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        Abstract



        Glucagon-like peptide 1 (GLP-1) is a gut-derived hormone released after a meal, which alleviates hyperglycemia, increases β-cell survival, reduces body weight, and reduces inflammation. These thrilling effects motivated clinical studies to discover the potential use of GLP-1 receptor agonists (GLP-1 RAs) in the management of T2D. GLP-1 RAs are potential anti-diabetic agents that can reduce blood pressure, glucose levels, HbA1c and, weight loss without hypoglycemia risk. This manuscript reviews the importance of GLP-1 RAs‎ and their role in the management of T2D with or without COVID-19 infection. Hence, this manuscript can help physicians and researchers to choose the most appropriate drugs for the individualized treatment of subjects.
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      1. INTRODUCTION


      To date, about 100 million cases and 2 million deaths have been reported globally due to coronavirus disease 2019 (COVID-19). The mortality of COVID-19 climbs up instantly, in particular with a high prevalence of comorbidities, such as hypertension, cardiovascular disease, obesity, and diabetes [1, 2]. Type 2 diabetes (T2D), classified as a chronic disease and considered as an epidemic in many developed and developing countries, is currently inducing serious complications to the COVID-19 pandemic, causing a higher mortality rate all over the world [3, 4]. Impaired insulin action, pancreas β-cell impairment, and hyperglucagonemia have been determined for T2D metabolic diagnosis, resulting in hyperglycemia with toxic effects that lead to various complications [5]. However, the pathophysiological effects of these disorders remain to be fully revealed, but they might usually cause incretin deficiency. Incretin disorder function is a hallmark in diabetes, and current studies showed that incretin is also diminished in T2D and obesity [6]. According to this theory, lipotoxicity and insulin resistance can cause subtle changes in β-cell function, leading to decreased insulinotropic effects of glucagon-like peptide-1 (GLP-1) and further promoting high blood glucose levels and β-cell damage [7, 8]. Consequently, abnormal incretin is a very initial sign of pre-diabetic situation in obese subjects who are still glucose tolerant [5].


      Insulinotropic effects of GLP-1 are decreased in T2D subjects, causing the development of incretin-based treatments in the recent decade. In this respect, two classes of incretin-based therapy, including dipeptidyl peptidase-IV (DPP-IV) inhibitors and GLP-1 receptor agonists (GLP-1 RAs), are available for the management of T2D.


      Current medicines used for T2D treatment are not efficient for inhibiting the continuous decrease in β-cell function; this may lead to hypoglycemia and weight gain. All of the GLP-1 RAs‎ and DPP-IV inhibitors are attractive options due to their glucose-reducing properties with minimal adverse effects of weight gain and hypoglycemia. These drugs exert their influences by reducing gastric emptying and thereby reducing appetite, inhibiting beta-cell apoptosis and glucagon release, preventing β-cell glucolipotoxicity, normalizing glucose-dependent insulin secretion, reducing liver glucose production, and improving beta-cell survival. Some prevention strategies, vaccines, and different pharmaceutics have already been examined, and some are still under examination to evaluate their safety and efficacy as potential treatments for COVID-19 [9, 10]. Diabetic patients are frequently treated with GLP-1 RAs with daily or weekly subcutaneous administration. In the interest of improving clinical practices and developing novel approaches, we aim to highlight the valuable role of GLP-1 agonists in the management of T2D regarding the current clinical outcomes in the setting of COVID-19 infection and the further advancements for the improvement of patient compliance and convenience.

    


    
      

      2. METHOD


      The words “GLP-1”, “incretin”, “incretin-based therapies”, “COVID-19”, “coronavirus”, “GLP-1R agonist and “dipeptidyl peptidase-IV (DPP-IV) inhibitors”, were entered into databases, such as ScienceDirect, PubMed, EMBASE, EBSCOHost, and Googlescholar were reviewed.

    


    
      

      3. INCRETIN


      The incretin effects reflect the elevated insulin release in response to a glucose load transported to the intestine compared with that reached by intravenous glucose when the blood concentration of glucose, under both situations, are comparable [11]. This effect is involved for about 60% of the insulin secretion after an oral glucose load due to insulinotropic properties of incretins that are secreted from enteroendocrine cells of the gastrointestinal. The gastric inhibitory polypeptide (GIP) and GLP-1 are known as the main incretin hormone [12].


      
        

        3.1. Advantage of Incretin Therapy


        The main challenge in diabetes therapy is preventing hypoglycemia development, especially with insulin and sulfonylureas (SUs). Hypoglycemia in diabetic patients causes some complications, such as brain damage, unconsciousness, and even death, if uncontrolled. The other main adverse effect experienced by diabetes patients is weight gain, which happens with using most anti-diabetes drugs, including thiazolidinediones, SUs, and insulin [13]. Since obesity is closely related to insulin resistance, the efficacy of these components in treating T2D becomes relatively limited due to their association with weight gain [13]. Physicians prescribe chemical agents and herbal medicine or nutrients for the treatment of T2D and related disorders [14-19]. However, they have some limitations and drawbacks [20]. Incretin-based treatments offer new options for the treatment of T2D by controlling hyperglycemia and body weight. As mentioned above, incretin is secreted in response to a meal and high glucose concentration, which consequently leads to the release of more insulin. Previous data reported that T2D patients have a reduced incretin effect, probably due to declined active GLP-1 concentration [11].


        However, all GLP-1 RAs‎ seem to have a crucial role, given by their glucose-reducing properties with minimal side effects, such as weight gain and hypoglycemia [21]. In a study, a continuous infusion of GLP in T2D patients led to a significant weight loss of 1.9 kg and a decline in appetite from baseline in comparison with placebo [22]. These findings revealed that GLP-1 could be valuable in the treatment of T2D patients [23]. Currently, there are growing interestsin therapeutic approaches based on the stimulation of GLP-1 actions and GLP-1 receptors on the pancreas [21]. As well documented, GLP-1 regulates several genes expression in β-cell by suppressing β-cell apoptosis, inhibiting β-cell glucolipotoxicity, and increasing β-cell survival and function [24]. Furthermore, it has been reported that GLP-1 reduces hepatic glucose production and prevents glucagon secretion [24]. This incretin also reduces acid secretion, gastric emptying, and reduces appetite [21].

      


      
        

        3.2. Enteroendocrine Cells


        The intestine is the main energy sensor that sends signals to the brain via hormones and neurons [25]. Enteroendocrine cells are found in the gut mucosa and sparsely spread in the epithelial lining. These cells secrete various peptides with deep influences on body homeostasis [26]. The peptide YY (PYY) and GLP-1 are among the main ones. These incretin hormones are released by intestinal L-cells mainly located in the colon and distal part of the small intestine and have numerous physiological functions ranging from managing appetite, controlling gut transit, stomach emptying, and stimulating β-cell survival and proliferation. GLP-1 and PYY decrease gastrointestinal transit and participate in the ileal brake where stomach emptying is suppressed to regulate food delivery to the intestine with absorption and digestion rate [25]. PYY and GLP-1 levels in the blood are increased within 15 min after a meal and reach peak concentration at about one hour [25]. Besides the alterations between L-cells in various compartments, there are also studies proposing that GLP-1 may have different functions depending on where it is secreted. Colon has a maximum GLP-1 density but will not sense nutrients from a meal until later, indicating that the L-cells of the colon are not responsible for the postprandial rise in GLP-1. Additionally, GLP-1 is recognized as an anorectic hormone that inhibits appetite, but at the same time, concentrations of GLP-1 are elevated in the conditions of low energy as in anorexic cases and germ-free animals that have augmented food intake in comparison with conventionally elevated counterparts [27, 28].

      


      
        

        3.3. GLP-1 Receptor (GLP-1R)


        GLP-1R is a seven-transmembrane G-protein coupled receptor (GPCR) with a molecular weight of 64 kDa, which was cloned from rat pancreatic, gut tumor cell line, and a human pancreatic insulinoma [21]. The GPCR family is known by a long N-terminal extracellular domain (ECD) containing six conserved Cys residues that form a constraint structure required for ligand binding. This receptor is chiefly expressed in pancreatic β-cells, and after activation by GLP-1, it motivates the increase of cAMP and the influx of intracellular Ca2+, which stimulates insulin secretion [29].


        In the human being, the gene of this receptor is located on the long arm of chromosome 6p21 [21]. Glucagon, GLP type 1, and 2 are encoded by a similar gene and result from post-translational modifications of the proglucagon molecule. Nevertheless, the interaction of the ligand to its receptor is specific with no relevant cross-reactivity with other receptors except for glucagon, which binds GLP-1R with 100-1000 fold less affinity compared with GLP-1. Glucagon family of GPCRs with coupling with Gαs subunit activate adenylyl cyclase (AC) and increase cAMP levels, but certain members, such as GLP-1R, are able to express owing to additional G-protein subunits [30].

      


      
        

        3.4. Structure-Activity Studies of GLP-1


        The incretin family (e.g., GLP-1) has up to 40 amino acids (AA) in length, contributing similarities in the AA sequence. The N-terminal domains of GLP-1 form a random coil shape, whereas the central sections of these incretins have an alpha-helical structure. For examining the function and importance of AA residues, alanine scanning experiments have been done by Adelhorst et al. They have substituted each residue with alanine and recognized crucial AA that was involved in receptor interaction, except if it was already alanine, in which case it was replaced by its equal in glucagon (alanine25) [31]. Obviously, histidine7, glycine10, phenylalanine12, threonine 13, aspartic acid 15, phenylalanine 28, and isoleucine 29 have a potent role in receptor binding, as a noticeable reduction in binding affinity was caused by each alanine replacement. Alanine replacements of these positions lead to a significant decline in cAMP production. Hence, it seems that the N-terminal region is more important for the activation of the receptor, while the C-terminal region is mostly involved in receptor binding [32].


        It has been established that the free N-terminal histidine7 is vital for insulinotropic effects. histidine7 (position 1) is a key and vital residue for GLP-1R activation and binding and presents different types of GLP-1 agonists. The existence of this AA is essential for DPP-4 cleavage, and alterations of N-terminal histidine can result in resistance to proteolysis. Moreover, des-amination, α-methylation, N-methylation, and imidazole lactic acid increase the stability of GLP-1 against the DPP-4 enzyme. The whole elimination of histidine7 caused the loss of activity. The replacement of alanine 8 (position 2) with d-alanine reduces the peptide affinity less than 2-fold. Therefore, the alanine8 is less important to the peptide's function compared with histidine7. In position 3, glutamic acid is critical for receptor interaction, and it does confer good receptor binding affinity and strength. Replacement of glutamic acid9 with lysine can lead to significant loss of GLP-1 potency. Glycine10 is essential for the interaction of GLP-1 with its receptor, and all the GLP-1 agonists having glycine10, threonine11, phenylalanine12, threonine13, and serine14 sequence, are important for GLP-1 activity [33].


        In position 9, the aspartic acid is vital for GLP-1 activity and can be replaced by glutamic acid with a small reduction of affinity. Of note, a d-aspartic acid replacement can lead to noteworthy loss of binding affinity, showing the significance of stereochemical conformation. In position 10, valine can be substituted with alanine, tyrosine, and other hydrophobic amino acids with little loss in activity and affinity. Replacement of position 12 serine with alanine did not change activity and binding affinity. Lysine at position 20 is recognized as a conjugation location for fatty acids, binding directly or via a γ-glutamyl spacer, to extend the half-life by means of elevated albumin binding [33-35].


        Phenylalanine at position 22 and isoleucine at position 23 is vital for both receptor activity and binding and can be substituted with hexafluoroleucine with a slight loss in the activity of GLP-1. Alanine at position 24 and tryptophan at position 25 are both important for the activity of GLP-1. Furthermore, leucine at position 26 is an essential residue for GLP-1 activity and can be substituted with hexafluoro analog with a modest loss of affinity and potency. Valine at position 27 is a vital AA and is existent in both synthetic and natural GLP-1 RA. Glycine at position 29 can be replaced with 2-aminobutyric acid to offer more potent GLP-1 RA with outstanding resistance to proteolysis. This change was significant in the taspoglutide discovery. Arginine at position 30 and glycine at position 31 is vital for receptor activation and binding [33-35].


        The GLP-1 is quickly degraded by enzymes, particularly DPP-4 at the histidine7-alanine‎8 position. Hence, the therapeutic value of natural GLP-1 is limited. This trouble can be overcome by the administration of DPP-IV inhibitors or stable GLP-1 analogs. Furthermore, other approaches, including pegylation, N-alkylated amino acids, α,α-dialkylated aminoacids, d-amino acids, β-amino acids, stapling, and other structural changes were involved to protect the peptides from proteolysis [33-35].

      


      
        

        3.5. GLP-1 RAs and DPP-4 Inhibitors


        Experiments on native GLP-1 have reported the beneficial effects of this incretin in the treatment of T2D. It is well documented that GLP-1R was not down-regulated even by long-time stimulation with its native ligand and provided ‘proof-of-concept’ for the pharmacological industry to develop GLP-1R-based treatment [21]. However, due to native GLP-1 short half-life time of 1.5 min and their quick degradation and inactivation by DPP-4 enzyme, T2D subjects would need 24-h administration of native GLP-1 to achieve the antidiabetic effects [30, 36]. Otherwise, developing longer-acting forms of GLP-1 seems to be critical for the improvement of patient safety and compliance [30]. Also, continuous GLP-1 injection is not a practical approach for normalizing hyperglycemia [21]. Two main problems in the administration of GLP-1 are associated with its fast inactivation in blood and its delivery via injection [37]. In this fact, there are two clear options to solve this problem, which include administration of GLP-1 RAs‎ or GLP-1 analogs that are resistant to DPP-IV activity and/or suppress the DPP-1V activity [21, 38].


        GLP-1 RAs‎ resistant to DPP-4 degradation have been prepared and can be considered in two categories: long and short-acting GLP-1 RAs‎, which are different in pharmacokinetic profiles and structure. Because of their peptidic structure, all up to now available GLP-1 RAs‎ are prescribed as subcutaneous injections in the thigh, upper arm, and abdomen [39]. The short-acting GLP-1 RAs‎ (i.e., lixisenatide and exenatide) are resistant to DPP-4 activity, leading to a circulating half-life of about 2–4 h. These GLP-1 RAs‎ are prescribed once or twice daily, and because of their short half-life, they display fluctuations in blood level during the day and hence intermittent activation of the GLP-1 receptors [7, 11, 39]. The long-acting GLP-1 RAs‎ (dulaglutide, liraglutide, albiglutide, and exenatide) continuously stimulate the GLP-1 receptor and can be used with much more intervals up to once weekly (i.e., exenatide). Because of alterations in pharmacokinetics, their pharmacodynamic profile is also different [23]. Hence, short-acting agents show a significant decrease in gastric emptying, which might participate in the short-term effects on reducing postprandial plasma glucose levels and food intake. The long-acting agents have a potential influence on fasting glucose levels and have a slight effect on gastric emptying, which displays quick tachyphylaxis [40]. The changes in pharmacokinetics, size, and structure of the GLP-1 RAs‎ should be taken into attention when choosing the optimal therapy choice based on both tolerability and efficacy for the individual subjects [5, 38].


        The suppression of DPP-1V enzymatic activity has been reported for GLP-1 lengthen action, normalization of hyperglycemia in T2D, and the delay of diabetes onsets in animal models [37, 41].[REMOVED HYPERLINK FIELD] DPP-IV, which exists in the circulation and cell membranes, cleaves GLP-1 to yield the inactive form of GLP-1. Consequently, several alterations have been done to GLP-1 to elevate its biological half-life and subsequently its efficacy in vivo. Exenatide (exendin-4), a GLP-1RA, is accessible for the treatment of T2D. This agent is synthesized in the salivary glands of the Gila monster lizard or Heloderma Suspectum. Exendin-4 does not have the DPP-IV recognition site and is an effective insulinotropic compound [21].


        Although the clinical use of both DPP-IV inhibitors and GLP-1 RAs‎ increased recently, some drawbacks still persist. The long-term influences of these medicines and their biologically active components are unknown. These derivatives have various physiological functions, such as a vasoactive intestinal peptide, glucagon, neuropeptide Y, glucose-dependent insulinotropic polypeptide, and substance P [37]. Various DPP-IV inhibitors and GLP-1 RAs‎ have been accessible globally since 2006 [42]. These drugs are approved to use as monotherapy or along with other antidiabetic drugs [23].

      


      
        

        3.6. Different Type of GLP-1 RAs


        GLP-1 RAs are classified as short-acting (lixisenatide and exenatide), and long-acting (liraglutide, albiglutide, and dulaglutide). Injection of GLP-1 receptor agonists to T2D patients was reported to decrease plasma glucose levels to the normal range, even in subjects who had an insufficient response to oral antidiabetic drugs. The effects of GLP-1 receptor agonists observed after injection to T2D patients, resulting in a decreased glucagon levels, reduced HbA1c levels (semaglutide>liraglutide>exenatide>lixisenatide), reduced insulin resistance, elevated satiety, reduced free fatty acid levels, reduced gastric emptying, and reduced body weight (semaglutide >> liraglutide > exenatide > lixisenatide) [43, 44].


        
          

          3.6.1. Exenatide


          Exenatide is approved by the FDA to control hyperglycemia in diabetes, either as a monotherapy or along with other drugs. Exenatide is a synthetic form of exendin-4 and is a potent GLP-1 receptor agonist. This drug is resistant to DPP-4, and its half-life is very more than the natural GLP-1 (about 2.4 hours compared with l.5 min) [45]. It has been established that exenatide decreases postprandial hyperglycemia by suppressing hepatic glucose production, increasing peripheral tissue glucose disposal, delaying gastric emptying, and reducing gastrointestinal glucose absorption. Suppression of glucagon releases by exenatide (which inhibits endogenous glucose production by about 56%) is also known as another mechanism for the reduction of postprandial hyperglycemia [46].

        


        
          

          3.6.2. Liraglutide


          Liraglutide was approved by the FDA for reduction of blood glucose in diabetic patients that were not controlled by antihyperglycemic agents or lifestyle changes. It is also approved for obesity treatment. Moreover, it has 97% AA sequence homology to native GLP-1. Significant changes of the peptide structure delay its absorption, make it resistant to DPP-4 degradation, and enable reversible binding to albumin. About 2% of liraglutide is free in the blood (not bound to protein) and is metabolized by endogenous peptidases. This agent does not undergo substantial hepatic or kidney clearance. Hence, its half-life is about 13 hours after subcutaneous injection [45]. Treatment with liraglutide markedly improved insulin secretion, protected β-cells against lipotoxicity and liver fat content, reduced oxidative stress, and inhibited inflammation. Vanderheiden et al. reported that liraglutide normalized hypoglycemia by improving insulin secretion and did not markedly impact insulin sensitivity or glucagon secretion [47].

        


        
          

          3.6.3. Semaglutide


          The molecular structure of semaglutide (with a half-life of one week, once-daily administration) is similar to liraglutide, except the alanine in position 2 as a site of DPP-4, has been replaced by α-aminobutyric acid to make it entirely resistant to DPP-4. The fatty acid side chain binding seems to be stable, has a slower clearance and supports once-weekly dosing. This agent is in clinical development for non-alcoholic fatty liver disease (NASH) (phase 2) and obesity (phase 3) treatment. Moreover, phase 3 clinical trials in diabetes are ongoing with semaglutide injection. Semaglutide injection significantly normalized glucose levels, reduced body weight, and cardiovascular risk. This drug showed greater weight loss compared with liraglutide and other GLP-1 RAs‎. Likely, semaglutide affected various genes involved in inflammation and atherosclerosis [44].

        


        
          

          3.6.4. Lixisenatide


          Lixisenatide (with a half-life of ∼3.5 hours, 2–3 times daily administration) is currently being synthesized to treat T2D [48]. Lixisenatide was reported to potentially normalize insulin secretion, reduce β-cell apoptosis, increase insulin secretion, reduce postprandial glucose (PPG), delay gastric emptying, and preserve β-cell function. Moreover, this drug increased the biosynthesis of insulin and stimulated β-cell proliferation, proposing the potential to change the progression of T2D. Lixisenatide is commonly used in combination with basal insulin [48].

        


        
          

          3.6.5. Dulaglutide


          Dulaglutide (with a half-life of 90 hours, once-weekly administration) consists of two GLP-1 analogues with identical AA sequences, and are covalently linked by modified human IgG Fc. This change causes less kidney clearance due to the large size of the dulaglutide, and consequently increases the duration of action [49]. Dulaglutide decreases glucagon secretion increases insulin secretion, and delays gastric emptying. Dulaglutide injection decreases fasting and postprandial glucose levels in T2D patients. Dulaglutide may elevate the risk of thyroid C-cell cancer and pancreatitis. Hence, in T2D patients with the risk of pancreatitis development, the administration of this drug should be stopped. Furthermore, this drug is not recommended in cases with severe gastrointestinal (GI) disease (i.e., colitis, inflammatory bowel syndrome, GI perforation, GI obstruction, pseudomembranous colitis, Crohn’s disease, ileus, ulcerative colitis, gastroparesis, and/or undiagnosed GI bleeding) [50].

        


        
          

          3.6.6. Albiglutide


          Albiglutide (half-life of 5 days, once-weekly injection) is a modified form of GLP-1 fused to human albumin and has 97% AA sequence homology to native GLP-1. At the position of 8, alanine is replaced by glycine and this change leads to its resistance to DPP-4 proteolysis. Because of limited knowledge in severe kidney damage, it is proposed that this drug should be administrated with care in such patients. Due to the large molecular size, this incretin has not interacted with drug-metabolizing enzymes. Like other types of GLP-1 RAs‎, this drug reduced fasting glucose decreased PPG, stimulated insulin secretion, inhibited glucagon secretion during hyperglycemia, and delayed gastric emptying [51].

        

      


      
        

        3.7. Administration of GLP-1 Receptor Agonists in A Diabetic Patient Infected with COVID-19


        Hyperglycemia is proved as the main risk factor for COVID-19 infection [52]. Based on numerous reports, hyperglycemia can aggravate COVID-19 pneumonia and increase the hospitalization rate [53, 54]. It has been proposed that GLP-1 agonists have a useful effect on diabetes patients with or without COVID-19, owing to their several beneficial properties on hyperglycemia, obesity, and extreme inflammation-induced acute lung damage [55].


        Lockdown during the COVID-19 is associated with unbalanced nutrition, low physical activity, and diabetes risk. Hence, GLP-1RAs can be favorable for managing body weight and hyperglycemia during long COVID-19 lockdown times. The GLP-1RAs, especially semaglutide and liraglutide, have useful properties on inflammatory mediators and obesity, and both are related to severe COVID-19 infection [56]. Furthermore, GLP-1 RAs motivated the synthesis of the surfactant proteins in the lung, which show immune-modulating protective and anti-inflammatory effects against viral and bacterial infections [55].


        Inflammation is the main cause of COVID-19 severity and death [57]. A bidirectional relationship between hyperglycemia and chronic inflammation had been ‎described for chronic complications of diabetes. ‎Severe pneumonia in diabetes with COVID-19 is related to cytokine storm and hyperglycemia. An improvement of hyperglycemia management with lower blood concentration of IL-6, lactate dehydrogenase (LDH) activity inhibition, and high sensitivity C-reactive protein (hsCRP) have been observed in COVID-19 patients [58]. However, GLP-1 RAs‎ show potential anti-inflammatory effects, and lung protection should be assessed since preclinical experiments have proposed that GLP-1 RAs may reduce lung inflammation and preserve lung function in animal models with experimental lung damage and respiratory syncytial virus infection [1]. Various preclinical experiments performed in animal models with experimental induced lung injury established that GLP-1 agonists alleviate lung inflammation by the inhibition of nuclear factor kappa B (NF-κB) signaling pathways and cytokine release [59]. However, GLP-1 RAs may exacerbate anorexia and should be stopped in severely ill cases with COVID-19 due to a potential risk of aspiration pneumonia. Accordingly, diabetic patients with COVID-19 infection who use GLP-1 agonists should be carefully monitored and provided with sufficient fluid consumption and a regular diet to prevent the risk of dehydration [54].

      


      
        

        3.8. Glucose Lowering Affects GLP-1


        T2D is recognized by both abnormal insulin secretion and peripheral insulin resistance [60]. Sulfonylurea drug is used as the current treatment for the pancreas islet cell impairments, which is the first-line of therapy against inadequate insulin release. Nevertheless, these agents increase insulin release independent of plasma glucose levels and may cause potential hypoglycemia [61]. Moreover, as obviously established in the U.K. Prospective Diabetes Study, the capability of these drugs to motivate insulin secretion reduces in a long time, probably showing a worsening effect on β-cell function [61]. In this respect, there is an essential need to find new medicines for treating the β-cell function of T2D. As mentioned above, antidiabetic properties of GLP-1, including insulin release and the increase of β-cell mass and survivals, accompanied by the suppression of food intake and glucagon secretion, could be effective for β-cell therapies. Both intravenous and subcutaneous injection of GLP-1 in T2D subjects have been revealed for reducing blood glucagon levels, stimulating insulin secretion, improving overall glycemic, and suppressing gastric emptying [60][REMOVED HYPERLINK FIELD]. It has been reported that GLP-1 was able to reduce plasma glucose levels even in subjects with long-standing and severe T2D and even in subjects who no longer responded to SUs [21]. One week of administration of GLP-1 before dinner, lunch, and breakfast markedly normalized PPG and lipid levels [62]. In another experiment, overnight intravenous administration of GLP-1 reduced PPG and fasting glucose concentration to near-normal levels in T2D subjects [63]. Short and long period administrations of GLP-1 and GLP-1 RAs‎ significantly raise insulin release and improve hyperglycemia in T2D. Their long-term properties on animals’ β-cells are causing an increase of β-cell mass by elevating its differentiation and proliferation in both diabetic and healthy rodents [40].


        The hypoglycemic properties of DPP-4 inhibitors are mainly mediated by suppressing the postprandial decrease of GLP-1, thus prolonging and improving insulin release and glucagon inhibition [64]. DPP-4 inhibitors lead to 1.5 – 3.0-fold elevation of active GLP-1 level in blood. This rise is low in comparison with the therapeutic levels of GLP-1 RAs‎, which are about a 10-fold rise in GLP-1 levels. Besides elevating GLP-1 concentration, experiments in humans and animal models show the presence of non-classical glucose-reducing mechanisms of DPP-4 inhibitors [65]. These include: 1) suppression of DPP-4 activity in the gut, which enhances GLP-1-motivated activation of autonomic nerves and high portal GLP-1 concentration that inhibits liver glucose production, 2) suppression of DPP-4 activity in the pancreas, which enhances islet cell-produced GLP-1, directly inhibiting glucagon and stimulatinginsulin secretion, 3) decreased inactivation of DPP-4 substrates other than GLP-1, which may increase pancreas function and lead to other effects [23, 64, 65].

      


      
        

        3.9. Lipid-Lowering Effects GLP-1


        High triglyceride levels have been well accepted as a risk factor for insulin resistance. Diabetic patients are recognized by elevated circulating low-density lipoprotein cholesterol (LDL-C) and triglyceride as well as decreased high-density lipoprotein (HDL) levels [66]. It should be noted that GLP-1 can normalize some of these changes, besides its crucial role in intestinal lipid metabolism [67-73]. A previous study reported that GLP-1 agonists reduced liver VLDL overproduction and de novo lipogenesis in animal models [72], which led to a decrement of lipid accumulation in the liver and circulating VLDL-bound triglyceride and plasmatic ApoB-100 levels [74]. Administrations of DPP-IV inhibitors and GLP-1 RAs have been examined for normalizing postprandial and basal lipaemia in human and animal models [74, 75]. Hepatic and intestinal lipoproteins and lipids metabolism are the two main factors affecting lipaemia. Numerous experiments propose that GLP-1 may affect the intestine with direct local action and indirect modulation on the liver. GLP-1 RAs can decrease the activity of jejunal microsomal triglyceride transfer protein and jejunal triglyceride availability in animal models. Moreover, decreased chylomicron levels were because of decreased production rather than elevated clearance of these compounds. Therefore, DPP-IV inhibitors and GLP-1 RAs in humans and animal models lead to a direct decline in intestinal lipoprotein synthesis so that less triglyceride and less ApoB-48 reached circulation after oral lipid supplementation [69, 72]. It has been shown that Sitagliptin or Exendin-4 also decreased postprandial free fatty acid concentration in human subjects [76, 77]. GLP1 also directly changed triglyceride homeostasis by the declining liver and adipose tissue lipid accumulation [66].

      


      
        

        3.10. GLP-1 as an Energy Sensor


        The GLP-1 mainly exists in L-cells of the colon, but food reach the colon long after a meal (about 1 h). However, the peak of insulin reaches after 15 min [25]. The small intestine absorbs a high amount of nutrients, which makes it unlikely for colonic GLP-1 to participate in the incretin effect. Furthermore, it has been reported that increased concentration of GLP-1 detected in germ-free animals did not contribute to normalized glucose homeostasis, which proposes that colonic-produced GLP-1 has other functions [78]. It has been shown that expression of GLP-1 from colonic L-cells acts as an energy sensor to reduce intestinal motility for allowing more time for food harvesting in the small intestine. This is probably an interesting benefit whereby in energy scarcity, the small intestinal transit is slow, causing more time for food extraction, while in energy sufficient condition, it has a benefit for making quick transition to eject potential pathogenic microbes. Moreover, this is a solid agreement with the orexigenic properties of insulin-like peptide 5 (INSL5) released from colonic L-cells and contrasts the anorexic effects of GLP-1. Supportively, anorexic subjects have elevated GLP-1 concentration and lower intestinal transit [25, 27]. Lee et al. reported that colonic INSL5 stimulates liver[REMOVED HYPERLINK FIELD] glucose output, which is also in line with the hypothesis of colonic L-cells function as energy sensors involved for adaptation to famine [79]. Hence, colonic L-cells might act as energy sensors and contribute to low energy concentration by elevating appetite and liver glucose production through INSL5 and reducing intestinal transit through GLP-1 [25].

      


      
        

        3.11. GLP-1 Control of Appetite and Weight


        The potential effects of GLP-1 on feeding behavior were reported in previous studies. Although these effects may be in part associated with intestinal motility, it appears that GLP-1 has a direct effect on hypothalamic feeding centers as GLP-1 receptors, which are presented in certain nuclei within the hypothalamus [80]. It has been established that acute administrations of GLP-1 can lead to satiety and decrease food consumption in humans and animal models [80]. GLP-1 antagonist exendin 9-39 supplementation in animal models abrogates the effect of GLP-1 and can itself stimulate weight gain. Long-term treatment of Zucker rats with exendin 4 decreased calorie intake and reduced weight gain [81]. In T2D subjects, administration of short-term GLP-1 or exendin-4 curbed food intake and appetite besides its insulinotropic effects [81, 82].

      

    


    
      

      CONCLUSION


      The DPP-IV inhibitors and GLP-1RAs are valuable choices for the treatment of T2D as monotherapy or adjunctive therapy. Furthermore, there is huge evidence documenting the useful effects of these agents in overweight or obese subjects or those who are suffering froma high risk of hypoglycemia-usual comorbidities of T2D. Clinical trials established the superiority of GLP-1 RAs to other anti-diabetes agents in the reducing of blood pressure, glucose levels, HbA1c, and weight loss, without hypoglycemia risk. However, selecting among the available GLP-1R agonist and DPP-IV inhibitors will likely depend on reaction to adverse effects, cost, and patient preferences. GLP-1 agonists‎ have been established to be effective and safe anti-hyperglycemia and anti-inflammatory effects. However, COVID-19 is a new unknown viral infection that requires more clinical trials to use these agents in diabetic patients with severe COVID-19 infection in the view of increasing the safety and convenience of therapy.

    

  


  
    
      CONSENT FOR PUBLICATION


      Not applicable.

    


    
      FUNDING


      None.

    


    
      CONFLICT OF INTEREST


      The authors declare no conflict of interest, financial, or otherwise.

    


    ACKNOWLEDGEMENTS


    We would like to thank the Hamadan University of Medical Sciences (Hamadan, Iran) for the support of this study.


    REFERENCES


    
      
        	

        	
      


      
        	[1]

        	Apicella M., Campopiano M.C., Mantuano M., Mazoni L., Coppelli A., Del Prato S.. COVID-19 in people with diabetes: Understanding the reasons for worse outcomes., Lancet Diabetes Endocrinol.. 2020; 8(9): 782-792.

        [CrossRef] [PubMed]
      


      
        	[2]

        	Abbasi-Oshaghi E., Mirzaei F., Khodadadi I.. Letter from Iran: Experiences with COVID-19., Respirology. 2020; 25(11): 1214-1215.

        [CrossRef] [PubMed]
      


      
        	[3]

        	Scheen A.J.. DPP-4 inhibition and COVID-19: From initial concernsto recent expectations., Diabetes Metab... 2020[CrossRef]
      


      
        	[4]

        	Abbasi Oshaghi E., Goodarzi M.T., Higgins V., Adeli K.. Role of resveratrol in the management of insulin resistance and related conditions: Mechanism of action., Crit. Rev. Clin. Lab. Sci.. 2017; 54(4): 267-293.

        [CrossRef] [PubMed]
      


      
        	[5]

        	Iepsen E.W., Torekov S.S., Holst J.J.. Liraglutide for Type 2 diabetes and obesity: A 2015 update., Expert Rev. Cardiovasc. Ther.. 2015; 13(7): 753-767.

        [CrossRef] [PubMed]
      


      
        	[6]

        	Færch K., Torekov S.S., Vistisen D., Johansen N.B., Witte D.R., Jonsson A., Pedersen O., Hansen T., Lauritzen T., Sandbæk A., Holst J.J., Jørgensen M.E.. GLP-1 Response to Oral Glucose Is Reduced in Prediabetes, Screen-Detected Type 2 Diabetes, and Obesity and Influenced by Sex: The ADDITION-PRO Study., Diabetes. 2015; 64(7): 2513-2525.

        [CrossRef] [PubMed]
      


      
        	[7]

        	Madsbad S.. The role of glucagon-like peptide-1 impairment in obesity and potential therapeutic implications., Diabetes Obes. Metab.. 2014; 16(1): 9-21.

        [CrossRef] [PubMed]
      


      
        	[8]

        	Brindisi M-C., Brondel L., Meillon S., Barthet S., Grall S., Fenech C., Liénard F., Schlich P., Astruc K., Mouillot T., Jacquin-Piques A., Leloup C., Vergès B., Pénicaud L.. Proof of concept: Effect of GLP-1 agonist on food hedonic responses and taste sensitivity in poor controlled type 2 diabetic patients., Diabetes Metab. Syndr.. 2019; 13(4): 2489-2494.

        [CrossRef] [PubMed]
      


      
        	[9]

        	Mirzaei F, Vafaei SA, Abbasi-oshaghi E. Regarding the Article: Coronavirus Disease (COVID-19): Current Status and Prospects for Drug and Vaccine Development., Archives of Medical Research...
      


      
        	[10]

        	Abbasi-Oshaghi E., Mirzaei F., Khodadadi I.. Alcohol misuse may increase the severity of COVID-19 infections., Disaster Med. Public Health Prep.. 2020: 1-2.

        [CrossRef] [PubMed]
      


      
        	[11]

        	Nauck M., Stöckmann F., Ebert R., Creutzfeldt W.. Reduced incretin effect in type 2 (non-insulin-dependent) diabetes., Diabetologia. 1986; 29(1): 46-52.

        [CrossRef] [PubMed]
      


      
        	[12]

        	Srivastava G., Apovian C.. Future Pharmacotherapy for Obesity: New Anti-obesity Drugs on the Horizon., Curr. Obes. Rep.. 2018; 7(2): 147-161.

        [CrossRef] [PubMed]
      


      
        	[13]

        	American Diabetes Association. Standards of Medical Care in Diabetes., Diabetes Care.. 2017; 40(suppl 1): S1-S135.

      


      
        	[14]

        	Javad H., Seyed-Mostafa H.Z., Farhad O., Mehdi M., Ebrahim A.O., Nader R.G., Ramin G.S., Behrooz H.. Hepatoprotective effects of hydroalcoholic extract of Allium hirtifolium (Persian shallot) in diabetic rats., J. Basic Clin. Physiol. Pharmacol.. 2012; 23(2): 83-87.

        [CrossRef] [PubMed]
      


      
        	[15]

        	Mohammadi A., Bazrafshani M.R., Oshaghi E.A.. Effect of garlic extract on some serum biochemical parameters and expression of npc1l1, abca1, abcg5 and abcg8 genes in the intestine of hypercholesterolemic mice., Indian J. Biochem. Biophys.. 2013; 50(6): 500-504.

        [PubMed]
      


      
        	[16]

        	Kassaee S.M., Taghi Goodarzi M., Abbasi Oshaghi E.. Antioxidant, antiglycation and anti-hyperlipidemic effects of Trigonella foenum and Cinnamon in type 2 diabetic rats., Jundishapur J. Nat. Pharm. Prod.. 2018; 13(1)
      


      
        	[17]

        	Abbasi-Oshaghi E., Khodadadi I., Tavilani H., Mirzaei F., Goodarzi M.T.. Dill-normalized liver lipid accumulation, oxidative stress, and low-density lipoprotein receptor levels in high cholesterol fed hamsters., ARYA Atheroscler.. 2018; 14(5): 218-224.

        [PubMed]
      


      
        	[18]

        	Abbasi-Oshaghi E., Khodadadi I., Mirzaei F., Ahmadi M., Tayebinia H., Goodarzi M.T.. Anethum graveolens L‎. Alleviates Sperm‎ Damage by Limiting Oxidative Stress‎ and Insulin‎ Resistance‎ in‎ Diabetic Rats‎., Open Med. Chem. J.. 2020; 14(1)[CrossRef]
      


      
        	[19]

        	Komaki H., Faraji N., Komaki A., Shahidi S., Etaee F., Raoufi S., Mirzaei F.. Investigation of protective effects of coenzyme Q10 on impaired synaptic plasticity in a male rat model of Alzheimer’s disease., Brain Res. Bull.. 2019; 147: 14-21.

        [CrossRef] [PubMed]
      


      
        	[20]

        	Wang Z., Wang J., Chan P.. Treating type 2 diabetes mellitus with traditional chinese and Indian medicinal herbs., Evid. Based Complement. Alternat. Med.. 2013; 2013343594[CrossRef] [PubMed]
      


      
        	[21]

        	Tran K.L., Park Y.I., Pandya S., Muliyil N.J., Jensen B.D., Huynh K., Nguyen Q.T.. Overview of Glucagon-Like Peptide-1 Receptor Agonists for the Treatment of Patients with Type 2 Diabetes., Am. Health Drug Benefits. 2017; 10(4): 178-188.

        [PubMed]
      


      
        	[22]

        	Zander M., Madsbad S., Madsen J.L., Holst J.J.. Effect of 6-week course of glucagon-like peptide 1 on glycaemic control, insulin sensitivity, and beta-cell function in type 2 diabetes: A parallel-group study., Lancet. 2002; 359(9309): 824-830.

        [CrossRef] [PubMed]
      


      
        	[23]

        	Muskiet M.H.A., Tonneijck L., Smits M.M., van Baar M.J.B., Kramer M.H.H., Hoorn E.J., Joles J.A., van Raalte D.H.. GLP-1 and the kidney: From physiology to pharmacology and outcomes in diabetes., Nat. Rev. Nephrol.. 2017; 13(10): 605-628.

        [CrossRef] [PubMed]
      


      
        	[24]

        	Vilsbøll T., Krarup T., Madsbad S., Holst J.J.. Defective amplification of the late phase insulin response to glucose by GIP in obese Type II diabetic patients., Diabetologia. 2002; 45(8): 1111-1119.

        [CrossRef] [PubMed]
      


      
        	[25]

        	Greiner T.U., Bäckhed F.. Microbial regulation of GLP-1 and L-cell biology., Mol. Metab.. 2016; 5(9): 753-758.

        [CrossRef] [PubMed]
      


      
        	[26]

        	Rehfeld J.F.. The new biology of gastrointestinal hormones., Physiol. Rev.. 1998; 78(4): 1087-1108.

        [CrossRef] [PubMed]
      


      
        	[27]

        	Germain N., Galusca B., Le Roux C.W., Bossu C., Ghatei M.A., Lang F., Bloom S.R., Estour B.. Constitutional thinness and lean anorexia nervosa display opposite concentrations of peptide YY, glucagon-like peptide 1, ghrelin, and leptin., Am. J. Clin. Nutr.. 2007; 85(4): 967-971.

        [CrossRef] [PubMed]
      


      
        	[28]

        	Rüttimann E.B., Arnold M., Hillebrand J.J., Geary N., Langhans W.. Intrameal hepatic portal and intraperitoneal infusions of glucagon-like peptide-1 reduce spontaneous meal size in the rat via different mechanisms., Endocrinology. 2009; 150(3): 1174-1181.

        [CrossRef] [PubMed]
      


      
        	[29]

        	Moon M.J., Park S., Kim D.K., Cho E.B., Hwang J.I., Vaudry H., Seong J.Y.. Structural and molecular conservation of glucagon-like Peptide-1 and its receptor confers selective ligand-receptor interaction., Front. Endocrinol. (Lausanne). 2012; 3: 141.

        [CrossRef] [PubMed]
      


      
        	[30]

        	Garber A.J.. Long-acting glucagon-like peptide 1 receptor agonists: A review of their efficacy and tolerability., Diabetes Care. 2011; 34 Suppl. 2: S279-S284.

        [CrossRef] [PubMed]
      


      
        	[31]

        	Adelhorst K., Hedegaard B.B., Knudsen L.B., Kirk O.. Structure-activity studies of glucagon-like peptide-1., J. Biol. Chem.. 1994; 269(9): 6275-6278.

        [CrossRef] [PubMed]
      


      
        	[32]

        	Manandhar B., Ahn J.M.. Glucagon-like peptide-1 (GLP-1) analogs: Recent advances, new possibilities, and therapeutic implications., J. Med. Chem.. 2015; 58(3): 1020-1037.

        [CrossRef] [PubMed]
      


      
        	[33]

        	Müller T.D., Finan B., Bloom S.R., D’Alessio D., Drucker D.J., Flatt P.R., Fritsche A., Gribble F., Grill H.J., Habener J.F., Holst J.J., Langhans W., Meier J.J., Nauck M.A., Perez-Tilve D., Pocai A., Reimann F., Sandoval D.A., Schwartz T.W., Seeley R.J., Stemmer K., Tang-Christensen M., Woods S.C., DiMarchi R.D., Tschöp M.H.. Glucagon-like peptide 1 (GLP-1)., Mol. Metab.. 2019; 30: 72-130.

        [CrossRef] [PubMed]
      


      
        	[34]

        	Donnelly D.. The structure and function of the glucagon-like peptide-1 receptor and its ligands., Br. J. Pharmacol.. 2012; 166(1): 27-41.

        [CrossRef] [PubMed]
      


      
        	[35]

        	Palani A., Zhou Y-Y., Halleck M., Carrington P.. GLP-1 Receptor Agonists for the Treatment of Diabetes and Obesity., Comprehensive Medicinal Chemistry III. 2017; 7: 481-490.

        [CrossRef]
      


      
        	[36]

        	Larsen J., Hylleberg B., Ng K., Damsbo P.. Glucagon-like peptide-1 infusion must be maintained for 24 h/day to obtain acceptable glycemia in type 2 diabetic patients who are poorly controlled on sulphonylurea treatment., Diabetes Care. 2001; 24(8): 1416-1421.

        [CrossRef] [PubMed]
      


      
        	[37]

        	MacDonald P.E., El-Kholy W., Riedel M.J., Salapatek A.M., Light P.E., Wheeler M.B.. The multiple actions of GLP-1 on the process of glucose-stimulated insulin secretion., Diabetes. 2002; 51 Suppl. 3: S434-S442.

        [CrossRef] [PubMed]
      


      
        	[38]

        	Doyle M.E., Egan J.M.. Mechanisms of action of glucagon-like peptide 1 in the pancreas., Pharmacol. Ther.. 2007; 113(3): 546-593.

        [CrossRef] [PubMed]
      


      
        	[39]

        	Lovshin J.A.. Glucagon-like Peptide-1 Receptor Agonists: A Class Update for Treating Type 2 Diabetes., Can. J. Diabetes. 2017; 41(5): 524-535.

        [CrossRef] [PubMed]
      


      
        	[40]

        	Lee S, Lee DY. Glucagon-like peptide-1 and glucagon-like peptide-1 receptor agonists in the treatment of type 2 diabetes.. 2017; 22(1): 15-26.

        [CrossRef]
      


      
        	[41]

        	Hemmer A., Maiter D., Buysschaert M., Preumont V.. Long-term effects of GLP-1 receptor agonists in type 2 diabetic patients: A retrospective real-life study in 131 patients., Diabetes Metab. Syndr.. 2019; 13(1): 332-336.

        [CrossRef] [PubMed]
      


      
        	[42]

        	Yildirim Simsir I., Soyaltin U.E., Cetinkalp S.. Glucagon like peptide-1 (GLP-1) likes Alzheimer’s disease., Diabetes Metab. Syndr.. 2018; 12(3): 469-475.

        [CrossRef] [PubMed]
      


      
        	[43]

        	Hinnen D.. Glucagon-Like Peptide 1 Receptor Agonists for Type 2 Diabetes., Diabetes Spectr.. 2017; 30(3): 202-210.

        [CrossRef] [PubMed]
      


      
        	[44]

        	Knudsen L.B., Lau J.. The Discovery and Development of Liraglutide and Semaglutide., Front. Endocrinol. (Lausanne). 2019; 10: 155.

        [CrossRef] [PubMed]
      


      
        	[45]

        	Neff L.M., Kushner R.F.. Emerging role of GLP-1 receptor agonists in the treatment of obesity., Diabetes Metab. Syndr. Obes.. 2010; 3: 263-273.

        [CrossRef] [PubMed]
      


      
        	[46]

        	Cervera A., Wajcberg E., Sriwijitkamol A., Fernandez M., Zuo P., Triplitt C., Musi N., DeFronzo R.A., Cersosimo E.. Mechanism of action of exenatide to reduce postprandial hyperglycemia in type 2 diabetes., Am. J. Physiol. Endocrinol. Metab.. 2008; 294(5): E846-E852.

        [CrossRef] [PubMed]
      


      
        	[47]

        	Vanderheiden A., Harrison L.B., Warshauer J.T., Adams-Huet B., Li X., Yuan Q., Hulsey K., Dimitrov I., Yokoo T., Jaster A.W., Pinho D.F., Pedrosa I., Lenkinski R.E., Pop L.M., Lingvay I.. Mechanisms of Action of Liraglutide in Patients With Type 2 Diabetes Treated With High-Dose Insulin., J. Clin. Endocrinol. Metab.. 2016; 101(4): 1798-1806.

        [CrossRef] [PubMed]
      


      
        	[48]

        	Werner U., Haschke G., Herling A.W., Kramer W.. Pharmacological profile of lixisenatide: A new GLP-1 receptor agonist for the treatment of type 2 diabetes., Regul. Pept.. 2010; 164(2-3): 58-64.

        [CrossRef] [PubMed]
      


      
        	[49]

        	Thompson A.M., Trujillo J.M.. Advances in the treatment of type 2 diabetes: Impact of dulaglutide., Diabetes Metab. Syndr. Obes.. 2016; 9: 125-136.

        [CrossRef] [PubMed]
      


      
        	[50]

        	Smith L.L., Mosley J.F. II, Parke C., Brown J., Barris L.S., Phan L.D.. Dulaglutide (Trulicity): The Third Once-Weekly GLP-1 Agonist., P&T. 2016; 41(6): 357-360.

        [PubMed]
      


      
        	[51]

        	Young M.A., Wald J.A., Matthews J.E., Scott R., Hodge R.J., Zhi H., Reinhardt R.R.. Clinical pharmacology of albiglutide, a GLP-1 receptor agonist., Postgrad. Med.. 2014; 126(7): 84-97.

        [CrossRef] [PubMed]
      


      
        	[52]

        	Abbasi-Oshaghi E., Mirzaei F., Khodadadi I.. Letter to the Editor regarding ‘COVID-19 and diabetes: What does the clinician need to know?’., Prim. Care Diabetes. 2021; 15(1): 30.

        [CrossRef] [PubMed]
      


      
        	[53]

        	Albulescu R., Dima S.O., Florea I.R., Lixandru D., Serban A.M., Aspritoiu V.M., Tanase C., Popescu I., Ferber S.. COVID-19 and diabetes mellitus: Unraveling the hypotheses that worsen the prognosis (Review)., Exp. Ther. Med.. 2020; 20(6): 194.

        [CrossRef] [PubMed] [Review].
      


      
        	[54]

        	Mirzaei F., Khodadadi I., Vafaei S.A., Abbasi-Oshaghi E., Tayebinia H., Farahani F.. Importance of hyperglycemia in COVID-19 intensive-care patients: Mechanism and treatment strategy., Prim. Care Diabetes.. 2021S1751-9918(21)00002-4[PubMed]
      


      
        	[55]

        	Monda V.M., Porcellati F., Strollo F., Gentile S.. ACE2 and SARS-CoV-2 Infection: Might GLP-1 Receptor Agonists Play a Role?, Diabetes Ther.. 2020; 11(9): 1909-1914.

        [CrossRef] [PubMed]
      


      
        	[56]

        	Stoian A.P., Papanas N., Prazny M., Rizvi A.A., Rizzo M.. Incretin-Based Therapies Role in COVID-19 Era: Evolving Insights., J. Cardiovasc. Pharmacol. Ther.. 2020; 25(6): 494-496.

        [CrossRef] [PubMed]
      


      
        	[57]

        	Abbasi-Oshaghi E., Mirzaei F., Farahani F., Khodadadi I., Tayebinia H.. Diagnosis and treatment of coronavirus disease 2019 (COVID-19): Laboratory, PCR, and chest CT imaging findings., Int. J. Surg.. 2020; 79: 143-153.

        [CrossRef] [PubMed]
      


      
        	[58]

        	Gianchandani R, Esfandiari NH, Ang L, Iyengar J, Knotts S, Choksi P, et al. Managing Hyperglycemia in the COVID-19 Inflammatory Storm.. 2020; 69(10): 2048-53.

      


      
        	[59]

        	Romaní-Pérez M., Outeiriño-Iglesias V., Moya C.M., Santisteban P., González-Matías L.C., Vigo E., Mallo F.. Activation of the GLP-1 Receptor by Liraglutide Increases ACE2 Expression, Reversing Right Ventricle Hypertrophy, and Improving the Production of SP-A and SP-B in the Lungs of Type 1 Diabetes Rats., Endocrinology. 2015; 156(10): 3559-3569.

        [CrossRef] [PubMed]
      


      
        	[60]

        	Saltiel A.R., Kahn C.R.. Insulin signalling and the regulation of glucose and lipid metabolism., Nature. 2001; 414(6865): 799-806.

        [CrossRef] [PubMed]
      


      
        	[61]

        	Raptis S.A., Dimitriadis G.D.. Oral hypoglycemic agents: Insulin secretagogues, alpha-glucosidase inhibitors and insulin sensitizers., Exp. Clin. Endocrinol. Diabetes. 2001; 109 Suppl. 2: S265-S287.

        [CrossRef] [PubMed]
      


      
        	[62]

        	Juntti-Berggren L., Pigon J., Karpe F., Hamsten A., Gutniak M., Vignati L., Efendic S.. The antidiabetogenic effect of GLP-1 is maintained during a 7-day treatment period and improves diabetic dyslipoproteinemia in NIDDM patients., Diabetes Care. 1996; 19(11): 1200-1206.

        [CrossRef] [PubMed]
      


      
        	[63]

        	Rachman J., Barrow B.A., Levy J.C., Turner R.C.. Near-normalisation of diurnal glucose concentrations by continuous administration of glucagon-like peptide-1 (GLP-1) in subjects with NIDDM., Diabetologia. 1997; 40(2): 205-211.

        [CrossRef] [PubMed]
      


      
        	[64]

        	Craddy P., Palin H.J., Johnson K.I.. Comparative effectiveness of dipeptidylpeptidase-4 inhibitors in type 2 diabetes: A systematic review and mixed treatment comparison., Diabetes Ther.. 2014; 5(1): 1-41.

        [CrossRef] [PubMed]
      


      
        	[65]

        	Omar B., Ahrén B.. Pleiotropic mechanisms for the glucose-lowering action of DPP-4 inhibitors., Diabetes. 2014; 63(7): 2196-2202.

        [CrossRef] [PubMed]
      


      
        	[66]

        	Dallinga-Thie G.M., Nieuwdorp M.. GLP1, an Important Regulator of Intestinal Lipid Metabolism., Arterioscler. Thromb. Vasc. Biol.. 2015; 35(5): 1048-1049.

        [CrossRef] [PubMed]
      


      
        	[67]

        	Farr S., Adeli K.. Incretin-based therapies for treatment of postprandial dyslipidemia in insulin-resistant states., Curr. Opin. Lipidol.. 2012; 23(1): 56-61.

        [CrossRef] [PubMed]
      


      
        	[68]

        	Farr S., Baker C., Naples M., Taher J., Iqbal J., Hussain M., Adeli K.. Central Nervous System Regulation of Intestinal Lipoprotein Metabolism by Glucagon-Like Peptide-1 via a Brain-Gut Axis., Arterioscler. Thromb. Vasc. Biol.. 2015; 35(5): 1092-1100.

        [CrossRef] [PubMed]
      


      
        	[69]

        	Farr S., Taher J., Adeli K.. Glucagon-like peptide-1 as a key regulator of lipid and lipoprotein metabolism in fasting and postprandial states., Cardiovasc. Hematol. Disord. Drug Targets. 2014; 14(2): 126-136.

        [CrossRef] [PubMed]
      


      
        	[70]

        	Hsieh J., Longuet C., Baker C.L., Qin B., Federico L.M., Drucker D.J., Adeli K.. The glucagon-like peptide 1 receptor is essential for postprandial lipoprotein synthesis and secretion in hamsters and mice., Diabetologia. 2010; 53(3): 552-561.

        [CrossRef] [PubMed]
      


      
        	[71]

        	Khound R., Taher J., Baker C., Adeli K., Su Q.. GLP-1 Elicits an Intrinsic Gut-Liver Metabolic Signal to Ameliorate Diet-Induced VLDL Overproduction and Insulin Resistance., Arterioscler. Thromb. Vasc. Biol.. 2017; 37(12): 2252-2259.

        [CrossRef] [PubMed]
      


      
        	[72]

        	Taher J., Baker C.L., Cuizon C., Masoudpour H., Zhang R., Farr S., Naples M., Bourdon C., Pausova Z., Adeli K.. GLP-1 receptor agonism ameliorates hepatic VLDL overproduction and de novo lipogenesis in insulin resistance., Mol. Metab.. 2014; 3(9): 823-833.

        [CrossRef] [PubMed]
      


      
        	[73]

        	Xiao C., Dash S., Morgantini C., Adeli K., Lewis G.F.. Gut Peptides Are Novel Regulators of Intestinal Lipoprotein Secretion: Experimental and Pharmacological Manipulation of Lipoprotein Metabolism., Diabetes. 2015; 64(7): 2310-2318.

        [CrossRef] [PubMed]
      


      
        	[74]

        	Lutz T.A., Osto E.. Glucagon-like peptide-1, glucagon-like peptide-2, and lipid metabolism., Curr. Opin. Lipidol.. 2016; 27(3): 257-263.

        [CrossRef] [PubMed]
      


      
        	[75]

        	Ariel D., Kim S.H., Abbasi F., Lamendola C.A., Liu A., Reaven G.M.. Effect of liraglutide administration and a calorie-restricted diet on lipoprotein profile in overweight/obese persons with prediabetes., Nutr. Metab. Cardiovasc. Dis.. 2014; 24(12): 1317-1322.

        [CrossRef] [PubMed]
      


      
        	[76]

        	Xiao C., Bandsma R.H., Dash S., Szeto L., Lewis G.F.. Exenatide, a glucagon-like peptide-1 receptor agonist, acutely inhibits intestinal lipoprotein production in healthy humans., Arterioscler. Thromb. Vasc. Biol.. 2012; 32(6): 1513-1519.

        [CrossRef] [PubMed]
      


      
        	[77]

        	Tremblay A.J., Lamarche B., Deacon C.F., Weisnagel S.J., Couture P.. Effect of sitagliptin therapy on postprandial lipoprotein levels in patients with type 2 diabetes., Diabetes Obes. Metab.. 2011; 13(4): 366-373.

        [CrossRef] [PubMed]
      


      
        	[78]

        	Wichmann A., Allahyar A., Greiner T.U., Plovier H., Lundén G.O., Larsson T., Drucker D.J., Delzenne N.M., Cani P.D., Bäckhed F.. Microbial modulation of energy availability in the colon regulates intestinal transit., Cell Host Microbe. 2013; 14(5): 582-590.

        [CrossRef] [PubMed]
      


      
        	[79]

        	Lee Y.S., De Vadder F., Tremaroli V., Wichmann A., Mithieux G., Bäckhed F.. Insulin-like peptide 5 is a microbially regulated peptide that promotes hepatic glucose production., Mol. Metab.. 2016; 5(4): 263-270.

        [CrossRef] [PubMed]
      


      
        	[80]

        	Holst J.J.. Gut hormones as pharmaceuticals. From enteroglucagon to GLP-1 and GLP-2., Regul. Pept.. 2000; 93(1-3): 45-51.

        [CrossRef] [PubMed]
      


      
        	[81]

        	Meeran K., O’Shea D., Edwards C.M., Turton M.D., Heath M.M., Gunn I., Abusnana S., Rossi M., Small C.J., Goldstone A.P., Taylor G.M., Sunter D., Steere J., Choi S.J., Ghatei M.A., Bloom S.R.. Repeated intracerebroventricular administration of glucagon-like peptide-1-(7-36) amide or exendin-(9-39) alters body weight in the rat., Endocrinology. 1999; 140(1): 244-250.

        [CrossRef] [PubMed]
      


      
        	[82]

        	Toft-Nielsen M.B., Madsbad S., Holst J.J.. Continuous subcutaneous infusion of glucagon-like peptide 1 lowers plasma glucose and reduces appetite in type 2 diabetic patients., Diabetes Care. 1999; 22(7): 1137-1143.

        [CrossRef] [PubMed]
      

    

  


  

OEBPS/Images/tomcj.jpg
ISSN: 1874-1045

The
Open Medicinal
Chemistry Jour






