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Diabetes mellitus (DM) is a chronic illness with an increasing global prevalence. More than 537 million cases of
diabetes were reported worldwide in 2021, and the number is steadily increasing. The worldwide number of people
suffering from DM is projected to reach 783 million in 2045. In 2021 alone, more than USD 966 billion was spent on
the management of DM. Reduced physical activity due to urbanization is believed to be the major cause of the
increase in the incidence of the disease, as it is associated with higher rates of obesity. Diabetes poses a risk for
chronic complications such as nephropathy, angiopathy, neuropathy and retinopathy. Hence, the successful
management of blood glucose is the cornerstone of DM therapy. The effective management of the hyperglycemia
associated with type 2 diabetes includes physical exercise, diet and therapeutic interventions (insulin, biguanides,
second generation sulfonylureas, glucagon-like peptide 1 agonists, dipeptidyl-peptidase 4 inhibitors,
thiazolidinediones, amylin mimetics, meglitinides, a-glucosidase inhibitors, sodium-glucose cotransporter-2

inhibitors and bile acid sequestrants).

type 2 diabetes mellitus insulin resistance diabetes complications hypoglycemic agents

remission of type 2 diabetes

| 1. Introduction

Many drugs have been approved to lower DM-associated hyperglycemia. These agents include, but are not limited
to, biguanides, sulfonylureas, thiazolidinediones, GLP-1 agonists, dipeptidyl peptidase-4 (DPP-4) inhibitors,
inhibitors of a-glucosidase, amylin mimetic drugs, bile acid binding resins and sodium—glucose co-transporter
(SGLT) inhibitors (Figure 1).
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Figure 1. Classes of oral anti-diabetic agents and compounds approved by the American Diabetes Association
(ADA).

| 2. Biguanides

Metformin is the only agent of this group used today. It is the most commonly used agent for T2DM and is accepted
as a first-line agent [. It operates through the activation of AMP-dependent protein kinase (AMPK), which is
activated when cellular energy stores are depleted under normal conditions 2. The activation of AMPK leads to
fatty acid oxidation and inhibits gluconeogenesis in the liver. Moreover, metformin can stimulate glucagon-like
peptide-1 (GLP-1) secretion, which improves insulin sensitivity by enhancing the expression of insulin receptors
and improving tyrosine kinase activity BI4IBIE Furthermore, metformin can also lower plasma lipid levels and
reduce the incidence of cardiovascular disease by acting on peroxisome proliferator-activated receptors (PPAR-as)
Bl These molecular effects of metformin account for both the hypoglycemic and weight-reducing actions of

metformin (Figure 2).
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Figure 2. Mechanism of action of metformin. The binding of metformin with organic cation transporter-1 (OCT1)
allows the metformin to reach the intracellular region, leading to the activation of AMPK, leading to the oxidation of

fatty acid and the inhibition of gluconeogenesis in the liver.

Metformin can be used as a monotherapy and can also be found in combination with other hypoglycemic agents.
Daily dosing varies depending on the formulation (immediate versus extended release), and the length of time on
the medication but could range from 500 to 2550 mg daily. The recommended maximum dose of metformin is
about 2550 mg daily [E],

The side effects caused by metformin mainly involve the gastrointestinal tract, including nausea, vomiting, diarrhea
and abdominal discomfort [, Therefore, extended-release forms of metformin were developed to reduce the
dosing frequency and eventually reduce these side effects. Moreover, the prolonged use of metformin is associated
with folic acid and vitamin B12 deficiencies; as a result, monitoring the levels of both vitamins is needed, especially
in the elderly BB, Metformin should also be administered with caution and in low doses in patients with heart
failure and renal failure as this category of patients have an increased risk of experiencing lactic acidosis, which is
considered the most serious side effect of metformin 19, The advantages and disadvantages of metformin are
depicted in Table 1.

Table 1. Advantages and disadvantages of metformin.

Daily Dosage Advantages Side Effects Contraindications
» 500-2550 mg (depending on immediate o Weight loss » Diarrhea e Renal disease
vs. extended-release formulations)
e Inexpensive e Vomiting o Heart failure
» Dyspepsia  Liver disease
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Daily Dosage Advantages Side Effects Contraindications
« Flatulence e Hypoxic pulmonary
disease
» Metallic
taste
» Lactic
acidosis

| 3. Sulfonylureas

Sulfonylureas (SUs) are classified into first and second-generation agents. Due to their frequent dosing and higher
risk of hypoglycemia, the first-generation drugs tolbutamide and tolzamide are no longer used clinically . The
second-generation agents, such as glibenclamide, gliclazide and glimepiride, are still in use, and some are
available in extended-release formulations 221, They exert their effect through the blockade of ATP-sensitive
potassium channels found on the pancreatic (-cells, leading to cell depolarization, increasing cellular levels of
calcium and enhancing the secretion of insulin, hence the name “insulin secretagogue” (Figure 3). In addition, SUs
can also reduce the production of fatty acids and decrease insulin clearance 119. Due to their high efficacy in
reducing HbAlc by up to 1-1.5% as and their cost-effectiveness, SUs are considered a second-line therapy and
are currently used by 50-80% of diabetic patients worldwide (13141 However, prolonged use of these agents

reduces their effectiveness. This may be due to progressive -cell failure or an alteration in the drug’s metabolism.
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Figure 3. Sulfonylureas bind with the sulfonylurea receptor on the plasma membrane of pancreatic beta cells to
block ATP-sensitive potassium channels. This leads to cell depolarization and subsequent increase in calcium-

induced insulin release.

The major side effect seen with an SU is a weight gain of 1-3 kg. As a result, metformin is provided to patients on
SU to reverse weight gain D326 Hypoglycemia is also a common side effect, especially with glibenclamide and

glimepiride; however, newer agents such as gliclazide have a lower tendency to cause this effect (&,

Sulfonylurea-induced hypoglycemia may be caused by decreased renal excretion, hepatic metabolism or
displacement from protein-binding sites, which typically occurs in patients with renal/hepatic failure or when co-
administered with CYP450 enzyme inhibitors such as aspirin and allopurinol 4. The advantages and

disadvantages of SUs are presented in Table 2.

Table 2. Advantages and disadvantages of sulfonylureas.

Daily Dosage Advantages Side Effects Contraindications
» Weight gain
e Glibenclamide (1.25-20 mg)
» Hypoglycemia e Pregnancy
e Glimepiride (1-8 mg) « Rapid effectiveness
o Gl distress » Ketoacidosis
 Gliclazide (30-120 mg)
e Dizziness

| 4. Meglitinides

Meglitinides, including repaglinide and nateglinide, belong to another class of insulin secretagogue agents that
exert their action by blocking the ATP-sensitive potassium channels in pancreatic B-cells 28 (Figure 4). Unlike
SUs, meglitinides have a rapid onset but a short duration of action. These features make them suitable for patients
with inconsistent meal times and those who develop rapid postprandial hyperglycemia 122021 The advantages

and disadvantages of meglitinides are shown in Table 3.
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Figure 4. Thiazolidinediones (TZDs) activate PPARYy receptors in adipose tissue to enhance the uptake of

circulating fatty acids into adipocytes.

Table 3. Advantages and disadvantages of meglitinides.

Daily Dosage Advantages Side Effects Contraindications
» Repaglinide « Ideal for postprandial « Weight gain » Pregnancy
(0.5-4 mg) glucose increase
» Hypoglycemia e« Hypersensitivity
» Nateglinide (60— « Ideal for patients with
120 mg) irregular meal schedule + Co-administration of

| 5. Thiazolidinediones

gemfibrozil with repaglinide

Two agents from this class are currently used clinically: pioglitazone and rosiglitazone. This pair of agents exerts its

hypoglycemic effect by activating PPARYy receptors. PPARYy receptors are expressed primarily in adipose tissue,

with lower expression in skeletal muscle, liver, pancreatic -cells, the central nervous system (CNS) and vascular

endothelial cells 2920211 The primary effect of thiazolidinediones (TZDs) is believed to be through the activation of

PPARYy receptors in adipose tissue, which promotes the uptake of circulating fatty acids into fat cells, thereby

increasing insulin sensitivity.

Moreover, activation of this receptor in skeletal muscle and the liver also contribute to TZD action as they increase

glucose uptake and reduce glucose production in both organs, respectively. TZD can cause a 0.5-1.4% reduction

https://encyclopedia.pub/entry/45006

6/18



Oral Hypoglycemic Agents | Encyclopedia.pub

in HbAlc, and clinical trials showed a 10-15% reduction in plasma triglyceride levels 22231 |n fact, this effect on
the lipid profile is believed to be mediated through another isoform of PPAR receptors present in the liver, heart and
skeletal muscles 24, Furthermore, TZDs were also found to reduce the levels of inflammatory cytokines, such as
tumor necrosis factor alpha, improving the function of pancreatic B-cells and increasing the levels of adiponectin,
both of which are believed to contribute to their insulin-sensitizing effects 9,

The common side effects of TZDs include weight gain and edema. These are believed to occur because of the
activation of PPARY receptors in the CNS, which increases food intake 25, Studies showed that TZDs can also
increase the risk of bone fracture in women and caused a reduction in transaminases; therefore, they should be
avoided in patients with liver disease. Rosiglitzone has also been associated with an increase in myocardial

infarction incidence [28l. The advantages and disadvantages of TZDs are provided in Table 4.

Table 4. Advantages and disadvantages of thiazolidinediones.

Daily Dosage Advantages Side Effects Contraindications
» Pioglitazone (15-45 e Improve lipid e Fluid » Active liver disease
mg) metabolism retention

» Patients with heart failure (Class
» Rosiglitazone (4-8 « Weight gain 1; 1V)

mg)
« Bone loss

| 5. Glucagon-like Peptide-1 (GLP-1) Agonists

Glucagon-like peptide-1 (GLP-1) is an incretin secreted from the distal ileum in response to nutrients such as
proteins and carbohydrates (272811291 Following its release, GLP-1 binds to its receptor, GLP-1R, which is
expressed on the pancreatic 3-cells, thereby activating a cascade of intracellular events that increases the release
of insulin, inhibits the release of glucagon, reduces food intake by causing satiety, delays food emptying and
normalizes both postprandial and fasting insulin secretion BY (Figure 5).
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Figure 5. GLP-1 binds to GLP-1R and activates a cascade of intracellular events, leading to insulin release and the

GLP-1R agonists

inhibition of glucagon production.

Patients with DM were found to have a significant reduction in the levels of GLP-1, which is believed to occur due
to a reduction in the expression of GLP-1 receptors in the pancreas B[22 or an enhancement of DPP-4 activity (221,
Due to its potent insulinotropic effects, restoring the activity of GLP-1 arose as a potential target for researchers
and pharmaceutical companies. As a result, several GLP-1 agonists have been developed and used clinically in
the management of T2DM [33134I35] including exenatide, liraglutide and dulaglutide BI29 These molecules are
administered subcutaneously and have various pharmacokinetic properties accounting for the differences in
dosing. The majority of side effects associated with the administration of these compounds involve the Gl tract, and
this includes diarrhea, nausea and vomiting. In addition, some patients reported abscesses, cellulitis formation and
even tissue necrosis at the site of injection 24281 The risk for hypoglycemia is low unless they are used in

combination with insulin or sulfonylureas. The advantages and disadvantages of incretins are provided in Table 5.

Table 5. Advantages and disadvantages of incretins.

Side S
Weekly Dosage Advantages Effects Contraindications
e Exenatide (2 mg) e Low hypoglycemia « Nausea o Pancreatitis

e Liraglutide (0.6-3.0 e Renal
mg) impairment

» Lowering blood pressure and

» Weight loss

cardiovascular disease
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Side S
Weekly Dosage Advantages Effects Contraindications
e Dulaglutide (0.75-1.5
mg)
« Semaglutide (0.25- ic and the
0.5 mg) the ability

to improve cardiovascular function BZ.

| 7. Dipeptidyl Peptidase-4 (DPP-4) Inhibitors

DPP-4 is a serine protease that is expressed on endothelial cells and T-lymphocytes and in a free-circulating form.
Its main function is the inactivation of the glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide (GIP)
produced in the intestines (2839 These two hormones are known as incretins, and they play an essential
metabolic role in augmenting the secretion of insulin, inhibiting glucagon secretion and reducing the absorption of
nutrients 22149 By inhibiting this enzyme, DPP-4 inhibitors are considered oral hypoglycemic agents that are used

widely in the management of DM (Figure 6).

Several DPP-4 inhibitors are available nowadays, such as sitagliptin, linagliptin, saxagliptin, vildagliptin and
alogliptin. They can be used alone or in combination, and studies have shown a 0.48-0.6% reduction in HbAlc and
>95% decrease in the activity of DPP-4 for 12 h 22138,

Unlike the previously mentioned antidiabetic agents, DPP-4 inhibitors have no effect on insulin sensitivity or
secretion; as a result, weight gain is not an adverse effect of gliptins [16][35][41] Sitagliptin, saxagliptin and
vildagliptin are excreted renally; therefore, dose adjustment is required for diabetic patients with moderate to
severe renal disease. Linagliptin, on the other hand, is excreted by the enterohepatic system, so it can be used as

the agent of choice in renal impairment [42]

Although they cause minimal to no weight gain and have a low incidence of hypoglycemia, DPP-4 inhibitors are
associated with other side effects such as nasopharyngitis, upper respiratory tract infections and headaches. In
addition, these agents were found to cause pancreatitis and hepatic dysfunction after prolonged use 43 The

advantages and disadvantages of incretins are depicted in Table 6.

Table 6. Advantages and disadvantages of Dipeptidyl peptidase-4 (DPP-4) inhibitors.

Daily Dosage Advantages Side Effects Contraindications
 Sitagliptin (50—-100 mg) » Weight loss » Hypoglycemia e Pregnancy
» Saxagliptin (2.5-5 mg) « Pancreatitis » Pancreatitis
 Vildagliptin (50—100 mg) o Gl distress » Heart failure
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Daily Dosage Advantages Side Effects Contraindications
e Linagliptin (5 mg) e Flu-like symptoms » Angioedema
« Joint pain

| 8. a-Glucosidase Inhibitors

Acarbose and miglitol are two agents of this class that are available and used clinically. a-glucosidase is an
enzyme responsible for the breakdown of oligosaccharides into monosaccharides, and inhibiting it causes a
reduction in intestinal glucose absorption by delaying the digestion of carbohydrates “4I451461147148] Moreover,
these compounds were also reported to augment the release of GLP-1, which also contributes to their HbAlc-
lowering activity (0.5-0.8%) (8129, The major side effects associated with this class are flatulence, diarrhea and

abdominal pain . The advantages and disadvantages of a-glucosidase inhibitors are provided in Table 7.

Table 7. Advantages and disadvantages of a-Glucosidase inhibitors.

Daily Dosage. Advantages Side Effects Contraindications

o Liver cirrhosis

e Acarbose (25-300 e Minimal risk of - Gl » Colonic ulceration

mg) hypoglycemia distress
e Inflammatory bowel
disease

Amylin is a pancreatic hormone co-secreted with insulin from [B-cells in the pancreas, and it acts by reducing the

ecretion of glucagon, delaying gastric emptying, and inducing satiety (25]49150] (Figure 6). Pramlintide is the only
ivgabemM Irn I(;'ap?ot/gc?for use by the Food and Drug Administration. It is administered subcutaneously,
and it is used in both TIDM and T2DM B2, The advantages and disadvantages of amylin are provided in Table
8.
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Figure 6. Amylin delays gastric emptying, increases satiety, and reduces glucagon secretion.

Table 8. Advantages and disadvantages of Amylin mimetics.

Daily Dosage. Advantages  Side Effects Contraindications

» Gastroparesis
» Pramlinitide (30-60 pg) » Weight loss » Nausea

» Asymptomatic hypoglycemia

| 10. Bile Acid Binding Resins

Colesevelam is the only agent in this class of hypoglycemic agents. Although it does not have a direct effect on
insulin secretion and/or sensitivity, the glucose-lowering mechanism of bile acid sequestrants is mostly unknown
(331541 |t js known, however, that colesevelam can reverse dyslipidemia, which is recognized as an exacerbating
factor in T2DM. Current data suggest that colesevelam alone can produce a 0.5% reduction in HbAlc and a 13-
17% reduction in low-density lipoproteins (LDL) 22, A lack of systemic side effects makes this a good adjunct
medication for managing T2DM (Figure 7).
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Figure 7. Bile acid binding resins stimulate LDL-receptors on hepatocytes to enhance the uptake of LDL proteins

from blood circulation.

| 11. Sodium-Glucose Co-Transporter (SGLT) Inhibitors

This is a newer class of antidiabetics that was introduced clinically in 2013, with canagliflozin being approved by
the Food and Drug Administration (FDA) B8IE7l. These molecules exert their action on the renal sodium—glucose

co-transporter-2 (SGLT2) molecule, which is responsible for glucose reabsorption in the proximal renal tubules 28]
(Figure 8).
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Figure 8. Sodium—glucose co-transporter (SGLT) inhibitors prevent the reabsorption of glucose from the proximal

convoluted tubule, thereby reducing blood glucose level by increasing excretion.

This novel agent stimulates glucose excretion and has also been shown to have weight loss effects with minimal
hypoglycemia B |n fact, canagliflozin was reported to cause a significant reduction in HbAlc of 0.77-1.03%
(611 and dapagliflozin produced similar results after both short- and long-term treatments (62, Another type of SGLT
exists which is found in the intestines and the proximal convoluted tubules of the kidneys 631641 Although SGLT2 is
responsible for the reabsorption of 90% of glucose filtered via glomeruli, diabetic patients with declining renal
function may respond less to SGLT2 inhibitors, making SGLT1 inhibitors a better option for treatment 4],
Furthermore, dual SGLT1 and SGLT2 inhibitors such as sotagliflozin and licogliflozin are currently being
investigated and are expected to have an agonistic hyoyglycemic effect while enhancing GLP-1 release from the
intestines 841, Currently, three types of SGLT2 inhibitors have been approved for use in the United States, including
dapaglifiozin, empagliflozin and the prototype SGLT2 inhibitor canagliflozin B9, while sotagliflozin is under
investigation. In general, these agents have a good pharmacokinetic profile, including excellent oral bioavailability,
a long half-life and limited renal excretion; however, they increase the risk for genital and urinary tract infections
and orthostatic hypotension 42,
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