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Abstract

:

Insulin is a polypeptide hormone mainly secreted by β cells in the islets of Langerhans of the pancreas. The hormone potentially coordinates with glucagon to modulate blood glucose levels; insulin acts via an anabolic pathway, while glucagon performs catabolic functions. Insulin regulates glucose levels in the bloodstream and induces glucose storage in the liver, muscles, and adipose tissue, resulting in overall weight gain. The modulation of a wide range of physiological processes by insulin makes its synthesis and levels critical in the onset and progression of several chronic diseases. Although clinical and basic research has made significant progress in understanding the role of insulin in several pathophysiological processes, many aspects of these functions have yet to be elucidated. This review provides an update on insulin secretion and regulation, and its physiological roles and functions in different organs and cells, and implications to overall health. We cast light on recent advances in insulin-signaling targeted therapies, the protective effects of insulin signaling activators against disease, and recommendations and directions for future research.
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1. Introduction


Insulin, a hormone composed of 51 amino acids, plays important roles in glucose homeostasis, cell growth, and metabolism. The isolation and purification of insulin in Toronto from 1921–1922 was pioneered by Dr. Frederick Banting [1]. Since its discovery, researchers have intensified efforts towards improving the quality of insulin. The discovery of insulin has also triggered the discovery of other hormones such as glucagon [2]. Insulin, upon discovery, represents lifesaving therapeutic for people suffering from diabetes. This hormone was previously believed to be solely produced by β cells of the pancreas; however, recent evidence has shown that low concentrations are also found in certain neurons of the central nervous system [3]. Although the biosynthesis and secretion of insulin are controlled by circulating glucose levels, the concentrations required to initiate the two processes differ [4,5]. While glucose concentrations above 5 mM are required to initiate insulin secretion, fluctuations within 2 mM to 4 mM stimulate its biosynthesis [4]. The metabolism of glucose is triggered by food intake, leading to simultaneously increased β cell insulin production and decreased α cell glucagon secretion to bring serum glucose levels back to normal [5]. Following secretion, insulin systemically circulates and is distributed to hepatocytes, which are prompted to store glucose in the form of glycogen. Skeletal muscle cells and adipocytes, the other major targets of circulating insulin, also take up glucose, thereby reducing the blood glucose concentration to baseline [6]. As with other protein hormones, insulin triggers glucose uptake, skeletal muscle protein synthesis, glycogenesis, and lipogenesis via the tyrosine kinase receptor pathway [7,8]. The insulin receptors present in the plasma membrane act enzymatically to transmit phosphates from ATP to tyrosine residues on intracellular target proteins [8]. Following the binding of insulin to the α subunits, the β subunits phosphorylate and, consequently, activate the receptor’s catalytic function [8]. The activated receptor also phosphorylates several intracellular proteins that regulate the metabolic activities of insulin, cell growth, and cell differentiation-related gene expression [9,10].



To date, the main focus of research has been to investigate the role of insulin in the onset and progression of pathological conditions and chronic diseases, such as diabetes. The literature shows that insulin deficiency makes it impossible for cells to use glucose as an energy source [6]; consequently, high-glucose concentrations in the bloodstream lead to a condition known as hyperglycemia [6]. Prolonged hyperglycemia leads to diabetes mellitus and can cause health complications such as nervous system damage and dysfunction of the eyes and kidneys. Similarly, a cell’s inability to use glucose as an energy source that results from the lack of insulin can trigger reliance on fat stores as the only energy supply. The continuous dependence on fat may induce the release of ketones into the bloodstream and lead to the chronic condition of ketoacidosis [11].



In addition to its role in diabetes, the recent literature indicates that insulin acts on several key organs in the body, including the brain, heart, kidney, bone, skin, and hair follicles, to perform important physiological roles. Insulin aids bone formation and attenuates osteoporosis-related inflammation [12], acts on the central nervous system [13,14], and performs pro- and anti-atherogenic functions in the vascular system [15]. Recent advances in insulin research have led to insulin-signaling targeted therapies and insulin-signaling activators being used as protective measures against several diseases. Clinical and laboratory studies have indicated that metformin, an insulin-receptor activator, has properties that protect the kidneys from injury [3]. Similarly, sulfonylurea, through its activities on enhanced insulin secretion via their actions on pancreatic β cells, augmented insulin secretion [4]. Currently available forms of insulin include insulin mixtures, concentrated insulins, and insulins with alternate routes of administration, providing several options for people living with diabetes. Exogenous insulins are now available in the form of rapid-acting, short-acting, intermediate-acting, and long-acting [16]. This article provides an updated review of insulin secretion and regulation, its physiological roles in body organs, the health consequences of insulin deficiency, and recent advances in insulin-signaling targeted therapies.




2. Regulation of Insulin Secretion


The physiology of insulin-producing cells is fundamental to understanding the regulation of insulin secretion. Insulin is a peptide hormone secreted by β cells of the pancreas. The human pancreas contains one to two million pancreatic islets [17] housing different endocrine cells, primarily insulin-secreting β cells, glucagon-producing α cells, and somatostatin-secreting δ cells [18]. Although islets compose only 1–2% of the human pancreas, they receive up to 10% of the total pancreatic blood supplies [19,20]. Generally, insulin is released after ingesting glucose in a process named glucose-induced insulin stimulation. This process requires both the intracellular uptake and metabolic degradation of ingested glucose [19,21]. In human β cells, glucose transporter 1 (GLUT1, encoded by SLC2A1) and GLUT3 (encoded by SLC2A3) are the prominent glucose transporters, whereas GLUT2 (encoded by SLC2A2) has been reported as a major glucose transporter in rodent [22,23]. This difference could be attributed to the differences in Km values of different isoforms of glucose transporters [19].



The phosphorylation of glucose by the enzyme glucokinase (GCK) is the first step in glucose metabolism. Glucose phosphorylation by GCK is related to insulin secretion; therefore, GCK gene dysfunction or aberration leads to decreased glucose-mediated insulin release and glucose intolerance or diabetes [24]. A major understanding of insulin secretion is derived from the research using rodent models, whereas few studies have been described in humans [19].



In nondiabetic donors, an increase in glucose concentration from 1 mM to 6 mM raises the rate of glucose oxidation threefold (as determined by measuring the levels of C14O2 produced from uniformly C14-labeled glucose), and an approximately 25% acceleration takes place when the concentration of glucose is increased to >12 mM [25]. About one-tenth of the ingested glucose enters into glycolysis, which occurs through mitochondrial oxidation in human islets [25], but the ultimate destination of the rest of the ingested glucose needs to be further elucidated.



Glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide, which are the incretin hormones of the gastrointestinal tract, largely promote nutrient-induced insulin secretion, and they are highly crucial in the overall physiology of insulin secretion [19,26]. Research has indicated that incretins are capable of binding to G-protein-coupled receptors on β cell membranes and increase cellular 3′,5′-cyclic adenosine monophosphate (cAMP) levels and glucose-stimulated insulin secretion (GSIS) in the presence of higher glucose levels. Indeed, the action of incretins is somewhat resistant to diazoxide; therefore, it is independent of KATP channel closure [26]. As a consequence, cAMP induces an upsurge in the size/amount of readily releasable pools in a glucose concentration-dependent manner within insulin granule dynamics. It is worth noting that incretin peaks the activity of the β cells in the presence of active glucose concentrations in a Ca2+-independent manner, even in Ca2+-devoid conditions [27].




3. Insulin Signaling Pathways


After being secreted from pancreatic β cells and circulating through the body, insulin binds to insulin receptors (IRs) on target cell membranes. This results in the phosphorylation of insulin receptor substrate (IRS) and the subsequent activation of two primary signaling pathways, viz. the phosphoinositide3-kinase (PI3K)/protein kinase B (Akt) pathway and the mitogen-activated protein kinase (MAPK) pathway (Figure 1).



3.1. The PI3K/Akt Signaling Pathway


The regulatory roles of insulin in cellular function and energy metabolism are largely mediated by the PI3K/Akt pathway [28]. Once activated by IRS, PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate to produce phosphatidylinositol 3,4,5-triphosphate, which phosphorylates, and thus activates, 3-phosphoinositide dependent protein kinase-1 (PDK1). PDK1 then activates Akt, which mediates multiple cellular functions. Activated Akt phosphorylates glycogen synthase kinase to deactivate it and inhibits glycogen synthase and ATP-citrate lyase activity, thereby inhibiting glycogen and fatty acid synthesis, respectively. Akt also inactivates the mammalian target of rapamycin complex 1 to promote protein synthesis. In addition, Akt mediates cell survival by inhibiting the proapoptotic pathway, and it activates sterol regulatory binding proteins (SREBPs), which translocate to the nucleus to transcribe genes associated with fatty acid and cholesterol synthesis. The PI3K/Akt signaling pathway also regulates the translocation of the insulin-sensitive glucose transporter GLUT4 to the membrane of muscle and fat cells for glucose uptake. GLUT4 translocation involves the IR-facilitated phosphorylation of Cbl-associated protein (CAP) and production of the CAP:CBL:CRKII complex [28,29] (Figure 1).




3.2. The MAPK Signaling Pathway


The MAPK pathway is activated when IRS-1 binds to growth factor receptor-bound protein 2 (Grb2). SOS binds to Grb2 and then to Ras, causing GDP–GTP exchange and the activation of Ras.



Activated Ras recruits c-Raf, which phosphorylates and activates MAPK/Erk kinase (MEK). MEK then phosphorylates extracellular signal-regulated kinase (Erk). Once activated, Erk is translocated to the nucleus, where its subsequent phosphorylation and transcriptional activation by transcription factors, such as ELK1, ultimately promote cell division, protein synthesis, and cell growth [28,29] (Figure 1).





4. Physiological Roles of Insulin


The major purpose of insulin is to regulate the body’s energy supply by balancing micronutrient levels during the fed state [30]. Insulin is critical for transporting intracellular glucose to insulin-dependent cells/tissues, such as liver, muscle, and adipose tissue. Any imbalance in exogenous energy supplies results in the breakdown of fats stored in adipose tissue and eventually accelerates insulin secretion. In the following sections, we discuss the major role of insulin in regulating several insulin-dependent tissue/organ functions.



4.1. Role of Insulin in the Regulation of Liver Function


The liver is the primary organ of insulin action. Among the many important functions of insulin, nutrient homeostasis, i.e., synthesizing glycogen from glucose and the conversion of excess glucose into fatty acids and precursor triglyceride (TAG), are the most crucial [31]. A search of the literature indicates that insulin upregulates glucose-utilizing activity via accelerated hepatic glucose utilization, glycolysis, and glycogenesis, and it downregulates glucose production by suppressing net glucose production, gluconeogenesis, and glycogenolysis [32]. Simultaneously, elevated blood glucose levels return to baseline via glycogenesis due to accelerated glucose uptake by adipose tissue and skeletal muscle [33] (Figure 2). In a healthy individual, a maximum one-fifth overturn of hyperinsulinemia has been reported to occur through insulin-driven gluconeogenesis in the liver, which also suppresses glycogenolysis almost completely [34]. Insulin can produce glucose for catabolic reactions through a process named gluconeogenesis, which acts directly on the liver but indirectly on other tissues [35,36]. Through the PI3K/phosphorylation of the Akt/IRS-1 pathway (Figure 1), insulin can inhibit hepatic gluconeogenesis while improving glycogen synthesis [36,37]. Although the precise mechanism by which insulin regulates hepatic function is yet to be investigated, it has been suggested that insulin acts directly and indirectly on the liver. Directly, it can bind with hepatic insulin receptors and subsequently activates insulin signaling pathways in the liver, which has been demonstrated both in vitro and in vivo experimental models [38,39,40,41]. On the other hand, indirect insulin action is mostly regulated by the reduction in pancreatic glucagon secretion [42], the inhibition of fat lipolysis [43], and the influence of overall hypothalamic insulin signaling [44], which subsequently affects hepatic glucose production. Although evidence indicated both direct and indirect effects of insulin on the liver, it has been suggested that the control of the liver function is largely indirect [45].




4.2. Role of Insulin in the Regulation of Skeletal Muscle Function


Insulin performs several important functions in all body parts, and skeletal muscle is no exception. Skeletal muscle is one of the most dynamic tissues of the human body, and it represents almost half of the body’s weight and two-thirds of its protein [46]. This muscle comprises bundles of highly structured muscle fiber/myofibers, with every myofiber, which contains several myofibrils, representing an individual muscle cell. Approximately 70% of the glucose is used by skeletal muscle from the whole-body glucose uptake [47], and the rest is used by the liver through an insulin-dependent mechanism. Postprandial hyperglycemia encourages the pancreas to secrete insulin, and an increase in plasma insulin concentration triggers the uptake and use of glucose by skeletal muscle [48,49,50]. Both epidemiological and experimental observations indicate that individuals with type 2 diabetes are associated with poor muscle strength and function [51]. Given that skeletal muscle is a major site for glucose disposal, quantitative declines in muscle volume in patients with type 2 diabetes might adversely affect overall glucose metabolism; thus, insulin therapy could improve optimal glucose targets [52].



Like other parts of the body, the muscle needs a continuous source of energy to work efficiently, and carbohydrates and fats are the main energy sources used by muscle cells to produce ATP [53]. Amino acids may also be used as an energy supply by muscle, but this depends on several factors [46]. After glucose is consumed, the plasma glucose concentration modulates insulin secretion by pancreatic β cells, which creates hyperinsulinemia. This leads to a decline in the plasma free fatty acid (FFA) concentration while decreasing lipid utilization. At the same time, insulin stimulates skeletal muscle to take up glucose by activating several enzymes [50] (Figure 2). In skeletal muscle control, glucose uptake and energy metabolism increase GLUT4 [54,55]. Insulin also controls the amount of branched-chain amino acids, non-esterified fatty acids, plasma glucose, and muscle mitochondrial ATP production [56].




4.3. Role of Insulin in the Regulation of Adipose Tissue Function


Every living organism needs energy to survive and has evolved to store extra energy when there is an abundance of food. This is an important physiological adaptation that increases the chances of survival during starvation. In some organisms, specialized cells store extra energy in the form of lipids, and in multicellular organisms, adipose tissue is responsible for the lipid storage [57]. Adipose tissue is found in every part of the body, which makes this tissue distinguishable from other tissues [58]. As mentioned earlier, approximately 70% of the glucose consumed is used by muscles as an energy source. Adipose tissue is responsible for almost one-tenth of the insulin for whole-body glucose uptake [59]. Therefore, the biological features of adipose tissue from different sites could play a significant role in the onset and progression of metabolic derangements, particularly in obese individuals. It has been reported that insulin regulates several aspects of adipose cells’ functional development and differentiation [60]. Adipose tissue is primarily independent of glucose uptake; however, it is dependent on the amount of FFA, which is liberated into the bloodstream by insulin for use by organs such as the heart [59]. It has been demonstrated that the TAG concentration is the main factor affecting the production of insulin [61] (Figure 2). However, further studies are needed to understand the molecular basis of adipose tissue response to insulin as it is highly relevant to the pharmacotherapy of diabetes and weight gain.




4.4. Other Major Physiological Roles


4.4.1. Endothelium and Vasculature


The endothelium, which forms the inner layer of blood and lymph vessels, is considered a highly active part of the body involved in several pathophysiological processes, such as leukocyte adhesion, the control of vasomotor tone, inflammation, and barrier function [62]. Insulin is thought to be important for several functions relating to the endothelium, among which endothelium dysfunction is the most discussed [63]. Generally, endothelial dysfunction indicates events such as reduced nitric oxide (NO) bioavailability, increased oxidative stress mediated by elevated reactive oxygen species (ROS) production, the expression of pro-inflammatory and pro-thrombotic factors, and abnormal vasoreactivity [63]. This condition may predispose to increase susceptibility to atherosclerosis, coronary heart disease, and hypertension [64]. The binding of the insulin into the endothelial insulin receptors triggers two major signaling cascades mediated by PI3K and MAPK subsequently involved in these dysfunctional processes by regulating NO production [65]. Indeed, an in-depth understanding of insulin’s role in both the physiology and physiology of endothelial cells is essential for developing novel approaches for treating and preventing cardiovascular complications [66].




4.4.2. Brain


Initially, the brain was considered insulin insensitive because glucose uptake in this organ is unaffected by insulin [67,68]. However, growing evidence suggested that insulin can increase glucose uptake in the spinal cord tissues and some brain regions, such as the choroid plexus, the pineal gland, and the pituitary [69,70,71]. In addition to glucose metabolism and the energy balance in the brain, insulin is reported to control other vital physiological functions, such as neuronal plasticity, memory processing, and cognition [72,73,74]. Insulin has been shown to decrease hepatic glucose production (HGP) in the central nervous system when delivered in an intracerebroventricular manner [44]. While acting on HGP, insulin can influence certain gluconeogenic enzymes by affecting the central nervous system [70,71]. In another study, it has been reported that intranasal administration of single-dose (160 IU) insulin declines food intake in healthy males but not in women [75]. Simultaneously, a significantly improved memory process is noticed only in women rather than men [75]. Although the precise mechanism of these effects is unknown, it has been suggested that the fundamental gender difference of the central nervous system might respond differentially to the acute insulin administration, and subsequently regulate energy homeostasis and memory functions in a sex-dependent manner [75]. Convergent with these observations, earlier studies suggested that insulin transport into the brain is equally affected both obese men and women. However, the risk of developing dementia is particularly higher in women rather than men [76,77]. Further, the ameliorative effects on the cognitive functions have been reported in healthy subjects following acute and chronic (8 weeks, 160 IU per day) intranasal administration of insulin [78,79]. Therefore, depending on the evidence described above, insulin plays a very important role in brain function and might be an excellent therapeutic compound for treating both obesity and Alzheimer’s disease, as suggested by other contemporaries [80,81,82].




4.4.3. Kidney


The initial evidence of insulin actions in the kidney has been suggested in the 1950s [83]. Insulin involves various metabolic processes, including kidney homeostasis [84]. Recently, researchers have begun exploring the physiological importance of kidney IR. In diabetic and insulin-resistant rat models, the decreased expression of IRs and phosphorylated IRs was seen in renal epithelial cells [85,86]. A high-fat diet reduced IR expression in the kidney cortex of mice [87], and type 1 diabetic rat models and type 2 diabetic patients showed decreased expression of IRs in the kidneys [85]. Moreover, various kidney epithelial cell-specific deletions of IRs resulted in altered renal and systemic metabolism in mice [84]. By interacting with angiotensin type 1 receptors in the renin–angiotensin system, angiotensin II (Ang-II) mediates various biological effects in many tissues, including those of the kidney [88]. Ang-II hinders the insulin-mediated activation of PI3K signaling, leading to insulin resistance [89]. Furthermore, insulin is a critical regulator of glucose metabolism in the kidneys. Hyperglycemia is responsible for the development of diabetic kidney diseases (DKDs). Therefore, the progression of kidney diseases, including DKD, could be slowed or reversed by controlling hyperglycemia with insulin therapy [90].




4.4.4. Bone


Another important physiological role of insulin is that it promotes bone development [91]. Bone formation may be regulated by insulin signaling through osteoblast development and bone resorption by osteoclasts [91]. According to experiments with mice, these cells express IRs on their surface [92]. That said, IRs in osteoblasts are needed for the proliferation, survival, and differentiation of osteoblasts. In another in vitro study, it has been reported that insulin is an anabolic agent capable of increasing the rate of osteoblast proliferation, collagen synthesis, and alkaline phosphatase production, and it facilitates glucose uptake and subsequently inhibits the activities of osteoclasts [93]. Additionally, insulin-deficient models displayed a decline in mineralized and osteoid surface areas due to altered mineral apposition rates and osteoblast activity [93], and epidemiological investigations have further reinforced this finding. Patients with type 1 diabetes were found to have low bone mineral density and a higher risk of fractures than their non-diabetic counterparts [15,93].




4.4.5. Skin and Hair Follicles


Hair follicles are important parts of the body and, as a highly active organ, they require a sophisticated regulatory micro-environment with an ample supply of oxygen and nutrients [94]. Therefore, chronic decreases in oxygen and nutrient supplies due to hyperglycemic conditions may lead to follicular damage, which results in the alteration of regular hair growth (e.g., thinning, fragility, sparseness of hair, and decline in hair growth) [13,14,95]. The corresponding relationship between insulin action and the hair follicle is not fully understood. However, certain skin conditions, such as acrochordon and acne, have been linked with insulin action [96,97]. Acne is considered a symptom of many diseases linked with IRs, whereas individuals suffering from acrochordon have shown greater carbohydrate metabolic impairment than healthy individuals [98]. Those who consume low-insulinotropic paleolithic diets exhibit much lower insulin/IGF-1 signaling, which is linked to a reduced occurrence of acne [99,100,101]. Another skin disease, psoriasis, is connected to other metabolic diseases, including obesity and metabolic syndrome, and there is a link between psoriasis and IR through the common factor of adipose tissue [12,102]. Insulin sensitivity is reportedly deregulated in individuals who have psoriasis based on their leptin and adiponectin levels, which regulate insulin sensitivity/activity through the inflection of insulin signaling and the molecules associated with glucose and lipid metabolism [103,104,105].






5. Role of Insulin in Pathology


5.1. Insulin Deficiency


Nutrient availability plays an important role in the secretion and functional regulation of insulin. The excessive consumption of fatty foods can alter mitochondrial physiology by enhancing the excessive ROS production that impairs insulin action. It has been found that insulin-resistant individuals in an aerobic state during exercise can stimulate both mitochondrial biogenesis and efficiency concurrently with insulin activity [106]. People over 30 years of age with type 1 diabetes, as defined by severe insulin shortage, have similar clinical and biological features to younger people, but the condition is frequently not recognized [107]. The overproduction of glucose and the buildup of lipids should be anticipated in the livers of patients with obesity and insulin resistance [108]. Therefore, both intrahepatic and extrahepatic pathways mediate insulin’s control of glucose and lipid metabolism, and the interactions between these pathways control insulin signaling [109]. Direct hepatocyte insulin signaling is essential for lipogenesis but unessential for suppressing glucose production [110]. Pathologically, both insulin resistance and insulin deficiency alone can change plasma glucose levels [111]. Lengthening the action time of basal insulin and restricting peaks of fast-acting insulin can be beneficial for individuals with diabetes. Different transport systems may make the regular use of insulin more acceptable to patients and may have other advantages, such as aiding in attaining better glycemic control [112]. Closed-loop systems, or artificial pancreases, have shown safety and glycemic benefits [113]. Short-term insulin glargine administrations are partially beneficial for those with a β cell phenotype, whereas the long-term replacement of insulin by isogenic islet transplantation promotes the formation of more mature β cells [114]. Increased insulin resistance is an additional factor that can work in unison with other factors and may be important in the pathogenesis of diabetic microvascular complications [115]. Research has shown that if blood glucose remains high despite substantial insulin levels, the action of the hormone must be defective [116]. The absence of first-phase insulin reactions to intravenous glucose has long been considered an initial sign of β cell dysfunction and has some anticipative importance for the subsequent development and progression of diabetes [117].




5.2. Hyperinsulinemia


In hyperinsulinemia, the amount of insulin in the blood is higher than usual. The hyperinsulinemic state is characterized by damaged myocardial insulin signaling, mitochondrial dysfunction, endoplasmic reticulum stress, altered calcium homeostasis, irregular coronary microcirculation, sympathetic nervous system dysfunction, initiation of the renin–angiotensin–aldosterone system, and immune response abnormalities. These pathophysiological alterations result in increased oxidative stress, fibrosis, hypertrophy, diastolic cardiac dysfunction, and eventual systolic heart failure, and it is suggested that hyperinsulinemia may be the common element accounting for the association between obesity and type 2 diabetes [108]. The reference range for hyperinsulinemia is normally decided based on fasting glucose levels, including 5–13 μU/mL, ≤30 μU/mL, and 18–173 pmol/L (3–28 μU/mL) REF. Obesity and type 2 diabetes are classic states of insulin resistance [118]. Insulin resistance regulates insulin secretion, which ultimately leads to hyperinsulinemia [119], and hyperinsulinemia is associated with increased morbidity and mortality from cardiovascular complications in patients with obesity [107,120]. Generally, the main cause of hyperinsulinemia is insulin resistance, which the pancreas compensates for by producing more insulin. However, it can sometimes be caused by a rare tumor of pancreatic insulin-producing cells (insulinoma) or excessive numbers or growth of these cells (nesidioblastosis). This condition also leads to low blood sugar [105].



The direct effect of hyperinsulinemia includes type 2 diabetes, obesity, chronic inflammation, hypertriglyceridemia, and Alzheimer’s disease [121]. A study showed that increased dietary fatty acids stimulate intestine enterocyte incretin secretion, further elevating GSIS, even at low glucose levels; thus, fatty acids play a vital role in forming diabetic hyperinsulinemia [122]. The diabetic cardiomyopathy detected in hyperinsulinemic states is categorized by damaged myocardial insulin signaling, abnormal mitochondrial function, endoplasmic reticulum stress, impaired calcium homeostasis, abnormal coronary microcirculation, the activation of the sympathetic nervous system, the activation of the renin–angiotensin–aldosterone system, and maladaptive immune responses, and these pathophysiological alterations lead to oxidative stress, fibrosis, hypertrophy, diastolic cardiac dysfunction and, eventually, systolic heart failure [123]. Hyperinsulinemia in women suffering from polycystic ovarian syndrome is prognostic of health problems later in life, such as diabetes, cardiovascular disease, and infertility [124]. Chronic hyperinsulinemia has been shown to upregulate triglyceride (TG)-rich lipoproteins and to be a risk factor for atherosclerosis [31]. A healthy, balanced diet can help a person maintain a healthy weight and improve their overall bodily function. Specific diets can also prevent blood sugar spikes and facilitate the regulation of insulin levels. Diets that focus on glycemic control are beneficial when treating hyperinsulinemia: a diet low in simple carbohydrates can help patients to regulate their glucose levels. More importantly, glycemic control should be established very early in pregnancy to stop the initiation of fetal hyperinsulinemia [125].




5.3. Hyperglycemia


Hyperglycemia occurs when the blood glucose is greater than 125 mg/dL during fasting or 180 mg/dL 2 h postprandial [126,127,128]. Hyperglycemia has increased in recent years without an apparent difference between men and women, particularly due to decreased physical activities and increased obesity [129,130]. Islet dysfunction, reduced insulin secretion, decreased glucose utilization, and insulin resistance found in type 2 diabetes are factors contributing to the onset and progression of hyperglycemia [128,131,132]. Basal hyperglycemia occurs when there is a lower insulin-to-glucagon ratio owing to the increased production of glucose by the liver, whereas postprandial hyperglycemia arises due to a decrease in plasma insulin concentration or action that reduces glucose utilization in peripheral tissues [133]. The postprandial hyperglycemia status is defined by factors, such as the timing, quantity, and composition of the meal, carbohydrate content of the meal, and the resulting insulin production and inhibition of glucagon secretion [128,131,132]. When the fasting plasma glucose level is consistently ≥7 mmol/L (126 mg/dL) or when the 2 hours’ plasma glucose level following drinking a 75 g glucose load is consistently ≥11.1 mmol/L (200 mg/dL), diabetes is diagnosed or confirmed [128].



Meanwhile, clinical findings indicated that fasting or 2 h postprandial glucose levels below the diabetes cutoffs indicates cardiovascular disease [134,135]. Thus, a positive correlation exists between glucose level and cardiovascular disease risk [135]. Prolonged hyperglycemia could also lead to the onset of other life-threatening complications such as ketoacidosis and hyperglycemic hyperosmolar syndrome. Although their pathogenesis differs, the basic underlying mechanism for both disorders is a decrease in the effective net concentration of circulating insulin coupled with a concomitant elevation of counterregulatory hormones (e.g., glucagon, catecholamines, cortisol, and growth hormone) [136]. As unhealthy diets and a lack of physical activity also contribute to a global rise in the prevalence of obesity [137] and both type 1 and II diabetes [138], a lifestyle change could be a good companion to insulin-signaling targeted therapy in reducing hyperglycemia and associated diabetes.




5.4. Hyperlipidemia


The leptin receptor or obesity receptor (Ob-R), which belongs to the cytokine class I receptor family [139], mainly resides in β cells, and when activated, it suppresses insulin secretion, insulin gene expression, and influences the proliferation, apoptosis, and growth of β cells [140,141]. The function and survival of β cells are affected by tumor necrosis factor-alpha and interleukin-6 (IL-6) [142], and an increased amount of pro-inflammatory factors were found in the pancreatic islets during stress conditions with glucose and FFA [143,144]. An increase in plasma FFA is essential under fasting conditions to maintain basal insulin levels and normal insulin responses to glucose [145]; however, it can contribute to a situation named lipotoxicity, in which increased plasma FFA plays roles in sustaining insulin resistance and impaired β cell function [146,147].



Lipotoxicity was observed in an in vitro study that exposed pancreatic islets to an increased amount of FFA for a short period; the result was impaired glucose stimulated by insulin release [148]. It has been demonstrated that an increase in FFA can contribute to compromised β cell function via the intracellular accumulation of TG resulting from the activation of SREBPs or high levels of uncoupling protein 2, which is known to regulate cellular ATP levels [149,150]. FFA also stimulates the activation of NO synthase to induce insulin secretion [147,151]. NO has been reported to contribute to apoptosis by activating c-Jun N-terminal kinase, MAPK, and Akt inhibition [151]. Therefore, lipotoxicity can speed up the loss of β cell function and β cell mass, all of which frequently occur in individuals suffering from type 2 diabetes; therefore, the condition is also referred to as glucolipotoxicity [152]. Some effects also affect epigenetic mechanisms; for example, the high methylation of the peroxisome proliferator-activated receptor-gamma co-activator 1-alpha gene promoter seen in pancreatic islets of type 2 diabetic individuals results in decreased protein- and glucose-stimulated insulin release [152].





6. Recent Advances in Insulin-Signaling Targeted Therapy


In the treatment of diabetes and nephropathy, numerous aspects of prevention and the multifactorial methodologies used by nephrologists, diabetologists, dieticians, and experienced diabetes specialists to provide a multifaceted care program reduce the progression of kidney diseases. Emerging studies are recommending the employment of the protective properties of metformin against numerous kidney diseases, such as autophagy and AMP-activated protein kinase (AMPK) signaling pathways, to protect the kidneys from injury [153]. Moreover, metformin activates hypoglycemia by decreasing intestinal glucose absorption and hepatic glycogenesis to improve glucose uptake and utilizing peripheral tissues that enhance insulin sensitivity [154]. Another sulfonylurea-receptor-binding drug, sulfonylureas, affects pancreatic β cells, leading to augmented insulin secretion and possibly hypoglycemia [155]. Sodium-glucose co-transporter 2 inhibitors decrease glucose absorption by the kidney, leading to improved glucose excretion and a reduction in hemoglobin A1c of approximately 0.9–1.0% [156]. Thiazolidinediones have been found to improve insulin sensitivity without causing hypoglycemia in their roles as PPARγ agonists, leading to an A1c decrease of 0.5–1.4%, and these drugs, which are metabolized by the liver, are used to treat chronic kidney disease [157]. Alpha-glucosidase inhibitors decrease the breakdown of small intestinal oligo-and disaccharides, reduce the ingestion of carbohydrates, and suspend glucose absorption after a meal [158]. Epidemiological research has shown that resveratrol can provide health benefits, including protection against renal cancer and kidney disease, and its nephroprotective effects have been observed via in vitro and in vivo human and animal studies [159]. Resveratrol has been found to increase AdipoR1 mRNA levels, and its protein expression was eliminated in the presence of FOXO1 shRNA [160].



The bioactive agent 3β-Taraxerol is known to affect pancreatic function and acts by enhancing insulin secretion or decreasing intestinal glucose absorption [161]. Gallic acid has been found to reduce circulating levels of TGF-Î21, supporting the hypothesis that it might be used to efficiently manage diabetic nephropathy [162]. The hematological, toxicological, and biochemical effects of orally treating diabetic model mice with 40 mg/kg mangiferin for 30 days were compared to control mice, and the levels of glycosylated hemoglobin, blood glucose, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase were significantly decreased in the mangiferin-treated animals [163]. Alpha-glucosidase inhibitors block carbohydrate absorption in the small intestine [164]. Recently, phytochemicals and components of their signaling pathways have been shown to be effective for prophylaxis and treatment of insulin resistance in GLUT4-expressing tissues. A hydroalcoholic extract of Capparis moonii fruit increased the glucose uptake associated with substantial IRS-1 and IR phosphorylation, PI3-kinase mRNA, and GLUT4 expression in L6 cells [165]. Glucagon-like peptide-1 receptor agonists and diidro-dipeptidyl-peptidase IV inhibitors, which stimulate the incretin system, along with sodium-glucose cotransporter-2 agonists, are the most common classes of antidiabetic drugs used for type 2 diabetes [166]. It was recently revealed that orally administered vanadium complex results in normoglycemia, improves blood SOD, GSH, TP, and LC3 levels, and significantly reduces AST, ALT, TCHO, BUN, MDA, TG, NO, and caspase 3 levels in streptozotocin-induced diabetic mice [167]. Many commercially used antidiabetic drugs (Table 1), including acarbose, miglitol, saxagliptin, dapagliflozin, glimepiride, insulin aspart, bromocriptine, and alogliptin, have various antidiabetic properties and are used to reduce blood glucose levels by improving insulin secretion in type 2 diabetic patients [168].




7. Conclusions


Several major leaps in our understanding of diabetes have taken place in clinical practice in recent years. During this time, our knowledge of insulin has developed, and the important roles in the regulation and secretion of insulin in the human body are clear. In this article, we discussed the role of insulin in several physiological processes, including metabolic homeostasis, as well as insulin secretion, regulation, and the development of insulin-signaling targeted therapies. We also provided insights into the role of insulin in the energy balance of several important body organs, thereby extending the horizon of this hormone. However, there is still much that is unknown about insulin, especially in hyperinsulinemia, hypoglycemia, and insulin-signaling targeted therapies. These areas are crucial to insulin regulation, secretion, and the mitigation of insulin-related chronic diseases; therefore, they represent an important suitable road map for future research.
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Figure 1. Classic insulin signaling pathway. Insulin regulates cellular functions and metabolic activity by binding to the insulin receptor. Core cellular processes downstream of the insulin signaling system include the PI3K/Akt and MAPK signaling pathways; details on these pathways are given in Section 3. IRS, insulin receptor substrate; IR, insulin receptor; PI3K, phosphoinositide3-kinase; MAPK, mitogen-activated protein kinase; PIP3, phosphatidylinositol 3,4,5-triphosphate; PDK1, 3-phosphoinositide dependent protein kinase-1; Grb2, growth factor receptor-bound protein 2; GSK, glycogen synthase kinase; GS, glycogen synthase; mTORC1, mammalian target of rapamycin complex 1; SREBP, sterol regulatory element-binding protein; glucose transporter 4, GLUT4; MEK, MAPK/Erk kinase; ERK, extracellular signal-regulated kinase. 
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Figure 2. Major physiological roles of insulin in the liver, adipose tissue, and skeletal muscles. After production and release from pancreatic β cells, insulin enters the bloodstream to ultimately reach all other organs. In the liver, insulin helps promote the transport of glucose from the blood into hepatocytes, where it is further converted to glycogen, fatty acids, and triglycerides. In the skeletal muscles, insulin facilitates the uptake of glucose and amino acids from the bloodstream. The amino acids are subsequently used for functional protein synthesis, while glucose is mostly utilized in glycolysis to produce energy in the form of ATP. Glucose may also be converted to the glycogen that is mostly stored as energy for times of deficit. Insulin stimulates adipose tissue uptake of fatty acids, which are later converted into triglycerides and used as long-term energy stores. It is important to note that each of the steps/processes regulated by insulin in the figure are reversible. Whenever insulin stimulates the processes, they are generally irreversible. 
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Table 1. Protective effects of insulin signaling activators or insulin-signaling targeted therapies against various diseases.
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Categories

	
Drug

	
Doses

	
Experimental Model

(Human/Animal)

	
Disease

Model

	
Mode of Action

	
References






	
Natural

products

	
Resveratrol

	
20 µM

	
Human, mouse

	
Kidney mesangial cells

	
Induced AdipoR1 mRNA and protein levels

Improved FOXO1 activity

	
Ji et al. [160]




	
Gallic acid

	
20–40 mg

	
Rat

	
Type I diabetic nephropathy

	
Decreased TGF-β1 levels and creatinine clearance

	
Garud, and Kulkarni, [162]




	
Mangiferin

	
40 mg

	
Human

	
Type 2 diabetes

	
Reduced blood glucose levels, AST, ALT, and ALP

Activated β-catenin

	
Du et al. [163]




	
Saxagliptin

	
2.5–5 mg

	
Human, mouse

	
Type 2 diabetes

	
Decreased glucagon production

Increased insulin production

Inhibited DPP-4 activation

	
Rasouli et al. [168]




	
Alpha-glucosidase inhibitors

	
25 mg

	

	
Type 2 diabetes

	
Reduced renal function Produced hypoglycemic effect

	
Kumar et al. [169]; Usman et al. [158]




	
Secondary alcohol

	
3β-Taraxerol

	
200 mg

	
Human

	
Type 2 diabetes

	
Improved pancreatic function

Increased

insulin secretion

	
Rasouli et al. [161]




	
Organic compounds

	
Sulfonylureas

	
5 mg

	
Human

	
Type 2 diabetes

	
Increased insulin secretion

	
Nathan et al. [155]




	
FDA/Commercial Drugs

	
Metformin

	
5 mg

	
Human, mouse, rat

	
Type 2 diabetes

	
Improved glucose uptake, lipotoxicity, and antioxidant activities

	
Pan et al. [153]




	
Miglitol

	
25 mg

	
Human

	
Type 2 diabetes

	
Inhibited α-glucosidase Induced antihyperglycemic activities

	
Rasouli et al. [168]




	
SGLT2 inhibitors

	
5–10 mg

	
Human

	
Type 2 diabetes

	
Decreased glucose absorption

Increased anti-inflammatory and antioxidative activities

	
Whalen et al. [156]




	
Thiazolidinediones

	
8 mg

	
Human

	
Type 2 diabetes

	
Acted as PPARγ agonist

	
Soccio et al. [157]




	
Colesevelam

	
3.75 g

	
Human

	
Type 2 diabetes

	
Increased triglycerides

Decreased LDLc

	
Feingold, [170]




	
Gallotannins

	
10–100 ng/mL

	
Human, rat

	
Type 2 diabetes

	
Increased PI3K mRNA and GLUT4 expressions

	
Kanaujia et al. [165]




	
DPP-IV inhibitors

	
50 mg

	
Human

	
Type 2 diabetes

	
Stimulated incretin system and SGLT-2

	
Jose and Inzucchi, [166]




	
Oxovanadium complex

	
200 mg

	
Mouse

	
Diabetic mice

	
Increased blood SOD, GSH, TP, and LC3 levels

	
El-Shafey and Elsherbiny, [167]




	
Acarbose

	
50 mg

	
human

	
Type 2 diabetes

	
Inhibited α-glucosidase and α-amylase

	
Rasouli et al. [168]
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