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Abstract

:

Trace metal elements are of vital importance for fundamental biological processes. They function in various metabolic pathways after the long evolution of living organisms. Glucose is considered to be one of the main sources of biological energy that supports biological activities, and its metabolism is tightly regulated by trace metal elements such as iron, zinc, copper, and manganese. However, there is still a lack of understanding of the regulation of glucose metabolism by trace metal elements. In particular, the underlying mechanism of action remains to be elucidated. In this review, we summarize the current concepts and progress linking trace metal elements and glucose metabolism, particularly for the trace metal elements zinc, copper, manganese, and iron.
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1. Introduction


Trace metal elements, which are minerals present in living organisms in trace amounts, play an indispensable role in maintaining human health. In general, they perform crucial functions in various biological processes and exert significant influences on a wide range of biological events, including development, growth, physiology, aging, as well as the onset and progression of human diseases [1,2,3,4]. They function as the catalysts and co-factors in several enzymes, serving as structural stabilizers by means of incorporation and acting as electron acceptors in redox reactions [5]. For instance, zinc serves as a co-factor for over 300 enzymes and acts as a regulator for zinc finger-containing proteins that possess the Cys2His2, Cys4, and Cys6 motifs [6]. Copper serves as a cofactor in various copper-containing enzymes, including ceruloplasmin, cytochrome c oxidase, zinc-copper superoxide dismutase, and dopamine monooxygenase. In turn, it exerts an influence on iron metabolism, electron transport, oxidative phosphorylation (OXPHOS), antioxidant defense, and the synthesis of neurotransmitters [7]. Manganese serves as a vital co-factor for manganese superoxide dismutase (MnSOD), participating in antioxidant defense. Additionally, it acts as a co-factor for several enzymes, including arginase, glutamine synthetase (GS), and pyruvate carboxylase (PC) [8], contributing to the facilitation of development, digestion, and the immune response [8]. Imbalances in trace metal elements have been linked to several human diseases, including anemia, Wilson’s disease, atherosclerosis, gastrointestinal disorders, and diabetes [5,6,9]. The availability of trace metal elements is also critical for regulating cellular metabolisms such as lipid metabolism, glucose utilization and energy production, and amino acid synthesis [10].



Carbohydrates, predominantly glucose, are initially and most rapidly utilized during periods of energy shortage, thus making them the primary source of biological energy in living organisms. The normal range of glucose concentration in human peripheral blood is 3.9 to 5.5 mM and exceeds 5.5 mM in a fed state. Low plasma glucose levels can cause hypoglycemia, a condition that affects brain function and can lead to dizziness and coma. Conversely, high plasma glucose levels are associated with the development of diabetes and obesity [11]. Therefore, glucose metabolism is intricately regulated to maintain human health and homeostasis of glucose and energy production. Glycogenesis is the predominant regulatory process in the fed state, while glycogenolysis and gluconeogenesis are most important in starvation states. Moreover, glucose metabolism is tightly intertwined with a number of biological processes that govern its regulation, including the insulin signaling axis, plasma glucose uptake, glycolysis, the tricarboxylic acid (TCA) cycle, and OXPHOS [11,12].



Among the trace metal elements in the human body, iron is the most abundant and plays a crucial role in glucose metabolism. It is intricately involved in various metabolic processes through its incorporation into iron and iron-sulfur clusters-containing enzymes, such as aconitase and cytochromes [13]. Moreover, it actively participates in electron transfer processes and substrate oxidation-reduction reactions [14]. In addition to iron, other metal elements such as zinc, copper, and manganese also play a role in glucose metabolism by exerting diverse mechanisms that encompass the regulation of insulin synthesis and secretion, the modulation of glycolysis and TCA cycle activity, as well as the facilitation of glucose transportation [15,16,17,18,19,20]. In particular, the dysregulation of trace metal elements has been associated with high levels of plasma glucose and the development of diabetes (Table 1). However, the precise mechanisms underlying the relationship between trace metal elements and glucose metabolism regulation remain to be fully elucidated. Herein, we provide a summary of current research progress on the influences of trace metal elements (zinc, copper, manganese, and iron) on various aspects of glucose metabolism, including glycolysis, TCA cycle activity, electron transport chain (ETC) function, insulin production, and signaling pathways. These findings contribute to a better understanding of how trace metal elements impact glucose utilization and metabolism.




2. Zinc and Glucose Metabolism


The human body contains approximately 2 g of zinc, with only 0.1% present in the plasma and the remaining portion localized in cells [27]. The intracellular and intercellular distribution of zinc is tightly regulated by zinc transporters and zinc-binding proteins [28]. Zinc imbalances have been implicated in a number of human diseases, including obesity, insulin resistance, and type 2 diabetes (T2D) (Table 2 and Table S1) [29]. Intriguingly, mutations in ZnT8 have been implicated in glucose intolerance and T2D. Furthermore, ZnT8 has also been identified as an auto-antigen in type 1 diabetes (T1D) [30]. Additionally, significant associations have been observed between polymorphisms in the zinc-binding proteins metallothionein 1A and 2A and T2D [31]. Significantly, sufficient zinc intake has been demonstrated to mitigate the risk of developing diabetes [32].



Studies conducted in mice and HepG2 cells have demonstrated that zinc exerts multiple effects on the regulation of glucose metabolism. The severity of diabetes is associated with reduced plasma zinc levels, which are significantly diminished in individuals with diabetes [33]. In particular, a correlation has been observed between zinc deficiency and impaired plasma glucose levels in individuals with T2D [34]. Furthermore, zinc supplementation has demonstrated curative effects on diabetes [35], including the correction of glycaemia [36], improvements in pancreatic cell function, and the promotion of insulin synthesis and secretion [37,38]. In pancreatic β-cells, zinc has been proposed to enhance insulin secretion by binding to insulin and forming the hexametric complex within the secretory vesicles containing insulin [39]. ZnT8 is involved in transporting within secretory vesicles containing insulin [40]. Additionally, the involvement of ZnT5 and ZnT6 in zinc transportation towards secretory granules is also anticipated [41].



In addition to impacting insulin secretion, zinc also exerts a regulatory effect on the activity of the insulin signaling pathway by interacting with its components. For instance, in mice, zinc enhances phosphorylation of the β-subunit of the insulin receptor (InR) through binding and inhibiting protein tyrosine phosphatase (PTPase) 1B activity [42]. Since PTPase is a phosphatase that dephosphorylates the InR [42], inhibiting PTPase leads to the activation of Pi3K and PKB\AKT [43]. In addition, zinc exerts regulatory control over the degradation and expression of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), thereby facilitating the activation of PKB\AKT [43]. As PKB\AKT phosphorylates and inhibits GSK3 activity, zinc activates the GLUT4-1 trafficking regulator (TRARG1), thereby promoting GLUT4 translocation to the membrane and facilitating glucose uptake [44]. The phosphorylation and subsequent inhibition of GSK3 can elicit the activation of GS [45]. The activation of the insulin signaling pathway also induces the down-regulation of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), accompanied by an augmentation in glycogen synthesis [46]. The activation of insulin signaling can induce phosphorylation and subsequent inactivation of the forkhead box O (FOXO) transcription factor, thereby down-regulating the expression of gluconeogenic genes. Consequently, zinc possesses the capacity to attenuate gluconeogenesis activity in mice [47].



Through the regulation of glycolysis and the TCA cycle, zinc exerts a modulatory effect on energy production. Results obtained from rats indicate that zinc can stimulate glycolysis by activating glycolytic enzymes, such as phosphofructokinase 1 (PFK1) [48]. The stimulation of glycolysis by zinc in mouse models is suggested to be reliant on the formation of a complex between zinc and metallothionein (MT), which can potentially serve as a source of intracellular zinc donation [49]. Results from fungi indicate that zinc can modulate the activity of the TCA cycle. Notably, zinc deficiency maximizes the enzymatic activity of the TCA cycle, while adequate zinc levels also increase the activity of TCA cycle enzymes [50]. Although the underlying mechanism is not clear, zinc also possesses an impact on the activity of OXPHOS [51,52]. However, beyond physiologically tolerable concentrations, particularly at toxic concentrations, zinc exhibits inhibitory effects on both glycolysis and the TCA cycle. This phenomenon can be attributed to the inhibition of key enzymatic activities, including PFK, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), α-ketoglutarate dehydrogenase complex (KGDHC), pyruvate dehydrogenase complex (PDHC), and mitochondrial aconitase (m-aconitase) [53]. These findings suggest that excessive zinc exposure has the potential to damage the entire energy production network.





 





Table 2. Trace metal elements (Zn, Cu, Mn, Fe) and diabetes.






Table 2. Trace metal elements (Zn, Cu, Mn, Fe) and diabetes.





	Metal Elements
	Association with Diabetes Mellitus
	References





	Zinc
	Plasma zinc levels are decreased in diabetes. Increasing zinc levels reduces the risk of T2D 1. Low zinc levels aggravate diabetes. Zinc has curative effects on diabetes.
	[33,35]



	Copper
	Plasma copper levels are increased in people with diabetes. High plasma copper levels increase the risk of T2D. Copper reduction can alleviate diabetic symptoms.
	[54,55]



	Manganese
	Plasma manganese levels are reduced in T2D patients. Manganese supplementation can effectively protect against T2D.
	[56,57]



	Iron
	Iron and ferritin levels are increased in diabetes. Iron overload increases the incidence of T2D. Iron depletion restores insulin sensitivity and reduces plasma glucose levels.
	[58,59,60]







1 T2D: type 2 diabetes.












3. Copper and Glucose Metabolism


Copper is an indispensable trace metal element for living organisms and is ubiquitously present across almost all organisms. As a transition metal, copper exhibits dual oxidative states, and exists in both the oxidative form (Cu(II)) and reductive form (Cu(I)) [61]. Copper acts as a co-factor for metabolic enzymes involved in gluconeogenesis, lipids metabolism, and amino acid metabolism. In particular, copper plays a crucial role in the regulation of glucose utilization and is intricately involved in aerobic respiration, OXPHOS, and the ETC [62].



Copper plays a dual role in biological systems, as it is both indispensable and potentially detrimental. Copper deficiency tends to increase glycolytic fluxes and conversely inhibits the TCA cycle and the pentose phosphate pathway (PPP). Given the disruption of the ETC and ATP generation caused by copper deficiency, it is plausible that aerobic glycolysis is induced as a compensatory mechanism for energy production in mice and erythropoietic cells [63,64,65]. Furthermore, copper deficiency in Trichoderma harzianum not only results in a reduction in succinate dehydrogenase (SDH) activity but also hampers iron uptake [66].



In particular, copper has been shown to increase the production of ATP and NADH. Excessive copper can impede the activity of glycolysis by interfering with the activity of the glycolytic enzymes in Wilson’s disease rat model and in Estuarine crab [67,68]. The production of lactate from glucose and glucose-6-phosphate (G-6-P) is diminished upon copper treatment, concomitant with the copper-induced inhibition of hexokinase (HK) and pyruvate kinase (PK) [67]. Excessive copper also reduces pyruvate levels by inactivating PFK1 in eukaryotes and Archaea [69]. In addition, copper exhibits inhibitory effects on the enzymatic activity of glucose 6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGDH) [69,70]. Hence, it is plausible that copper exerts a negative regulatory effect on glycolytic activity.



In addition to inhibiting glycolysis, excess copper also leads to a decrease in citrate levels due to its ability to attenuate the activity of citrate synthase (CS) [70]. Excess copper levels also reduce the expression of isocitrate dehydrogenase (IDH) and alpha-ketoglutarate dehydrogenase (α-KGDH), thereby disrupting the TCA cycle and giving rise to metabolic disorders [71]. Interestingly, a recent study suggests that the disruption of the TCA cycle may also be attributed to copper binding with TCA cycle enzymes. Excess copper is able to induce cell death by directly interacting with lipoylated components of the TCA cycle, thereby promoting protein aggregation and the subsequent loss of iron-sulfur cluster proteins [72]. In addition to directly affecting glycolysis and the TCA cycle, the copper-induced disruption of iron uptake and heme synthesis may also contribute to metabolic perturbation in human cell culture and rat models [73,74,75].



It is worth noting that there exists an association between copper levels and diabetes (Table 1 and Table S1). Furthermore, copper-related genes have also been implicated in the pathogenesis of diabetes [76]. There is evidence indicating an increase in serum copper and ceruloplasmin levels in individuals with T1D [54,77]. Elevated plasma copper levels have been associated with a higher risk of developing T2D and hyperglycemia in humans [55]. In addition, the severity of T2D can be reduced by employing copper chelators to lower copper levels [78,79], which also corrects insulin resistance and glucose intolerance in diabetic animals [80].



It is worth noting that copper has the ability to activate insulin signaling, which operates independently of insulin and InR. Copper enhances downstream Pi3K and AKT activity, resulting in GSK3 phosphorylation and subsequent inactivation. Additionally, copper facilitates FOXO phosphorylation and translocation in HepG2 and HeLa cells [81,82,83]. The activation of Pi3K\AKT by copper is likely attributed to the copper-induced inactivation of PTPase, leading to downstream signaling activation [84,85]. Moreover, copper can decrease PTEN protein levels in the adipocytes of mice, which behave as the negative regulator of insulin signaling; thus, copper deficiency can lead to insulin resistance [86].



By modulating the expression of gluconeogenesis-related enzymes, particularly G6Pase, the activation of the insulin signaling pathway can effectively attenuate gluconeogenesis [81,87]. It is intriguing that the reduction of copper can alleviate the symptoms of T2D and inhibit insulin signaling, potentially due to the aberrant distribution of copper in T2D. Moreover, both physiological levels and excessive amounts of copper may disturb distinct physiological processes.



In addition to directly activating insulin signaling, copper also exhibits the ability to inhibit the activity of insulin-degrading enzymes (IDE), thereby impeding the degradation of extracellular insulin and consequently increasing insulin levels [88,89,90]. By modulating IDE function, copper is able to regulate plasma glucose levels, akin to the impact of IDE inhibitors in mice models [91].



The cellular uptake of glucose is also modulated by copper. In CHO cells, copper can increase the expression of glucose transporter type 1 (GLUT1) in a hypoxia-inducible factor-1 alpha (HIF-1α)-dependent manner, thereby augmenting glucose uptake [92]. Notably, copper is essential for the expression of a group of HIF-1α-regulated genes, including vascular endothelial growth factor (VEGF), GAPDH, GLUT1, and phosphoglycerate kinase 1 (PGK1). This is attributed to the ability of copper to modulate the binding affinity between HIF-1α and the canonical motifs in the promoter and enhancer regions [93].



Interestingly, copper depletion also stimulates glucose uptake and increases glycolysis in cancer cells. Given that copper depletion down-regulates the activity of cytochrome c oxidase (CCO) and ATP production associated with OXPHOS, the increase in glucose uptake can be attributed to the accelerated utilization of glucose by cancer cells [94].



The integration of copper into the ETC is indispensable for ETC assembly and exerts a significant influence on the enzymatic activity of the ETC components. In particular, copper ions are incorporated into the subunits of CCO to facilitate electron transfer and oxygen reduction to water. Within the catalytic center of the CCO complex, two copper ions are incorporated into CuA, while CuB incorporates one [17]. In addition, the assembly of CCO is intricately regulated by copper, and a deficiency in copper also leads to diminished levels of CCO proteins, consequently impeding their proper assembly [65]. Copper deficiency impairs ETC function, leading to reduced mitochondrial respiration, OXPHOS, and ATP production [95,96]. Conversely, increasing copper levels can increase the expression of ETC components and their assembly in K562 cells, resulting in an elevation in mitochondrial respiration and ATP production [97].




4. Manganese and Glucose Metabolism


Manganese plays a crucial role in various physiological processes, encompassing ATP synthesis, antioxidant defense, and the modulation of glycolysis [98]. Although the underlying mechanisms governing manganese homeostasis remain to be elucidated, both manganese deficiency and excess can disrupt glucose metabolism, potentially leading to hypoglycemia with chronic exposure. The oral intake of manganese in diabetic patients has been linked to decreased blood glucose levels [99]. The plasma manganese levels exhibit a reduction in T2D patients and demonstrate a significant correlation with T2D (Table 1). However, the role of manganese in the development of T2D remains uncertain [56,100]. The association between manganese and diabetes has been demonstrated to follow a U-shaped pattern, indicating that both deficiencies and excesses of manganese may be linked to the development of T2D [18,57]. Interestingly, MnSOD serves as a potential molecular bridge linking manganese and diabetes due to its capability to scavenge redox species that are abundant in T2D. In particular, the MnSOD Ala16Val SNP has been linked with the progression of T2D [101]. Manganese supplementation and increasing the activity of MnSOD have been demonstrated to confer significant protection against T2D in animal models [102,103].



It is noteworthy that manganese is able to regulate insulin production and secretion, thereby stimulating insulin signaling activity. In rats, a deficiency in manganese results in impaired insulin secretion and glucose intolerance [104]. The supplementation of manganese has been shown to enhance insulin secretion and ameliorate glucose intolerance in diabetic mice [102]. This effect is attributed to the stimulation of insulin synthesis and release by manganese [105].



In addition, manganese exhibits insulin-mimicking effects by modulating the activation of InR and the IGF receptor (IGF-R), thereby stimulating insulin signaling. Manganese achieves InR activation through a reduction in Km for Mg-ATP binding, subsequently leading to Pi3K-dependent AKT activation in a manner in adipocytes and cell culture models [106,107,108], and enhances glucose uptake [107]. In contrast, a deficiency in manganese reduces insulin signaling activity and glucose uptake in rat adipocytes [109]. Interestingly, recent evidence also suggests that manganese serves as a physiological activator of the target of rapamycin complex 1 (TORC1) in yeast and mammalian cell culture models [110], thereby potentially influencing the TORC1-mediated regulation of glucose metabolism [111].



Manganese exhibits the ability to impede the activity of HK and PK in human neuroblastoma (SK-N-SH) and astrocytoma (U87) cells [112], thereby resulting in the repression of glycolysis. Additionally, manganese also suppresses the lactate-induced activation of PC and phosphoenolpyruvate carboxykinase (PCK1) in rat liver [113]. The manganese-containing compound known as manganese porphyrin (MnP) exhibits a propensity to attenuate glycolytic activity and lactate levels [114], thereby providing further evidence of the inhibitory effect of manganese on glycolysis.



Manganese also exerts an inhibitory effect on the TCA cycle, leading to a reduction in OXPHOS [115]. In particular, manganese competes with other metal elements for protein binding capacity, such as iron, thereby potentially interfering with iron’s role. This competition can result in a reduction in mitochondrial aconitase activity and hinder the conversion of citrate to isocitrate, ultimately disrupting the TCA cycle in the rat brain [116]. Furthermore, manganese possesses the capability to deplete iron from bacteria, thereby disrupting the synthesis of iron-sulfur clusters. Since the iron-sulfur clusters play a crucial role in the functional ETC, manganese can consequently attenuate OXHPOS and impede energy production in bacteria [117]. Evidence from mammalian cells also indicates that excessive manganese hampers the activity of the TCA cycle and impairs glucose utilization [115].



MnSOD exhibits a close association with glucose metabolism, and the underlying connection between them is likely facilitated by reactive oxygen species (ROS). In fact, ROS is not only a by-product of aerobic metabolism but also a pivotal signaling molecule [118]. For instance, ROS is able to induce the expression of MnSOD by activating NF-kappa B (NF-κB) during muscle differentiation [119]. In cancer cells, the up-regulation of MnSOD facilitates the sustained generation of hydrogen peroxide (H2O2), thereby enabling a metabolic switch towards glycolysis [58]. Therefore, the accumulation of ROS likely functions as a signaling molecule to regulate MnSOD expression, resulting in H2O2 accumulation and redirection of the TCA cycle towards glycolysis.




5. Iron and Glucose Metabolism


In comparison to zinc, copper, and manganese, the impact of iron on glucose metabolism and energy production has been extensively documented [120,121,122,123]. Iron plays a crucial role in modulating the activity and expression of TCA cycle-associated enzymes, including CS, mitochondrial aconitase, isocitrate dehydrogenase (ICDH) and SDH. Depletion of iron can impair the functionality of the TCA cycle in K562 cells [19].



Specifically, iron depletion diminishes the NADH level, which is generated from the TCA cycle and serves as an electron donor for OXPHOS. Consequently, iron can attenuate the activity of OXPHOS and ETC-mediated mitochondrial respiration [19]. The synthesis of cytochrome c (Cyt c) is also regulated by iron; therefore, iron deficiency leads to a reduction in Cyt c levels and the inhibition of ETC activity [124]. Reversely, iron supplementation enhances the activity of the TCA cycle, elevates NADH levels, augments OXPHOS, and boosts mitochondrial respiration [19]. In addition, iron deficiency also impacts oxygen transportation in rats since the iron-sulfur clusters are more vulnerable to fluctuations in iron levels, which are incorporated into hemoglobin and serve as oxygen carriers [125].



Compensating for the inhibition of the TCA cycle and OXPHOS, iron deficiency up-regulates glycolytic activity, resulting in an elevation of lactate levels and the promotion of lactate dehydrogenase (LDH) activity [19]. Iron deficiency has been linked to metabolic shifts that facilitate glycolysis in both human and animal models [126,127]. In particular, iron deficiency is able to induce the up-regulation of LDH expression and a series of glycolytic enzymes, including pyruvate dehydrogenase kinase 1 (PDK1) [127], the LDH isoenzyme [128], and GAPDH [129].



The up-regulation of iron levels in mice models can suppress hepatic gluconeogenesis by reducing the expression of key gluconeogenic enzymes, including PCK1 and G6Pase [130]. In contrast, iron deficiency up-regulates the expression of G6Pase and PCK1 in rats [131], indicating a negative association between iron status and gluconeogenesis and glucose turnover [132]. However, emerging evidence suggests that iron deficiency also exerts inhibitory effects on the activity of alpha-glycerophosphate cytochrome c reductase and PCK1 in isolated rat hepatocytes [59], thereby implying a multifaceted impact of iron.



Notably, accumulating evidence indicates that iron status is perturbed in individuals with diabetes, which is believed to be associated with insulin sensitivity [133]. Dietary iron intake is associated with an increased risk of diabetes [134]. Iron overload and related disorders have also been linked to an increased risk of diabetes. Specifically, hereditary hemochromatosis (HH) caused by HFE mutation and thalassemia resulting from beta-globin subunit deficiency in hemoglobin both contribute to elevated risks of diabetes and hyperglycemia [121]. Furthermore, the SLC7A11 rs3731685 G/A variation has been suggested to be correlated with T1D [135], while rs3731865 G/C may exhibit positive associations with a predisposition to T2DM; however, the rs3731864 G/A variation shows a negative association [136].



The levels of iron and ferritin exhibit abnormal elevation in individuals with diabetes [137]. Iron overload represents a risk factor that is associated with the incidence of T2D (Table 1) [121]. Elevated levels of body iron and ferritin, as well as dietary intake of heme, exhibit a significant association with the risk of T2D [122]. Increased plasma ferritin and body iron levels are associated with insulin resistance [137]. In particular, iron overload has been shown to adversely impact insulin sensitivity [138], whereas iron depletion has been found to restore insulin sensitivity and decrease the levels of plasma glucose [139], indicating a potential association between iron levels and insulin signaling activity.



In particular, iron possesses the capacity to disrupt insulin signaling activity. The excessive accumulation of iron in AML-12 hepatocytes results in the inhibition of insulin signaling, which can be ascribed to iron-induced oxidative stress and the down-regulation of InR expression and activity [140]. Iron depletion can ameliorate insulin resistance by augmenting the activity of insulin signaling through up-regulation of InR expression and activity [141,142]. In hepatoma cells and rat livers, the up-regulation of InR expression may be attributed to the stabilization of HIF-1α, as the hydroxylation and subsequent degradation of HIF-1α are tightly regulated by prolyl-4-hydroxylases that rely on iron and oxygen [142]. Besides InR, iron depletion also increases AKT expression, up-regulates GLUT1 in rat livers, and up-regulates both InR and GLUT4 in rat skeletal muscles. Thus, iron depletion promotes glucose uptake and glucose metabolism [142,143].



Moreover, iron possesses the capacity to disrupt insulin secretion in pancreatic cells. Excessive iron leads to a decrease in insulin secretion in MIN6-β cells, which is attributed to iron-induced oxidative stress and the down-regulation of synaptosomal associated protein 25 (SNAP25). Additionally, iron also disturbs the transcription of synaptotagmin 7 (SYT7), which is regulated by OGG1 [144]. Therefore, iron can disrupt the secretory pathway and attenuate insulin secretion [145]. Excessive iron has the capacity to impair islet β cells by activating the miR-130a-3p/ALK2 axis [146] and inducing ferroptosis through activation of the ASK1/P-P38/CHOP signaling pathway [147]. Therefore, the reduced insulin secretion can be attributed to both the inhibition of iron-induced cell death and the suppression of secretion.



Furthermore, the ablation of divalent metal transporter 1 (DMT1) in islet β cells also diminishes insulin production and secretion [148], implying that iron plays a crucial role in sustaining insulin synthesis. Additionally, iron regulatory protein 2 (IRP2) is also crucial for insulin production. The deletion of IRP2 in mice leads to impaired proinsulin processing due to the misreading of lysine residues. This is attributed to the inhibition of the iron-sulfur cluster-containing enzyme-CDK5 Regulatory Subunit Associated Protein 1 Like 1 (CDKAL1), which contributes to the translation of lysine residues on proinsulin by catalyzing tRNALys (UUU) methylthiolation [149].



By modulating insulin signaling, iron can also regulate glucose uptake by influencing the expression and translocation of glucose transporters. Iron depletion in pancreatic β cells leads to the up-regulation of GLUT2 and enhanced glucose uptake, whereas iron overload reduces HIF-1α levels, thereby inhibiting GLUT2 expression and impairing glucose uptake [150]. Iron depletion in skeletal muscle and myoblasts also increases glucose uptake, attributed to the up-regulation of GLUT4 and GLUT1 [15,143]. In addition, iron depletion in rat livers results in an up-regulation of GLUT1 expression, which is dependent on HIF-1α [142] and has been demonstrated in adipocytes as well. Interestingly, GLUT4 is down-regulated in iron-depleted adipocytes [151]. Therefore, it is plausible to propose that HIF-1α plays a crucial role in modulating the expression of glucose transporters influenced by iron, considering the negative regulatory effect of iron on HIF-1α stability [152].



In addition, considering the pivotal role of insulin signaling in regulating the translocation of glucose transporters, particularly GLUT4 translocation from intracellular vesicles to the cell membrane, it is plausible that iron-mediated insulin resistance and inactivation of insulin signaling may potentially modulate glucose uptake by exerting an influence on the translocation process [153,154].




6. Conclusions


The present review provides an overview of the influence of trace metal elements on glucose metabolism, highlighting their crucial role in the physiological regulation of this metabolic process. The dysregulation of trace metal elements is intricately linked to disruptions in glucose homeostasis, thereby contributing to the pathogenesis of related human disorders such as diabetes and hyperglycemia. They possess the capacity to modulate multiple regulatory steps, exert influence over insulin synthesis and secretion, regulate insulin signaling activity, modulate the activity of glycolysis and TCA cycle, as well as govern OXPHOS and glucose uptake (Figure 1). In particular, zinc is able to increase insulin synthesis and secretion, augment glucose uptake and glycolytic activity, diminish gluconeogenesis, as well as reduce the activity of TCA cycle and OXPHOS. Copper confers benefits on the TCA cycle and ETC activity and activates insulin signaling and glucose uptake while reducing gluconeogenesis and glycolysis. Manganese can stimulate insulin production and secretion, promote the activity of insulin signaling and glucose uptake, and suppress TCA cycle and OXPHOS while concurrently redirecting the TCA cycle towards glycolysis by up-regulating MnSOD levels. Iron facilitates ETC assembly and activity, increases OXPHOS, and reduces gluconeogenesis and glucose uptake while impeding insulin secretion and the activity of insulin signaling. Thereby, modulating the levels of trace metal elements holds the potential for curating glucose metabolism-related disorders. Indeed, increasing evidence suggests that manipulating trace metal elements indeed has the capacity to intervene in diabetes (Supplementary Table S1).



In addition to directly impacting the glucose metabolic pathway, the interplay and competition among the trace metal elements also contribute to the metabolic interventions of glucose. Although the modulation of cellular and animal models’ trace metal element homeostasis has been proposed as a promising strategy for intervening in glucose metabolism and associated disorders (Supplementary Table S1), the current lack of compelling clinical trials remains evident. Furthermore, the dysregulation of metal homeostasis in glucose metabolic disorders may serve as both a causative factor and a consequential outcome; however, the precise interrelationship remains to be elucidated. It is worth noting that both deficiency and excess of trace metal elements can disrupt the metabolic process of glucose, resulting in detrimental effects.



Henceforth, the future consideration of confining metal concentrations within a physiologically tolerable range is warranted [155,156,157]. Moreover, it is imperative to devise methodologies capable of precisely modulating the concentration of trace metal elements within a confined region and specific cell types and organs, thereby circumventing any systemic repercussions subsequent to administration. However, tissue- and cell-type-specific metal chelators and deliveries are still lacking and deserve to be developed further, which is significant for the metal-based intervention of diabetes and glucose-related metabolic disorders.
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Abbreviations




	AKT\PKB
	protein kinase B



	ATP
	adenosine triphosphate



	ASK
	Apoptosis Signal Regulating Kinase



	Cdkal1
	CDK5 Regulatory Subunit Associated Protein 1-like 1



	COX
	cytochrome c oxidase



	CHOP
	Human Endoplasmic reticulum stress-related proteins



	CS
	citrate synthase



	Cyt c
	cytochrome c



	ETC
	electron transport chain



	G6Pase
	glucose-6-phosphatase



	GAPDH
	glyceraldehyde-3-phosphate dehydrogenase



	GlUT
	glucose transporter



	GS
	glutamine synthetase



	GSK
	glycogen synthase kinase



	H2O2
	hydrogen peroxide



	HIF-1α
	hypoxia inducible factor-1



	IDE
	insulin-degrading enzymes



	IGF-R
	IGF receptor



	InR
	insulin receptor



	IRP2
	iron regulatory protein 2



	KGDHC
	α-ketoglutarate dehydrogenase complex



	LDH
	lactate dehydrogenase



	MnP
	Mn porphyrin



	MnSOD
	manganese superoxide dismutase



	MT
	metallothionein



	NADH
	nicotinamide adenine dinucleotide



	NF-κB
	NF-kappa B



	OGG1
	recombinant oxoguanine glycosylase 1



	OXPHOS
	oxidative phosphorylation



	PCK1
	phosphoenolpyruvate carboxykinase



	PDHC
	pyruvate dehydrogenase complex



	PDK1
	pyruvate dehydrogenase kinase 1



	PFK1
	phosphofructokinase 1



	PGK1
	phosphoglycerate kinase 1



	Pi3K
	phosphatidylinositol3-kinase



	PPP
	pentose phosphate pathway



	PTEN
	phosphatase and tensin



	PTPase
	protein tyrosine phosphatase



	ROS
	reactive oxygen species



	SDH
	succinate dehydrogenase



	SNAP25
	synaptosomal associated protein 25



	SYT7
	synaptotagmin 7



	T2D
	type 2 diabetes



	TCA cycle
	tricarboxylic acids cycle



	TORC1
	target of rapamycin complex 1



	TRARG1
	GLUT4-1 trafficking regulator 1



	VEGF
	vascular endothelial growth factor



	ZnT
	zinc transporter
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Figure 1. Trace metal elements and glucose metabolism. 
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Table 1. The concentrations of Zn, Cu, Mn, and Fe in subjects with and without diabetes.
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Sample

	
Trace Metal

Elements

	
Concentration

	
References




	
Healthy People

	
Diabetic Patients






	
Plasma

	
Zinc

	
12.2–16.9 μmol/L

	
10.2–16.3 μmol/L

	
[21,22,23]




	
Copper

	
14.6–19.8 μmol/L

	
16.4–21.5 μmol/L

	
[22]




	
Manganese

	
0.77–1.18 μmol/L

	
0.62–0.93 μmol/L

	
[22,23,24,25]




	
Iron

	
Male: 11–31 μmol/L,

Female: 9–30 μmol/L

	
Male: 15–33 μmol/L

Female: 12–32 μmol/L

	
[24,26]




	
Urine

	
Zinc

	
300–600 μg/24 h 1

	
100–300 μg/24 h

	
[24]




	
Copper

	
15–60 μg/24 h

	
30–100 μg/24 h

	
[24]




	
Manganese

	
1–8 μg/24 h

	
2–15 μg/24 h

	
[24,25]




	
Iron

	
0.2–1.1 μmol/24 h

	
0.5–3.5 μmol/24 h

	
[26]








1 The 24-h urine specimens were collected.
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