et al

LiLetal

Ulubasoglu H et al

Barylal et al

Song T Retal

Muralimanoharan
Setal

YiJ etal

Research object

Pregnant women in the 24th to
28th week of pregnancy

Pregnant women in the 12th to
16th week of pregnancy

The htr-8/svneo cells

Pregnant women in the 24th to
28th week of pregnancy

Pregnant women in the 24th to
28th week of pregnancy and 3
months postpartum and 1

year postpartum

Pregnant woman

Newly delivered mother

Pregnant women in the 24th to
28th week of pregnancy

Main conclusi

NGR4 levels were significantly lower in GDM subjects and may be a potential
biomarker of GDM.

The level of Angptl8 in early pregnancy is associated with the risk of GDM in
pregnancy, which may be used to predict the onset of GDM.

Deficiency of Smad4 significantly increased GDM insulin sensitivity and
attenuated inflammation in insulin-resistant cell models.

Low SIRT1 levels in the second trimester are associated with GDM. It may be
a diagnostic marker for GDM.

The decreased WWOX expression in GDM, especially the decreased WWOX/
HIF1A ratio, suggests that WWOX regulates HIF10; activity in normal tissues,
gene expression of proteins involved in glycolysis, and may lead to changes in
glucose metabolism in GDM.

Upregulation of HK2 can lead to glucose metabolism disturbance in
GDM patients.

Downregulation of miR-143 mediates a metabolic shift from OXPHOS to
aerobic glycolysis in GDM placenta.

Elevated serum CMPF levels are not conducive to the occurrence of
hyperglycemia and pancreatic B-cell failure in GDM patients, which may affect
the occurrence and development of GDM.
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Main conclusion

Serum adiponectin concentrations were significantly lower in pregnant women with GDM
and adiponectin was inversely correlated with FBG and HbAlc in GDM, suggesting that
hypoadiponectinemia is associated with elevated blood glucose during pregnancy.

GDM participants had significantly higher levels of leptin than controls, therefore, high
levels of leptin can be used as a predictive marker for GDM.

In GDM patients with higher BMI, serum visfatin was elevated, positively correlated with
HbAlc, and decreased after insulin treatment.

ERo-mediated estrogen signaling in T cells regulates T cell immunity and contributes to
glucose homeostasis during pregnancy.

The PPAR-y signaling pathway may be involved in the regulation of visfatin by IL-6 in
BeWo cells, thereby affecting the pathogenesis of GDM.

Significantly elevated progesterone in pregnant women can lead to insulin resistance and

eventually GDM.

HPL may be valuable as a GDM biomarker, but this meta shows no relationship between
HPL and GDM disease status.

Low prolactin levels in pregnancy are associated with higher risk of HbAlc and GDM.

Lower SHBG levels in first trimester were prospectively associated with second trimester
insulin resistance and GDM risk. SHBG can be used as a marker to identify high-risk
pregnancy in early pregnancy.

Higher circulating levels of IL-6 and TNF-o. are associated with increased risk of GDM and
can be used as potential biomarkers for the assessment of GDM.

Serum cortisol levels are associated with fasting glucose, triglycerides, and insulin resistance
in GDM patients.

References

(38)

(39)

(40)

(10)

(41)

(42)

(43)

(44)

(45)

(46)

(47)





