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Type 2 diabetes mellitus (T2DM) continues to be a substantial medical problem due to its increasing global prevalence and because chronic hyperglycemic states are closely linked with obesity, liver disease and several cardiovascular diseases. Since the early discovery of insulin, numerous antihyperglycemic drug therapies to treat diabetes have been approved, and also discontinued, by the United States Food and Drug Administration (FDA). To provide an up-to-date account of the current trends of antidiabetic pharmaceuticals, this review offers a comprehensive analysis of the main classes of antihyperglycemic compounds and their mechanisms: insulin types, biguanides, sulfonylureas, meglitinides (glinides), alpha-glucosidase inhibitors (AGIs), thiazolidinediones (TZD), incretin-dependent therapies, sodium-glucose cotransporter type 2 (SGLT2) inhibitors and combinations thereof. The number of therapeutic alternatives to treat T2DM are increasing and now there are nearly 60 drugs approved by the FDA. Beyond this there are nearly 100 additional antidiabetic agents being evaluated in clinical trials. In addition to the standard treatments of insulin therapy and metformin, there are new drug combinations, e.g., containing metformin, SGLT2 inhibitors and dipeptidyl peptidase-4 (DPP4) inhibitors, that have gained substantial use during the last decade. Furthermore, there are several interesting alternatives, such as lobeglitazone, efpeglenatide and tirzepatide, in ongoing clinical trials. Modern drugs, such as glucagon-like peptide-1 (GLP-1) receptor agonists, DPP4 inhibitors and SGLT2 inhibitors have gained popularity on the pharmaceutical market, while less expensive over the counter alternatives are increasing in developing economies. The large heterogeneity of T2DM is also creating a push towards more personalized and accessible treatments. We describe several interesting alternatives in ongoing clinical trials, which may help to achieve this in the near future.
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1 INTRODUCTION
This year marks the 100th anniversary of the pioneering experiments by Banting, and later on Best, Macleod and Collip, that led to the discovery of insulin to treat diabetes (Quianzon and Cheikh, 2012). Since then, the life expectancy and clinical prognosis for diabetic patients have drastically improved. However, the prevalence of the progressive metabolic disease, caused by genetic and environmental factors, continues to grow at alarming rates (Kharroubi and Darwish, 2015). By 2045, 784 million adults are estimated to be diagnosed with type 1 or type 2 diabetes mellitus (International Diabetes Federation, 2021).
Type 1 diabetes mellitus is an autoimmune disease. It is characterized by a loss of pancreatic β-cells, which impairs insulin production (Ndisang et al., 2017). In contrast, obesity and sedentary ways of life are major risk factors for developing type 2 diabetes mellitus (T2DM), where high glucose concentrations in the blood (hyperglycemia) are caused by insensitivity and defective pancreatic β-cells (Halban et al., 2014; Ndisang et al., 2017). T2DM is the most common form of diabetes and accounts for ∼90% of all diabetic cases (Kharroubi and Darwish, 2015). This is largely attributed to the drastic lifestyle changes which have taken place in the past 30 years, whereby technological advances have made processed and calorically dense foods readily available and made it easier to be productive while sedentary. Hyperglycemia causes micro and macro-vascular complications, which are often the cause of mortality among the patients. Microvascular complications affect small arteries and vessels and result in neuropathy, nephropathy, and retinopathy, whereas macrovascular complications involve large arteries and vessels and result in cardiovascular diseases, stroke, and peripheral artery disease (Chawla et al., 2016). As the symptoms develop gradually, the disease has often reached mid-stages before a diagnosis has been made and any drug treatment initiated (Kharroubi and Darwish, 2015). There is currently no cure for the disease, but modern diagnostic algorithms are allowing earlier detection of T2DM, which is essential for prescribing patient-appropriate antidiabetic treatment.
The complexity of T2DM has prompted a significant interest in developing new pharmaceutical therapies to control diabetes. A broad range of drug therapies has been approved by the United States Food and Drug Administration (FDA) that address different biological systems and mechanisms implicated in the disease (Gourgari et al., 2017). In this rapidly developing area of pharmacology, hundreds of compounds with antihyperglycemic activity have been discovered in nature or synthesized in recent years, many of which are currently undergoing clinical trials (Artasensi et al., 2020). Furthermore, there are several agents in different stages of clinical development that target both established pathways and novel mechanisms of actions for antidiabetic drugs. Excellent reviews have been published that focus on specific aspects of diabetes drug discovery, for example on FDA-approved antihyperglycemic agents (Gourgari et al., 2017; Artasensi et al., 2020), specific delivery systems to improve drug efficacy (Veiseh et al., 2015), and on targeting particular pathways that are being investigated in clinical development. However, the landscape of approved agents for the treatment of diabetes is dynamic, with both drug approvals and discontinuations taking place (Scheen et al., 2017; Chikara et al., 2018). Hence, an updated comprehensive analysis is needed to examine the current state of diabetes drug discovery and search for new diabetology approaches.
This analysis aims to shed light on the current trends of FDA-approved antidiabetic pharmaceuticals and all the drugs to treat diabetes in clinical development from 2015 to 2020. We will also discuss the mechanisms of action of the main classes of antihyperglycemic compounds and present new and promising, but not yet approved, therapeutic approaches for treating T2DM.
2 ANALYSIS OF ANTIHYPERGLYCEMIC AGENTS
We have compiled a comprehensive dataset that includes the unique antihypertensive agents that the FDA have approved as monotherapies and combination therapies. We have also collated and manually curated the clinical agents registered in ClinicalTrials.gov from 2015 through 2020 for diabetes treatment. The FDA-approved antidiabetic drugs were verified using Drugs@FDA.gov. This official United States government database lists most prescription and over-the-counter drug products approved by the FDA and is updated daily. Information on the agents in clinical trials was obtained from our previously published datasets of drug-target interactions (Rask-Andersen et al., 2014; Hauser et al., 2017; Attwood et al., 2018; Attwood et al., 2020; Atwood et al., 2021), publicly available resources including CenterWatch Weekly (www.centerwatch.com), and literature reviews. Additionally, keyword searches were performed in ClinicalTrials.gov using the term “diabetes” for condition and inclusive of the last 5 years. ClinicalTrials.gov is the United States repository for registered clinical trials and contains more than 360,000 research studies (clinicaltrials.gov). Our analysis focuses on novel agents in clinical trials and excludes drug entries that are chemical duplicates of previously approved drugs. We manually curated the mechanism of action for each agent, the primary therapeutic targets and classified the molecular type. The dataset is provided to the public for further analysis by the scientific community in Supplementary Table S1.
The FDA has approved 59 unique antihyperglycemic drugs since human insulin (Humulin) approval in 1982 (Table 1). The approved drugs include 36 new molecular entities (NMEs) as monotherapies and 23 unique drug combinations of two or more antihyperglycemic agents (Figure 1A). Most recently approved NMEs that are monotherapies target already established molecular pathways that other authorized antihyperglycemic agents have validated. For example, the most recent new molecular target is sodium-glucose cotransporter type 2 (SGLT2), approved in 2014. In addition, however, the approvals of combination regimens that target multiple pathways for diabetes mellitus management have been increasing (Figure 1B).
TABLE 1 | FDA-approved anti-diabetic agents.
[image: Table 1][image: Figure 1]FIGURE 1 | FDA-approved monotherapies and combination regimens. (A) The current 59 FDA-approved anti-diabetic agents. The data includes the year of first approval for new molecular entities and unique combinations. Single agents are indicated in green while combination regimens are in yellow. (B) FDA-approved unique combinations. Data compiled and verified using the United States Drugs@FDA resource. DPP4i, Dipeptidyl peptidase 4 (DPP4) inhibitor; GLP-1Ra, Glucagon-like peptide-1 (GLP-1) receptor agonist; SGLT2i, Sodium-glucose co-transporter-2 (SGLT2) inhibitor; SU, Sulfonylureas; TZD, Thiazolinediones.
In clinical development, nearly 100 antihyperglycemic agents are registered in ∼375 clinical trials from 2015 to 2020 (Figure 2). One-quarter of these agents are in phase III trials, with ten of them already having marketing approval from regulatory agencies in other countries and potentially seeking FDA approval. Thus, approximately half of the clinical agents target already established pathways, i.e., molecular targets that have been validated through the FDA approval of an agent targeting that pathway for the treatment of diabetes. However, a surprising number of the drugs in clinical trials have novel molecular targets, as monotherapies or combinations, that have not yet been validated through the approval of an agent by the FDA. A large proportion of clinical development is dedicated to new avenues for treating diabetes. Notably, at least six of these agents are in phase III trials, which indicates that potential first-in-class drugs for diabetes management may be approved soon.
[image: Figure 2]FIGURE 2 | Agents in clinical development. (A) The ∼100 antihypertensive agents in clinical development include both biological agents and small molecule therapies. A high number of novel targets (i.e., targets that have not been validated through the approval an FDA-approval antidiabetic agent) are being investigated in clinical development. Novel targets include both single targets and unique combination regimens in trials. (B) ∼375 clinical studies associated with the investigative agents have been registered. A surprising number of agents are in phase 3 trials, indicating that more approvals may occur in the near future. Ten studies were not included as they did not have a phase identified. (C) The 121 active trials include registrations that have these statuses: active, not recruiting; enrolling by invitation; not yet recruiting; and recruiting as all of these are soon-to-be active. The 44 not active trials include studies with suspended, terminated, unknown, and withdrawn status.
3 ESTABLISHED DRUG CLASSES FOR THE TREATMENT OF DIABETES
3.1 Types of Insulin
Different types of insulin comprise a considerable portion of FDA-approved drugs for diabetes treatment with at least 14 unique analogues and combination regimens. Insulin is perhaps one of the most studied proteins and has been an integral part of T2DM treatment. Recombinant insulin analogues have been developed that act in several different ways. Rapid-acting insulin analogues supply a bolus insulin level needed at mealtimes (prandial insulin) and include insulin lispro, aspart, and glulisine. Longer-acting insulins released slowly over a more extended period supply the basal insulin level needed throughout the day and night (basal insulin) and include detemir, glargine, and the ultra-long-acting degludec. Such a spectrum of insulin analogues enables combinations of different insulin forms, providing an effective basal-bolus therapy that more closely reflects physiological insulin secretion (Petersen and Shulman, 2018). In addition to insulin plus insulin combination regimens, insulin plus glucagon-like peptide-1 (GLP1) receptor agonist combinations have also been approved. Furthermore, basal insulin therapy combinations with other drugs or adjunctive therapies are also prescribed (Chaudhury et al., 2017). Even though insulin has been an important discovery for the treatment of diabetes, it is rarely used as a first-line treatment choice (van den Boom et al., 2020). Insulin administration comes with risks of developing severe hypoglycemia, cancer, and cardiovascular complications, and most often occurs when patients develop insulin tolerance and the dose administered has to be increased (Lebovitz, 2011).
3.2 Sulfonylureas (SU)
Until the approval of metformin, sulfonylureas (SU) were the only approved insulin competitors and were extensively used to treat T2DM. While currently, only three SU drugs are available for the prescription (glyburide, glipizide, and glimepiride). There have been at least four additional unique chemical SU compounds previously approved that are now discontinued (refer to Supplementary Table S2 for a full description of previously approved and now discontinued drugs for the T2DM treatment). Two SU and metformin combination regimens have been FDA-approved that are currently marketed: glyburide/metformin, glipizide/metformin. Combinations of glimepiride and metformin do exist, e.g., Amaryl M and Glimetal Lex, but are not approved by the FDA or the European Medicines Agency (Kim et al., 2014; AdisInsight, 2021). However, in the FDA approval of Amaryl (Glimepiride, 2021) it is stated that the two drugs can be taken together if monotherapies of each fail to work. The first SU compounds were discovered in the 1940s and entered the pharmaceutical market in the mid-1950s. The evolution of insulin therapies went in parallel with the search for alternative approaches. Among the first such attempts, compounds from the SU class were most interesting. Sulfonylureas mimic the effect of ATP in pancreatic beta cells and act as insulin-secreting agents (Tian et al., 1998; Al-Omary, 2017). SU molecules interact with the sulfonylurea receptors (SURs) on the surface of beta cells, which leads to inhibition of ATP-dependent inward-rectifier potassium ion channels (Ashcroft, 1996; Szewczyk, 1997; Liu et al., 2016). As a result, the intracellular concentration of potassium cations increases, leading to plasma membrane depolarization. These conditions stimulate the opening of voltage-gated calcium channels, and an increased concentration of cytosolic calcium cations leads to a surge in insulin secretion (Sulis et al., 2019).
SU drugs have been extensively prescribed to treat T2DM for more than 50 years. SUs are well-tolerated, and their popularity could be attributed to their low cost and the possibility of use as a monotherapy or in combination with metformin (Sola et al., 2015). SUs do not only interact with SURs in pancreatic beta cells, but also in smooth muscle cells and cardiac myocytes. This may explain why SU agents have been linked to a greater prevalence of hypoglycemia and cardiovascular risk (Rao et al., 2008; Schramm et al., 2011). However, most reports support the cardiovascular safety of SUs (Pop and Lingvay, 2017).
3.3 Biguanides
The approval of the biguanide metformin in 1995 significantly changed T2DM therapy and is the only FDA-approved antihyperglycemic agent in this drug class. Metformin selectively inhibits the mitochondrial isoform of glycerophosphate dehydrogenase, indirectly activates adenosine monophosphate-activated protein kinase (AMPK), and reduces cytosolic dihydroxyacetone phosphate while raising cytosolic NADH/NAD ratio (Musi et al., 2002; Wang et al., 2019). This results in decreased plasma glucose and lactate levels, reduced liver gluconeogenesis, hepatic glucose secretion, and endogenous glucose production (Foretz et al., 2014; Rena et al., 2017; Wang et al., 2019). Moreover, metformin can increase insulin sensitivity in muscle tissues. Currently, metformin is the only antihyperglycemic drug recommended by the American Diabetes Association and the European Association for the Study of Diabetes as initial oral therapy for patients with T2DM (Hostalek et al., 2015).
3.4 Alpha-Glucosidase Inhibitors
The first alpha-glucosidase inhibitor (AGI), acarbose, was approved by the FDA as an antihyperglycemic agent in 1995 and the second AGI, miglitol, followed in 1996. These are the only two AGIs approved for the United States market, although another AGI, voglibose, was approved by the Pharmaceuticals and Medical Devices Agency in Japan (Oki et al., 1999). In clinical development, the chewable tablet BTI-320 (PAZ320) recently completed a proof-of-concept study that showed low dose BTI-320 attenuated postprandial rise in blood glucose and reduced body weight modestly in pre-diabetic subjects. It is currently in the product pipeline at Boston Therapeutics, and due to the ease of administration and high levels of tolerance, it can be used as an adjunct to lifestyle modification for diabetes prevention (Trask et al., 2013).
Alpha-glucosidase is a widely expressed enzyme that cleaves glucosidic bonds. Inhibition of alpha-glycosidase prevents the digestion of complex carbohydrates to monosaccharides in the small intestine (Bischoff, 1994; Zhang et al., 2016). Thus, these agents act as pseudo-carbohydrates (substrate analogues), where they inhibit digestive enzymes and prevent oligo- and polysaccharides from being catabolized to monomers (Goto et al., 1995; Taira et al., 2000). This leads to less sugar being absorbed, resulting in lower postprandial glucose levels and reducing hyperglycemia (Lebovitz, 2011). AGIs have been shown to have similar efficacy as metformin, so they are often prescribed as a first-line treatment or combined with other antidiabetics. However, typical side effects of AGIs are flatulence, abdominal bloating and discomfort, and diarrhea. At the same time, a recent meta-analysis found that the use of AGI leads to an increase in liver transaminases, indicative of hepatotoxicity (Zhang et al., 2016).
3.5 Thiazolidinediones
Thiazolidinediones (TZDs) act as insulin sensitizers which activate peroxisome proliferator-activated receptors (PPARs), a broad family of nuclear receptors. The first TZD drug, troglitazone, was approved by the FDA in 1997; however, it was discontinued in 1999 due to severe hepatotoxicity. Currently, there are two marketed TZDs, rosiglitazone and pioglitazone, which were FDA-approved in 1999. TZD use has previously been limited due to concerns with safety issues and side effects. In addition, there was some controversy over cardiovascular toxicity with rosiglitazone and an increase in bladder cancer with pioglitazone. However, recent studies show no longer significant issues (see Lebovitz (2019) for review). Furthermore, the beneficial effects of TZDs on the cardiovascular risk factors associated with insulin resistance have been well documented. TZD drugs can be effective as a monotherapy or in a combination regimen. One combination regimen that consists of pioglitazone and metformin is currently marketed. Four TZD monotherapies and one combination with a dipeptidyl peptidase-4 (DPP4) inhibitor are in trials in clinical development. The most clinically advanced is lobeglitazone, which has already been approved in South Korea and is currently in phase III trials for additional combination treatments.
TZD molecules can interact with PPAR-α and PPAR-γ isoforms expressed primarily on fatty tissues and skeletal muscle. This leads to activating these receptors and stimulating complexation with another essential constituent–the retinoid X receptor. The triple complex can bind specifically to DNA by peroxisome proliferative response elements (PPRE) and act as a target gene promoter, thus stimulating gene expression (Yau et al., 2013). This therapeutic method leads to increased adiponectin levels, decreased gluconeogenesis, and increased glucose uptake in the muscle and fat. Adiponectin is a hormone secreted in adipose tissue that regulates glucose concentration by improving insulin sensitivity (Yu et al., 2002).
In general, prescription rates for SU and TZD drugs are experiencing a gradual decline (Kohro et al., 2013; Eibich et al., 2017; Wilkinson et al., 2018; Giorda et al., 2020). From 2000 to 2006, there was a rapid surge in TZD prescriptions (∼45%); however, most likely due to reports of safety issues, TZD use decreased (Wilkinson et al., 2018; Secrest et al., 2020). Currently, a guideline recommends a series of intensification steps to a baseline of initial metformin monotherapy in case of intolerance to metformin (Irons and Minze, 2014; American Diabetes Association, 2019). However, each country may manage the situation differently due to income levels, medicine development degrees, and population differences in physiology (Singla et al., 2019).
3.6 Incretin-Dependent Therapies (GLP1 Receptor Agonists and DPP4 Inhibitors)
In 2005 and 2006, the first incretin dependent T2DM therapies were approved, and they have become increasingly popular as monotherapies and in combination regimens since then. Incretin-depending treatments include glucagon-like peptide-1 (GLP1) mimetics which act as GLP1 receptor agonists and DPP4 inhibitors. Six injectable GLP1 receptor agonists were approved, including exenatide, liraglutide, dulaglutide, albiglutide, lixisenatide, and semaglutide. They differ in their lifetime in the bloodstream and in their ability to treat hyperglycemia (Yamamoto-Honda et al., 2018). Incretin therapies account for 30% of antidiabetic drugs in clinical development, with GLP1R agonists comprising the most significant proportion (20%). The clinical outcome of GLP1R agonists is robust, with 21 agents in clinical trials and the majority of them in phase I and II trials. Fifteen of these receptor agonists target just GLP1R, four agents also target the glucagon receptor (GCGR), one drug targets GLP1R plus GCGR plus the gastric inhibitory polypeptide receptor (GIPR), and one drug targets GLP1R and GIPR. The only GLP1R agonist in phase III trials is efpeglenatide from Hanmi Pharm; it demonstrated a dose-proportional pharmacokinetic profile, with an extended half-life and slow absorption in patients with T2DM (Sharma et al., 2018; Del Prato et al., 2020; Yoon et al., 2020).
There are currently four DPP4 inhibitors that have been FDA-approved: sitagliptin, saxagliptin, linagliptin, and alogliptin. However, at least seven additional DPP4 inhibitors have obtained approval from other regulating agencies and are currently registered in phase III and IV trials. It is not clear whether all these agents will seek FDA marketing approval or not. Also, there are ten DPP4 inhibitors in clinical development–two additional phase III drugs and one agent in phase II trials. The introduction of DPP4 inhibitors as antihyperglycemic agents brought significant changes in T2DM prescription trends. In Japan, for example, they were the most frequently prescribed drugs in the elderly in 2013 (49.1%) (Yamamoto-Honda et al., 2018).
GLP1 is one of the most crucial hormones in glucose metabolism and is released into the bloodstream by special L-cells in the ileum and colon. It is one of two significant incretins (intestinal secretion of insulin) hormones which stimulate insulin secretion and suppress glucagon synthesis (Meier et al., 2003; Andersen et al., 2018; Mathiesen et al., 2019). They act on the pancreas within 2–4 min and are rapidly inactivated afterwards. DPP4 selectively cleaves N-terminal dipeptides from proteins containing proline or alanine in the penultimate position, and GLP1 is its substrate (Röhrborn et al., 2015). Usually, this cleavage does not have any adverse effects on the glucose level–on the contrary–this inactivation is necessary. Nevertheless, in T2DM, the production of incretins is reduced, and their effects are weakened. Furthermore, the inactivation occurs so rapidly that there is not enough time for incretins to perform their physiological functions (Drucker and Nauck, 2006; Nauck and Meier, 2018). Therefore, this inactivation of incretins by DPP4, which is usually necessary, leads to hyperglycemia in T2DM patients. To overcome this, two possible mechanisms have been implemented: to create artificial long-acting GLP1 mimetics and to prevent the enzyme from cleaving its substrates. Both GLP1 receptor agonists and DPP4 inhibitors share some remarkable effects regarding beta-cell physiology in that they can improve beta-cell functioning and reduce apoptosis (Lee and Jun, 2014; Bugliani et al., 2018; Wang, et al., 2018; Jiang et al., 2020). However, this advantage may have a simultaneous drawback; with an increase in the survival of beta cells due to the reduced apoptosis, the potential risk of cancer increases. It is also worth mentioning that liraglutide and semiglutide, GLP1 receptor agonists, act as cardiovascular protectors (Marso et al., 2016; Bethel et al., 2018; Davies et al., 2018; Sharma et al., 2018; Husain et al., 2019; Husain et al., 2020). Moreover, the usage of GLP1 receptor agonists is associated with weight loss. At the same time, while DPP4 inhibitors do not influence weight gain, it is controversial whether or not they increase the risk of heart failure (Khalse and Bhargava, 2018; Sano, 2019).
3.7 Meglitinides
Two meglitinides have been FDA-approved: nateglinide in 2009 and repaglinide in 2013. Currently, there are no meglitinides in clinical trials. Meglitinides share a similar mechanism of action to sulfonylurea agents in that they increase insulin secretion in the pancreas. They bind to SURs in pancreatic beta cells but at a binding site different than SUs and induce the same reaction cascade that leads to insulin secretion (O’Brien et al., 2018). In contrast to SUs, meglitinides, nateglinide in particular, exhibit glucose-sensitive action whereby their potency increases at higher glucose concentrations (Hu et al., 2000). Meglitinides are short-acting and associated with lower hypoglycemia risks, weight gain, and chronic hyperinsulinemia than sulfonylurea drugs (Guardado-Mendoza et al., 2013). Other studies have since demonstrated that meglitinides could be associated with increased risk of hypoglycemia in diabetic patients with advanced chronic kidney disease (Wu et al., 2017).
3.8 Sodium-Glucose Cotransporter Type 2 Inhibitors
The most modern and promising drug class is SGLT2 inhibitors. The first SGLT2 inhibitors, canagliflozin, and dapagliflozin were approved in 2013, followed by additional monotherapy agents including empagliflozin in 2014 and ertugliflozin in 2017. Additionally, SGLT2 inhibitors are popular in combination regimens with metformin and DPP4 inhibitors and combinations of all three and TZD drugs. SGLT2 inhibitors are the second largest group of antidiabetic agents in clinical trials (12%) after incretin therapies. Three of the twelve drugs in phase II, III, and IV clinical trials have been previously approved by other regulating agencies. Five other agents are in phase III trials, indicating that new SGLT2 inhibitors may be approved soon.
Even though SGLT inhibitors reduce renal glucose reabsorption levels, which leads to glucose excretion (glucosuria) and weight loss (Taylor, et al., 2015; Lupsa and Inzucchi, 2018; Brown et al., 2019), they also appear to have good pharmacokinetic properties and are well tolerated (Ito et al., 2016). Moreover, this drug class has been shown to improve cardiovascular conditions in both diabetic and non-diabetic populations (Martens et al., 2017). Therefore SGLT-2 inhibitors have become the preferred glucose-lowering drugs to treat patients with T2DM at high risk of cardiovascular events, although it is also associated with urogenital infections (Wu et al., 2016; Kramer, et al., 2018). As a result, prescription rates for newer therapies, such as DPP4 and SGLT2 inhibitors, have grown. In the United Kingdom, in 2017, new prescription rates for DPP4 and SGLT2 inhibitors accounted for 42 and 22%, respectively (Eibich et al., 2017).
3.9 Drug Combinations
The different types of approved oral combinations have steadily increased, along with the proportion of combinations being approved in comparison to monotherapies (Figures 3A,B). Nearly 40% of the approved antidiabetic drugs are combination regimens. FDA-approved combinations of antihyperglycemic drugs can be divided into two generations. First-generation combinations were mixtures of different insulin isoforms, where they differed in the method of preparation, natural source, duration of action, or concentrations. By 2004, the increase in the proportion of drug combinations began in earnest as second-generation antihyperglycemic combinations evolved. They consisted mainly of drugs that require oral administration, and in most cases, one of the components was metformin. To date, there are 23 unique antihyperglycemic drug combinations. The first triple combination regimen was approved in 2019, consisting of metformin, saxagliptin, and dapagliflozin. Another triple combination approval for metformin, linagliptin, and empagliflozin followed in 2020. This trend expounds on the idea that it is necessary to use all known approaches for the comprehensive treatment of T2DM.
[image: Figure 3]FIGURE 3 | FDA-approved drug classes per year. (A) Timeline of the major classes of antihypertensive drugs that have approved including monotherapies (mono) and combinations (comb). DPP4, Dipeptidyl peptidase 4; GLP-1R, Glucagon-like peptide-1 (GLP-1) receptor; SGLT2, Sodium-glucose co-transporter-2; SU, Sulfonylureas; TZD, Thiazolinediones. (B) The proportion of combination regimens in comparison to monotherapies that have been approved each year. The use of agents in two and three combination regimens is increasing as treatment options expand to target multiple facets of diabetes pathophysiology.
Our analysis shows that most combinations that have been created are based on metformin. It also correlates well with global prescribing trends. Currently, metformin is the most optimal drug for monotherapy. Its prescription trends have dramatically increased over the past years, which cannot be said about other options for the initial therapy of T2DM. For instance, in the United Kingdom prescriptions for SUs and insulin declined by almost tenfold between 2000–2017 (Wilkinson et al., 2018; Ramzan et al., 2019). The 1998 United Kingdom Prospective Diabetes Study (UKPDS) shifted the trend toward using metformin instead of using SUs. Moreover, the introduction of long-acting insulins benefited patients with T2DM in the last stages of progression, often being the very last frontier to achieve glycemic control and help prevent chronic implications (Eibich et al., 2017).
4 NOVEL DRUG TARGETS
More than 40% of the agents identified in clinical trials target novel therapeutic molecules or combinations of targets (Figure 4). Receptors and enzymes and the largest classes of novel targets, followed by transporters and ion channels. Several key targets are described in the following section.
[image: Figure 4]FIGURE 4 | The molecular targets of the 99 anti-diabetic agents in clinical trials. The phase status is the highest clinical phase each agent has achieved. A surprising number clinical agents–nearly half–target novel molecular targets or combination regimens. Novel targets or pathways are those that have not yet been validated through approval of an FDA-approved drug for treatment of diabetes. Approximately half of the agents target already established pathways, i.e., molecular targets that have been validated through the FDA-approval of an agent targeting that pathway for the treatment of diabetes. Six of the agents had an undisclosed mechanism of action. DPP4, Dipeptidyl peptidase 4; GLP-1R, Glucagon-like peptide-1 (GLP-1) receptor; SGLT2, Sodium-glucose co-transporter-2; TZD, Thiazolinediones; GCGR, Glucagon receptor; GPR119, Glucose-dependent insulinotropic receptor (G-Protein coupled receptor 119); GR, Glucocorticoid receptor; GIPR, Gastric Inhibitory Polypeptide Receptor; GCK, glucokinase; AMPK, 5′-AMP-activated protein kinase.
4.1 Receptors
Glucose protein-coupled receptor 119 (GPR119) plays a critical role in glucose homeostasis and is expressed in pancreatic β-cells and enteroendocrine cells (Fredriksson et al., 2003; Neelamkavil et al., 2018). Previous studies have shown that agonism of GPR112 stimulates insulin and incretin secretion (Semple et al., 2008; Kang, 2013; Ritter et al., 2016). Thus, the mechanism of action resembles the incretin effect in glucose metabolism. Furthermore, animal studies suggest that agonism of GPR119 has favorable outcomes regarding weight gain and food intake (Overton et al., 2008). However, due to the chemistry of GPR119 agonists thus far, unintended side effects may occur and may have been a contributing factor in the discontinuation of previous clinical agents (Ritter et al., 2016). The second-generation GPR119 agonist DA-1241 is currently in phase I trials and will hopefully provide diabetic patients with significant glucose-lowering benefits and better safety profiles (Kang, 2013; Ritter et al., 2016).
The gastric inhibitory polypeptide (GIP) is an incretin hormone that works similarly to GLP1 in stimulating pancreatic β cells for insulin secretion in a glucose-dependent manner. Tirzepatide is currently active in clinical trials (Phase III), which acts as a dual agonist. Binding to both the GLP1 receptor and GIP receptor, a study with GIP showed decreased body weight and hemoglobin A1c (Mathiesen et al., 2019).
Thyroid hormone receptors (THR) have typically been targeted in the treatment of metabolic disorders, but they have also been shown to be attractive targets in the treatment of diabetes (Saponaro et al., 2020). THR agonism studies in mice resulted in increased energy expenditure, increased insulin sensitivity, and lowered glucose concentrations. These effects may be because THR is highly expressed in the liver, skeletal muscles, and kidneys (Lin and Sun, 2011; Zambad et al., 2011). There is one thyroid hormone receptor agonist (TRC150094), which is a functional analogue of iodothyronines. It is currently active in phase III clinical trials to evaluate the safety in lowering cardiovascular risk in patients with diabetes.
4.2 Enzymes–General
Diacylglycerol acyltransferase (DGAT) is a crucial enzyme in triacylglycerol (TAG) synthesis, which catalyzes the final dedicated step of TAG synthesis. DGAT deficient mice showed a significant reduction in the postprandial increase of plasma TAG and were resistant to diet-induced obesity due to increased energy expenditure. Even more, the DGAT1 knockout mice had enhanced insulin sensitivity. However, increased activity of DGAT in T2DM patients can cause beta-cell dysfunction. Therefore, selective DGAT inhibitors have been designed to manage metabolic diseases such as obesity and T2DM due to their ability to prevent abnormal TAG levels and beta-cell damage. Currently, at least one promising agent (IONIS DGAT2Rx) from this drug group has completed phase II clinical trials. Being a hepatoprotectant, it is not a classic hyperglycemic drug, but it indirectly affects glycemia by increasing insulin sensitivity and protecting islet β-cells (Zhu et al., 2019; Hong et al., 2020).
The kallikrein-kinin system may also provide an exciting approach for diabetes treatment. It has been shown that bradykinin (BK) resulted in increased glucose uptake and insulin sensitivity through the bradykinin type 2 receptor (BK2R) signaling (Lau et al., 2020). In addition, studies on diabetic mice models treated with human tissue kallikrein 1 gene resulted in lowered glucose concentration, controlled hypoglycemia, and reversed insulin resistance (Kolodka et al., 2014). This therapeutic strategy is being investigated with DM-199, a recombinant human tissue kallikrein-1 protein currently in phase II trials to treat diabetes.
Fructose-1,6-bisphosphatase-1 (FBP1), an enzyme involved in gluconeogenesis, is another constituent in glucose homeostasis (Zhao et al., 2018). An unmet issue in T2DM pathology is the endogenous glucose production in the liver, which may be mediated by inhibiting FBP1. While metformin can indirectly mediate this activity (Hunter et al., 2018), the investigative agent VK 0612 directly inhibits FBP1 and has completed phase II clinical trials.
Methionine aminopeptidase 2 (MetAP2) is an enzyme that cleaves off methionine from the N-terminus of new proteins. It has been shown that MetAP2 has a crucial role in angiogenesis, which is why MetAp2 inhibitors have been used in cancer treatment (Chun et al., 2005; Morgen et al., 2016). However, recent studies have shown that inhibition of MetAP2 is a strong candidate for treating obesity and diabetes (Joharapurkar et al., 2014). Inhibition of MetAP2 induced clinically meaningful reductions in blood glucose and increased weight loss (Siddik et al., 2019; Wentworth et al., 2020). The clinical agent ZGN-1061 is a MetAP2 inhibitor with promising results with improved glucose control and lowered weight in preclinical studies and a recently completed phase II clinical trial (Burkey et al., 2018; Wentworth et al., 2020).
Angiopoietin-related protein 3 (ANGPTL3) is another protein involved in angiogenesis and hence cancer; however, it also has essential functions in glucose metabolism. Its principal function is inhibiting lipoprotein lipase and controlling triglyceride levels in plasma (Lupo and Ferri, 2018; Ahmad et al., 2019; Lang and Frishman, 2019). How exactly ANGPTL3 functions in glucose metabolism is unclear. However, it is speculated that it lowers insulin sensitivity and increases insulin resistance by increasing free fatty acids (Christopoulou et al., 2019). Thus, inhibition of ANGPTL3 is a promising strategy and a potential drug target for T2DM and other metabolic disorders. ISIS-703802, a designed ANGPTL3 inhibitor, recently completed phase II trials in subjects with hypertriglyceridemia, T2DM, and non-alcoholic fatty liver disease (Jiang et al., 2019).
4.2.1 Enzymes–Kinases
Glucokinase is a crucial enzyme that maintains normal glucose homeostasis and has a glucostatic effect in the blood because it initiates gluconeogenesis. Activating glucokinase by small molecule therapeutics may increase insulin secretion from the pancreas, promote glycogen synthesis in the liver, and thus reduce hepatic glucose output (Toulis et al., 2020). Therefore, a promising strategy for antihyperglycemic drugs is through glucokinase activators (GKA). Research and development began in the early 1990s, and preclinical animal studies showed that GKAs effectively normalize blood glucose levels; however, the activation leads to severe hyperlipidemia, vascular hypertension, and other negative consequences (Matschinsky, 2013). Hence many GKAs have entered trials (e.g., Piragliatin, ARRY-403, AZD1656, PSN010), although they have subsequently discontinued clinical progression. However, there has been renewed interest due to the development of several next-generation GKAs: dorzagliatin, a novel, dual-acting agent that targets both pancreatic and hepatic glucokinases, and TTP399, a hepatoselective compound (Toulis et al., 2020). Dorzaliatin is currently in phase III trials, and TTP339 and SY004, another new GKA, are in phase II trials.
AMP-activated protein kinase (AMPK) is an enzyme for energy regulation. When energy levels are low, it promotes glucose update in skeletal muscles and reduces gluconeogenesis. It was found that a healthy lifestyle that includes calorie restriction, exercise, and hormones that encourage longevity like leptin and adiponectin activate AMPK. In addition, some antihyperglycemic drugs, such as metformin or canagliflozin, can indirectly activate AMPK via regulating cation transporters (Coughlan et al., 2014; Steinberg and Carling, 2019). Currently, direct activators of AMPK have been designed, and several are registered in trials: PXL770 and PBI-4050 have recently completed phase II studies.
Fructokinase (FK) is an enzyme in the liver, intestine, and kidney cortex that converts fructose into fructose-1-phosphate. Since fructokinase lacks a negative feedback system, its activation leads to the depletion of phosphates, thus leading to activation of AMP deaminase and the formation of uric acid, which causes inflammation in the cells. This inflammation happens in pancreatic islets and can lead to insulin resistance (Khitan and Kim, 2013). Thus, inhibition of this pathway could be an exciting approach in the treatment of hyperglycemia. The fructokinase inhibitor, PF-06835919, is currently in phase II clinical trials.
Tolimidone (MLR-1023) has completed phase II in patients with uncontrolled T2DM and is currently active in phase II with patients treated with metformin. It is a potent Lyn protein tyrosine kinase stimulant (Ochman et al., 2012; Saporito et al., 2012). Lyn tyrosine kinase is vital for insulin sensitivity and glucose metabolism. It phosphorylates insulin receptor substrates which attenuate insulin receptor signaling (Lee et al., 2020; Lipinski and Reaume, 2020). It was shown to lower blood glucose similarly to metformin in preclinical studies without a hypoglycemic episode. In addition, tolimidone is insulin-dependent and was shown to increase insulin sensitivity (Ochman et al., 2012).
4.3 Transporters
Another attractive agent is MSDC-0602K which acts as a mitochondrial membrane transport protein modulator that increases insulin sensitivity. Impaired mitochondrial function has been previously connected with the development of diabetes and its complications (Sivitz and Yorek, 2010). MSDC-0602K is the second generation of insulin sensitizers expected to have fewer side effects than the first-generation compounds. It is planned to start phase III clinical trials in 2022 (Harrison et al., 2020).
4.4 Targets Not Currently Active in Clinical Development
11-beta-hydroxysteroid dehydrogenase 1 (EC 1.1.1.146) converts cortisone to cortisol, thus indirectly increasing glucose output in the liver via the ability of cortisol to activate corticoid receptors and transcription of phosphoenolpyruvate kinase. It was estimated that 11β-HSD1 activity increases in patients with T2DM, and hence why synthesizing potent inhibitors has looked promising. Several agents (e.g., Poxel, CNX-010, SAR-184841) have reached preclinical studies or early research phases, but there were no recent reports of further development. At least one 11β-HSD1 inhibitor, INCB13739, has completed phase II in clinical trials as an antihyperglycemic agent, but neither statements of development nor discontinuation were identified (Paranjeet et al., 2018; Shukla et al., 2019).
Increased cannabinoid-1 (CB1) receptor activity can cause obesity and obesity-related T2DM; peripheral effects of CB1 antagonism are decreased bodyweight, improved glucose tolerance, increased adiponectin, and decreased insulin resistance. All of these consequences are favorable in regards to the treatment of hyperglycemia. However, CB1 antagonism in the central nervous system increases anxiety and depression (Lu et al., 2016). The first cannabinoid-1 receptor antagonist, rimonabant, initially approved in Europe for T2DM treatment, was subsequently withdrawn due to the risk of severe mood disorders (Williams et al., 2020). Another antagonist, Tetrahydrocannabivarin-9, has completed phase II in clinical trials but has not clinically progressed (Jadoon et al., 2016).
5 DISCUSSION
Here we have provided a comprehensive study of the clinical trials and FDA approved drugs in relationship to their therapeutic targets. It is clear that the number of therapeutic alternatives to treat T2DM are increasing and now there are nearly 60 drugs approved by the FDA. Beyond this there are nearly 100 additional antihyperglycemic agents being evaluated in clinical trials. In addition to the standard treatments of insulin therapy and metformin, there are new drug combinations, e.g., containing metformin, SGLT2 inhibitors and DPP4 inhibitors, that have gained substantial use during the last decade. Furthermore, there are several interesting alternatives, such as lobeglitazone, efpeglenatide and tirzepatide, in ongoing clinical trials.
Major advancements within diabetes research have been made since the ground-breaking discovery of insulin in the early 1920s (Quianzon and Cheikh, 2012). Today’s antihyperglycemic drugs target a variety of pathological mechanisms implicated in T2DM, ranging from insulin secretion (e.g., SUs), peripheral glucose uptake (e.g., biguanides) and glucose reabsorption (e.g., SGLT2 inhibitors) (Chaudhury et al., 2017). Although insulin analogues remain a reliable approach to treat late stage T2DM, insulin therapy is no longer used in the initial stages of the disease. Over the past decades, the number of approved insulin analogues on the pharmaceutical market has remained relatively constant. However, the FDA recently withdrew approval of two insulin combinations (Ryzodeg was discontinued in 2018, and Novolog Mix 50/50 in 2019); while novel combinations containing insulins and GLP1R agonists have been approved, such as Xultophy (insulin degludec/liraglutide) and Soliqua (insulin glargine/lixisenatide). Since 1995, metformin has become the leading antihyperglycemic agent in the initial stages of T2DM and in combination with other drugs in the later stages (13 out of 24 drug combinations approved by the FDA contain metformin). Recent approvals have been made for triple drug combinations containing metformin and other modern antihyperglycemic drugs, including four unique formulae with SGLT2is and two metformin/SGLT2i/DPP4is. These novel combinations are Qternmet XR (metformin/saxagliptin/dapagliflozin, approved in 2019) and Trijardy XR (metformin/linagliptin/empagliflozin, approved in 2020). These triple combinations reinforce the treatment paradigm of comprehensively targeting multiple pathways for T2DM management.
The countries with the largest diabetic populations are China (140.9 million diabetics), India (74.2 million diabetics) and the United States (32.2 million diabetics) (International Diabetes Federation, 2021). After insulin, oral hypoglycemic agents account for the majority of sales on the Chinese antidiabetic market, while injectable GLP1R agonists dominate anti-diabetic drug sales globally (Zhang, 2018). The GLP1R agonists Ozempic (semaglutide), by Novo Nordisk, and Trulicity (dulaglutide), by Eli Lilly, have anticipated sales values of 6.2 and 6.6 billion USD, respectively in 2024 (Statista, 2021). Available prescription data also indicate an increasing preference for additional modern drugs, such as DPP4- and SGLT2 inhibitors. At present, there are at least 19 more GLP1R agonists, 10 DPP4- and 12 SGLT2-inhibitors in clinical trials, and it may be expected that more drugs from these therapeutic classes will appear on the pharmaceutical market soon. These drugs are highly effective, but they are more commonly prescribed to patients in economically developed countries, e.g., United States and Canada, due to their high cost. In both China and India, metformin is the most preferred first-line drug across the lifetime duration of diabetes (Hu and Jia, 2018; Singla et al., 2019). The emergence of metformin has influenced a decrease in the prescription trends of SUs and TZDs in economically developed countries (Srinivasan et al., 2018). Similar trends are observed in developing countries, but more often, less expensive drugs, such as SUs, are prescribed as add-ons to metformin (Mohan et al., 2020). However, the DPP4 inhibitors are catching up with SUs as second-line treatment after metformin in India, while SGLT2 inhibitors are being used as third- or fourth-line antidiabetic drugs (Singla et al., 2019). North America is projected to continue to hold a significant number of shares in the antidiabetic drug market (Knowledge Sourcing Intelligence LLP, 2021). This is largely attributed to both the high prevalence of diabetes and the dominating presence of pharmaceutical companies within this region (Knowledge Sourcing Intelligence LLP, 2021). However, Asia-Pacific regions are experiencing rising sales of over the counter antidiabetic drugs, which are both less expensive and more accessible than prescription anti-diabetics (Mohan et al., 2020; Mordor Intelligence, 2021). As T2DM diagnoses are increasing globally, it is essential to establish cost-effective disease management across both developing and developed countries.
Even though the T2DM topic has been well-reviewed, there is a continued need to improve treatment strategies and to investigate possible drug targets. This has become even more pressing during the COVID-19 pandemic, where infection with the SARS-CoV-2 virus has been described to both trigger the onset of diabetes and contribute to pre-existing diabetic complications (Hollstein et al., 2020; Marchand et al., 2020; Wu et al., 2021). The clinical course of COVID-19 may also be modulated by the type of antidiabetic drug the patient is receiving, as SGLT2 inhibitors and GLP1R agonists could exacerbate the infection while DPP4 inhibitors may act as mitigators (Mirabelli et al., 2020). The large heterogeneity of T2DM is also creating a push to personalize T2DM treatments to achieve an optimal therapeutic response, while minimizing adverse effects for each patient. To this end, characteristics such as patient compliance, ease of administration, weight gain, and low risk of hypoglycemia are increasingly being considered beyond just the tolerability and efficacy of the anti-diabetics (Miller et al., 2014). Integrated personalized diabetes management, incorporating the patient’s attitude, medical history and social support, has been highly successful in maintaining glycemic control, increasing patient adherence and overall treatment satisfaction in large scale randomized controlled studies (Kulzer et al., 2018). Moreover, combining antihyperglycemic drugs of different classes may counteract the adverse effects of each other, thus enhancing their efficacy (Pappachan et al., 2019). Another ongoing pursuit is the development of oral insulin administration, which would provide a more convenient delivery of insulin in comparison to subcutaneous injection. The oral insulin capsule ORMD-0801, by Oramed, showed promising results in Phase II trials and T2DM patients are currently being enrolled for Phase III to further evaluate the drug’s future potential (Eldor et al., 2021).
In conclusion, there has been major progress in T2DM pharmacological therapy during the last decade. The rapid pace in which diabetology is developing makes it challenging to keep up with the interesting and innovative therapeutic approaches currently used. Therefore, we considered it necessary to compile up to date antihyperglycemic drugs approved by the FDA and explore recent data on new potential antidiabetic agents. Our review provides key points regarding each significant class of antihyperglycemic drugs, gives insight into which treatment options have been successful, and the novel mechanisms currently explored in clinical development.
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