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ABSTRACT 

Type 2 diabetes mellitus (T2DM) is a major global health challenge characterized by chronic hyperglycaemia, insulin 

resistance, and progressive β-cell dysfunction. Effective management involves long-term glycaemic control while 

minimizing the adverse effects. Dipeptidyl peptidase-4 (DPP-4) inhibitors are an important class of oral 

antihyperglycemic agents that work through the enzymatic degradation of incretin hormones GLP-1 and glucose-

dependent insulinotropic polypeptide (GIP), enhancing glucose-dependent insulin secretion, suppressing glucagon 

release, and supporting metabolic homeostasis. The most widely used drugs, such as sitagliptin, saxagliptin, linagliptin, 

and alogliptin, are well-tolerated and generally considered safe, making them suitable for use in elderly patients and 

those with chronic kidney disease (CKD). CVOTs, including SAVOR-TIMI 53 and EXAMINE, have demonstrated 

overall cardiovascular safety; however, saxagliptin has been associated with an increased risk of cardiovascular 

complications. Renal outcomes are largely neutral, with modest reductions in albuminuria but no consistent decline in 

long-term estimated glomerular filtration rate (eGFR). Concerns regarding malignancy, pancreatitis, infections, and 

autoimmune conditions have not been established in controlled studies, underscoring the need for continued real-world 

safety assessment. 
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1. INTRODUCTION 

T2DM is a persistent metabolic disease in which insulin 

resistance gradually leads to β-cell dysfunction, resulting 

in hyperglycaemia. It has become an epidemic in many 

regions, with its global prevalence imposing significant 

health and economic burdens.1 Therapies should be 

effective in controlling the glycemic levels in the blood 

and reducing the long-term consequences of the disease to 

manage it effectively. Newer classes of oral 

antihyperglycemic agents are the gliptins, also known as 

dipeptidyl peptidase-4 (DPP-4) inhibitors, which are 

designed to improve glycemic regulation in T2DM. DPP-4 

is an enzyme of multifunctional serine proteins that are 

found in a variety of tissues such as the kidney, liver, 

gastrointestinal system, and immune cells. One of the 

main functions of this enzyme is the rapid deactivation of 

glucagon-like peptide-1 (GLP-1), an incretin hormone that 

is necessary for glucose homeostasis.2 DPP-4 inhibitors 

extend incretin effects, thereby inhibiting glucagon release 

and promoting glucose-dependent insulin release by the 

pancreatic 2-cells.3,4 Simultaneously, sodium-glucose co-

transporter 2 inhibitors (SGLT-2) have shown considerable 

cardioprotective and renoprotective efficacy in T2DM 

patients, especially those with a pre-existing 

cardiovascular and renal condition based on the large-scale 

cardiovascular outcome trials.5 These agents decrease 

blood glucose without the assistance of insulin by 

blocking renal glucose absorption in the proximal tubule, 

which enhances the urinary excretion.6 Since the 

introduction of sitagliptin in 2006, several agents such as 

vildagliptin, saxagliptin, linagliptin, and alogliptin have 

been introduced into the clinical arena, with each having 

different pharmacokinetic configurations.7 These agents 

are normally weight-neutral, possess low risk of 

hypoglycemia, and have shown good tolerability to be 

especially appropriate in geriatric patients and people with 

chronic renal failure. In addition to glycemic control, 

gliptins exert pleiotropic effects on the cardiovascular and 

renal systems; however, their long-term safety remains a 

concern that warrants careful consideration.8,9 The purpose 

of the review is to formulate existing evidence on the 

mechanism, efficacy, and safety of DPP-4 inhibitors, 

combining both the data of the randomized controlled 

trials and real-world practice. Special focus is given to the 

cardiovascular outcomes, renal effects, infection risk, 

cancer associations, and pharmacogenomic insights. By 

highlighting the established benefits and unresolved 

issues, this article underscores the importance of continued 

surveillance and offers valuable insights into the utility of 

DPP-4 inhibitors in modern diabetes treatment.10 This 

review synthesizes evidence from major cardiovascular 

outcome trials, meta-analyses, real-world observational 

studies, and pharmacovigilance databases (including 

FAERS), with literature published up to 2025. 

2. MECHANISTIC BASIS OF DPP-4 INHIBITION 

GLP-1, a 30-amino acid peptide derived from 

proglucagon, is secreted by intestinal L-cells, pancreatic α-

cells, and neurons in the nucleus of the solitary tract 

(NTS). It exerts glucose-dependent insulinotropic effects 

through receptor-mediated activation of adenylate cyclase 

and cAMP signaling. Still, it is rapidly degraded within 1-

2 minutes by DPP-4, which removes its N-terminal 

dipeptide essential for receptor binding.11,12 By inhibiting 

DPP-4, circulating concentrations of active GLP-1 and 

GIP are sustained, prolonging their physiological action on 

pancreatic β-cells and α-cells, thereby improving insulin 

secretion, reducing glucagon output, and enhancing 

glycemic control.13 Clinically, DPP-4 inhibitors and DPP-

4-resistant GLP-1 analogs are used to manage T2DM, 

while emerging multi-agonist therapies targeting GLP-1R, 

GIPR, glucagon, and amylin receptors aim to deliver 

synergistic metabolic and weight-loss benefits.14,15 Beyond 

glycemic regulation, GLP-1 receptors are widely 

expressed in cardiovascular, renal, hepatic, adipose, and 

immune tissues, where incretin enhancement contributes 

to cardioprotective, renoprotective, and anti-inflammatory 

effects.16 These integrated mechanisms underscore the 

therapeutic relevance of DPP-4 inhibition in metabolic 

disease Figure 1. DPP-4 inhibitors stimulate the incretin 

hormones (GLP-1/GIP), leading to insulin secretion in 

response to glucose and to a reduction in glucagon 

secretion. They reduce hepatic glucose production, slow 

gastric emptying, and postprandial glucose levels. Other 

systemic outcomes include enhanced glucose uptake by 

muscle and adipose tissue, decreased appetite and body 

weight, cardiovascular vasodilation, and diminished renal 

inflammation and oxidative stress, collectively 

contributing to improved metabolic regulation in type 2 

diabetes. 
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Figure 1: Mechanistic basis of DPP-4 inhibition. 

2.1 Physiology and function of DPP-4 

DPP-4 is a ubiquitously expressed serine protease found 

on endothelial cells, renal tubular cells, hepatocytes, 

immune cells, and in circulating plasma.17 Its primary 

enzymatic role is to cleave N-terminal dipeptides from 

bioactive peptides containing proline or alanine in the 

penultimate position. In addition to metabolic regulation, 

DPP-4 influences immune signaling, inflammation, and 

chemokine activity, reflecting its broader physiological 

significance.18 

2.2 The incretin system (GLP-1 and GIP) 

GLP-1 and GIP are incretin hormones derived from the 

intestinal L-cells and K-cells, respectively.19 They enhance 

insulin release in a glucose-dependent mechanism through 

cAMP signaling, reduce glucagon release, decrease gastric 

emptying, and have trophic and cytoprotective effects on 

pancreatic β-cells. Nevertheless, GLP -1 and GIP are 

rapidly inactivated, primarily via cleavage by DPP -4, but 

doing so to the detriment of their circulating half-life. 20 

2.3 Mechanism of DPP-4 inhibition in glucose 

regulation 

DPP-4 inhibitors were in class taught to prevent the rapid 

degradation of GLP-1 and GIP, hence increasing the 

concentrations and half-life of their active forms in 

circulation.21 Sustained incretin exposure enhances 

glucose-dependent insulin secretion through cAMP-

mediated pathway, reduces inappropriate glucagon release 

from pancreatic α-cells, and improves both fasting and 

postprandial glycemic control. Chronic DPP-4 inhibition 

has also been associated with modest improvements in β-

cell function and preservation of β-cell mass in 

experimental and clinical studies.22 These integrated 

effects highlight the central role of incretin enhancement 

in mediating the glucose-lowering properties of DPP-4 

inhibitors. 

2.4 Downstream multi-organ effects 

Because GLP-1 receptors are expressed across pancreatic, 

cardiovascular, renal, neurological, hepatic, adipose, and 

immune tissues, the consequences of incretin enhancement 

extend beyond glucose regulation.23 In the cardiovascular 

system, DPP-4 inhibition improves endothelial nitric oxide 

bioavailability, modulates myocardial glucose utilization, 

and attenuates vascular inflammation. Transitional studies 

suggest potential cardioprotective effects, although large 

cardiovascular outcome trials report overall neutrality with 

respect to major adverse cardiovascular events.24 In the 

kidney, enhanced incretin signaling reduces albuminuria 

by suppressing tubular inflammation and oxidative stress, 

though long-term effects on eGFR decline remain 

limited.25 The immune system is influenced through DPP-

4’s role as CD26 in T-cell co-stimulation and chemokine 

processing, with altered chemokine gradients and cytokine 

profile providing a mechanistic context for mixed 

infection-related safety signals.26 At the hepatic and 

adipose level, incretin enhancement may improve lipid 

handling, reduce steatosis, and attenuate oxidative stress. 

Recent experimental studies (2023-2025) report favorable 

impacts on lipid metabolism and inflammatory pathways 

in both adipocytes and hepatocytes.27 These multi-organ 

effects provide a mechanistic context for the largely 

favorable long-term safety profile observed in clinical 

trials, while also explaining rare immune- and infection-

related adverse events reported in post-marketing 

surveillance. 
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3. PHARMACOLOGY OF DPP-4 INHIBITORS 

DPP-4 inhibitors are inhibitors of the enzyme DPP-4, 

which catalyzes the breakdown of various substrates, 

thereby modulating insulin signaling and contributing to 

insulin resistance. It also plays a significant role in the 

inflammatory processes linked to obesity and type 2 

diabetes. New studies suggest that an increase in DPP-4 

activity is associated with decreased bone mineral density 

and an increased risk of fractures.28 Essentially, it appears 

that the more the enzyme does its job, the weaker our 

bones become, which warrants careful interpretation in the 

context of long-term safety assessment (Figure 2). DPP-4 

inhibitors, such as those we have examined in class 

(linagliptin, vildagliptin, sitagliptin, saxagliptin, and 

alogliptin), are approved worldwide.29 Saxagliptin, 

linagliptin, and sitagliptin are BCS Class III, whereas 

alogliptin is Class I. Although they are highly soluble in 

water, they are also short-acting; therefore, we need to take 

them more frequently to maintain blood levels. This rapid 

absorption often elevates plasma levels, which can cause 

gastrointestinal side effects. Besides, Class III compounds 

have low membrane permeability, which reduces oral 

bioavailability.30 

 

Figure 2: Mechanistic approach of DPP-4 Inhibitors. 

3.1 Sitagliptin 

Thus, sitagliptin was approved by the U.S. FDA in 2006 

and is the first DPP-4 inhibitor used in the management of 

T1DM. It may be administered alone or in combination 

with other antidiabetic medications to improve glycemic 

control. It inhibits the DPP-4 enzyme, which degrades 

GLP-1; thus, GLP-1 remains in the organism longer and 

reduces glucose levels.31 And there is evidence that 

sitagliptin and other DPP-4 inhibitors are not only 

effective in combating glucose spikes. They appear to 

assist with the cardiovascular, autoimmune, pulmonary, 

and inflammatory disorders, primarily because they up-

regulate our own antioxidant defenses and modulate the 

responses of the immune system.32 Sitagliptin has also 

been shown to effectively reduce total cholesterol and 

LDL-C levels, while exerting hepatoprotective effects 

through the regulation of oxidative stress.33 Furthermore, it 

has been shown to have therapeutic promise in prediabetes 

by mitigating beta-cell apoptosis triggered by 

inflammation. Its ability to inhibit pro-apoptotic cytokines 

highlights its value as an early intervention strategy.34 

3.2 Saxagliptin 

Saxagliptin is a highly potent and selective DPP-4 inhibitor 

used in the management of type 2 diabetes mellitus 

(T2DM). Inhibiting DPP-4 increases circulating levels of 

GLP-1 and GIP, thereby enhancing glucose-dependent 

insulin secretion and improving glycemic control. CYP3A4 

primarily metabolizes Saxagliptin into an active metabolite 

with reduced DPP-4 inhibitory activity. It is generally well 

tolerated, with a low risk of hypoglycemia when used as 

monotherapy and without contributing to weight gain. 

Reported adverse effects include infections, gastrointestinal 

symptoms, and lymphopenia.35 Beyond glycemic 

regulation, saxagliptin has demonstrated neuroprotective 

properties in preclinical models of Parkinson’s and 

Alzheimer’s disease. It may mitigate secondary injury in 

traumatic brain injury (TBI) by modulating oxidative stress 

and the neuroinflammatory pathway.36 Incretin-based 

therapies, including DPP-4 inhibitors and GLP-1 receptor 

agonists, have been associated with improved recovery rates 

from acute hypoglycemic coma compared with non-incretin 

therapies, even after adjustment for age and sex.37 This 
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observation reflects a class effect of incretin-based agents 

rather than a unique property of saxagliptin. 

3.3 Linagliptin 

Linagliptin is an oral inhibitor of DPP-4 used to manage 

T2DM, either alone or in combination with another 

antidiabetic agent.38 DPP-4 inhibitors work by elevating 

active GLP-1 concentrations, which stimulate insulin 

secretion and contribute to lowering HbA1c levels and 

fasting plasma glucose. Linagliptin is an effective and 

well-tolerated DPP-4 inhibitor that reduces the risk of 

hypoglycemia by lowering glucagon levels and enhancing 

postprandial insulin secretion.39 Linagliptin also interacts 

with additional molecular targets in humans, including 

CHRM1, FAP, ALDH1A1, and PDE6D, influencing their 

gene expression profiles.40 Linagliptin, a second-line 

therapeutic agent, functions as a DPP-4 inhibitor, 

enhancing the activity of incretins like GLP-1. GLP -1 

enhances the release of insulin and inhibits glucagon 

release in the presence of glucose. In addition, its safety 

profile is reported to be good, and its anti-inflammatory 

and antioxidant activities have been demonstrated in in 

vivo experiments. These have been suggested to be 

mediated by several molecular mechanisms.41 The body 

essentially eliminates Linagliptin with little metabolism. In 

individuals who have type-2 diabetes and chronic kidney 

disease, it has demonstrated safety and efficacy in 

administering it as a treatment option.42 

3.4 Alogliptin 

Alogliptin is a highly selective DPP-4 inhibitor that is 

predominantly excreted unchanged in the urine and 

undergoes minimal metabolism. Among individuals with 

impaired kidney function, variations in clinical outcomes 

may elevate the risk of serious adverse effects. However, 

alogliptin is not associated with an elevated likelihood of 

cardiovascular complications such as heart disease or 

stroke and carries a relatively low risk of inducing 

Hypoglycemia.43 Alogliptin influences various signaling 

pathways, which have allowed researchers to explore its 

potential benefit in conditions affecting other organ 

systems. Information obtained from the FDA's Adverse 

Event Reporting System (FAERS) between 2006 and 2020 

indicates that alogliptin is associated with fewer adverse 

events than other antidiabetic agents. However, long-term 

use in elderly patients has been linked to cases of bullous 

pemphigoid, an autoimmune skin disorder.44 A 

pharmacokinetic/pharmacodynamic study involving 

alogliptin (25mg) in pediatric patients aged 10-17 years 

demonstrated that this dose produced alogliptin exposure 

and DPP-4 inhibition comparable to levels seen in adults 

with T2DM. Notably, no safety issues were observed.45 

Alogliptin has proven effective as an add-on therapy in 

patients whose blood glucose levels are inadequately 

controlled with other oral antidiabetic agents. It was a 

clinically meaningful improvement in continuous glucose 

monitoring metrics, particularly in the average blood 

glucose period within the curative range, and it markedly 

reduced glycemic instability.46 

3.5 Vildagliptin and Gemigliptin 

Even though not sold everywhere, Vildagliptin and 

gemigliptin appear to be as effective as the rest of the 

DPP-4 inhibitors in controlling blood sugar. Vildagliptin 

may cause a transient elevation in liver enzymes in a 

subset of individuals; therefore, physicians recommend 

periodic monitoring of liver function.47 A very popular 

drug in Asian areas, gemigliptin possesses a reasonably 

good pharmacokinetic profile, a low likelihood of drug-

drug interactions, and most recent studies in the region,48 

indicate that it is kidney-safe and is generally well-

tolerated. In essence, the two drugs are generally well 

tolerated and retain the class's primary strengths, including 

no weight gain and a low risk of hypoglycemia (Figure 3). 

The pharmacokinetic parameters, the necessity of the renal 

dose change, the metabolic route, the drug-drug 

interaction, and the main safety indicators are cross-

compared in detail and summarized in Table 1. 

 
Figure 3: Cellular pharmacology of DPP-4 inhibitors. 
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Table 1: Comparative Pharmacologic & Safety Profile of DPP-4 Inhibitors. 

 

DPP-4, Dipeptidyl Peptidase-4; T2DM, Type 2 

Diabetes Mellitus; HbA1c, Hemoglobin A1c (Glycated 

Hemoglobin); CKD, Chronic Kidney Disease; CVOT, 

Cardiovascular Outcome Trial; HF, Heart Failure; 

URI, Upper Respiratory Infection; TECOS, Trial 

Evaluating Cardiovascular Outcomes with Sitagliptin; 

SAVOR-TIMI 53, Saxagliptin Assessment of Vascular 

Outcomes Recorded in Patients with Diabetes-

Thrombolysis in Myocardial Infarction 53; 

CARMELINA, Cardiovascular and Renal 

Microvascular Outcome Study with Linagliptin. 

4.  FDA-APPROVED INDICATIONS, 

REGULATORY GUIDELINES, AND CLINICAL 

USE OF DPP-4 INHIBITORS 

Evidence indicates that diabetes mellitus remains a 

significant health concern globally, and T2DM, in this 

case, is the most prevalent and a massive burden to 

morbidity and mortality across the globe.58 Safety analyses 

using the FDA FAERS have investigated the risk of 

pancreatitis associated with antidiabetic agents, including 

DPP-4 inhibitors, through statistical signal detection 

methods. A 2022 cohort study further examined the 

incidence of acute pancreatitis and pancreatic cancer 

among individuals with T2DM, reporting a potential link 

between DPP-4 inhibitor use and increased risk of acute 

pancreatitis.59 Large randomized controlled trials have 

confirmed the cardiovascular safety of DPP-4 inhibitors by 

ruling out excess risk of major adverse cardiovascular 

events (MACE), although none have demonstrated 

definitive cardiovascular benefit. Nevertheless, the U.S 

FDA has issued warnings regarding possible heart failure 

risk, particularly in patients with underlying renal or 

cardiovascular disease.60 Dose adjustments are 

recommended for certain agents based on glomerular 

filtration rate (GFR), but DPP-4 inhibitors are not 

contraindicated in patients with chronic kidney disease 

(CKD) and T2DM. Current guidelines support their use as 

second-line therapy in individuals who fail to achieve 

adequate glycemic control with metformin or other 

antihyperglycemic agents.61 Sitagliptin was the first DPP-4 

inhibitor approved by the U.S. FDA in 2006, followed by 

saxagliptin (2009), linagliptin (2011), and alogliptin 

(2013). Internationally, vildagliptin (Europe) and 

anagliptin (Japan) have also been approved. Analysis of 

U.S. national health survey data (NHANES) revealed that 

approximately one-fifth of over 6000 surveyed non-

pregnant adults with diabetes reported using DPP-4 

inhibitors.62,63 Leading cardiology and diabetes guidelines, 

including those from the ACC, AHA, HF SA, ESC, and 

ADA, generally support the use of sitagliptin and 

linagliptin in patients with T2DM and heart failure, as 

these agents do not significantly affect rates of heart 

failure hospitalization or MACE. In contrast, saxagliptin 

has been associated with an increased risk of heart failure 

hospitalization. It is therefore not recommended for 

patients with T2DM who have existing heart failure or are 

at elevated risk. Importantly, the AHA/ ACCF/HFSA 

consensus statement advises against the use of any DPP-4 

inhibitors in patients with stage B heart failure, reflecting a 

more cautious stance in this subgroup Table 2.64 

Table 2: Regulatory approvals & global indications. 

  FDA EMA PMDA 

(Japan) 

Indications Notes References 

Sitagliptin 2006 Yes Yes T2DM 

therapy 

HF-safe; widely used 

globally 

65, 66,67 

Saxagliptin 2009 Yes Yes T2DM FDA HF caution; label 

updated 2024 

65, 68, 69 

Linagliptin 2011 Yes Yes T2DM No renal dose adjustment 65, 70, 71 

Alogliptin 2013 Yes Yes T2DM Caution post-ACS; renal 

dose adjustment 

68, 70, 72 
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Vildagliptin - Yes Yes T2DM Not FDA-approved 66, 72, 73 

Anagliptin - - Yes T2DM Additional LDL-lowering 

benefits 

73, 74 

Teneligliptin - - Yes T2DM High DPP-4 selectivity 73, 74 

FDA, Food and Drug Administration; EMA, European 

Medicines Agency; PMDA, Pharmaceuticals and Medical 

Devices Agency; T2DM, Type 2 Diabetes Mellitus; HF, 

Heart Failure; ACS, Acute Coronary Syndrome; LDL, 

Low-Density Lipoprotein; DPP-4, Dipeptidyl Peptidase-4. 

5. ROLE IN MONOTHERAPY AND COMBINATION 

THERAPY FOR TYPE 2 DIABETES. 

DPP-4 inhibitors are infrequently prescribed as 

monotherapy, whereas metformin remains the first-line 

treatment. However, combining metformin with a DPP-4 

inhibitor enables targeting of all major pathogenic 

mechanisms of T2DM.75 In another study, adding 

sitagliptin to insulin therapy in individuals with 

inadequately managed T2DM resulted in a marked decline 

in HbA1c levels relative to simply increasing the insulin 

dose.76 The combination of anti-diabetic agents with 

complementary agents such as SGLT2 inhibitors and DPP-

4 inhibitors is a promising approach for managing T2DM. 

DPP-4 inhibitors provide effective blood glucose control 

with minimal risk of hypoglycemia; however, potential 

concerns include infection, hypersensitivity, pancreatitis, 

and cardiovascular effects. Combination therapies such as 

Empagliflozin+Linagliptin and Dapigliflozin+Saxagliptin 

generally have a favorable safety profile, with risks that 

are generally consistent with those of the individual 

drugs.77 Metabolic studies have shown that SGLT2 

inhibitors lower plasma glucose through an insulin-

independent mechanism, which improves peripheral 

insulin sensitivity and beta cell function, even with 

increased endogenous glucose production. No heart failure 

cases were reported in trials using empagliflozin-

linagliptin as a combination or add-on to metformin. 

Although a two-pill combination is available, these agents 

have not undergone dedicated trials as fixed-dose 

combinations, as they are considered bioequivalent to their 

individual forms.78 Although DPP-4 inhibitors have not 

previously been shown to affect adipose tissue insulin 

resistance assessed by adipo-IR, alogliptin, unlike 

sitagliptin or teneligliptin, can reduce adipo-IR and certain 

atherogenic lipids.50 

6. LONG-TERM CLINICAL SAFETY AND 

EFFICACY OF DPP-4 INHIBITORS. 

DPP-4 inhibitors are generally well tolerated, especially in 

patients with renal impairment, and do not substantially 

increase hypoglycemia risk compared with several other 

glucose-lowering medications.79 Their favorable 

tolerability and weight-neutral profile make them a 

valuable therapeutic choice for treating T2DM in 

individuals with kidney dysfunction. However, limited 

evidence suggests a possible association with elevated 

heart failure risk.80 

6.1 Cardiovascular Safety and Major Cardiovascular 

Outcome Trials (CVOTs) 

One-third of individuals with diabetes are affected by 

CVD; cardiovascular safety has been a major focus of 

DPP-4 inhibitor evaluation.81 Over the past decade, 

extensive cardiovascular outcome trials (CVOTs) in 

patients with T2DM and elevated cardiovascular risk of 

established heart disease have demonstrated that DPP-4 

inhibitors do not increase ischemic cardiovascular risk.82 

Co-morbid hypertension and dyslipidemia are key 

contributors to atherosclerotic cardiovascular disease 

(ASCVD), and diabetes independently increases ASCVD 

risk. Individuals with diabetes may develop heart failure 

with preserved or reduced ejection fraction, with 

hypertension frequently preceding both.83 In SAVOR-

TIMI 53 (saxagliptin), 16492 patients enrolled with 

T2DM, 78.6% with ASCVD, and 12.8% with NYHA class 

II-III heart failure, median follow-up 2.1 years.84 

Saxagliptin met the non-inferiority criterion for three-point 

major adverse cardiovascular events (3-point MACE) (HR 

1.00; 95% CI, 0.89-1.12); however, it was associated with 

a 27% increase in hospitalization for heart failure.85,86 This 

prompted FDA safety warnings, as saxagliptin also 

increased the progression to macroalbuminuria compared 

with placebo, although it had no meaningful effect on 

composite renal outcomes.87,88 EXAMINE (alogliptin) 

confirmed cardiovascular safety without increased MACE 

risk in high-risk T2DM patients with acute coronary 

syndrome.89 Biomarker analyses identified 43 markers 

associated with heart failure hospitalization, and rare 

bullous pemphigoid events were reported in elderly 

populations.90,91 Alogliptin also reduced glycemic 

variability and improved time in the target glucose range 

(80-140 mg/dl) from 10% to 47%.92 Other CVOTs 

(TECOS, sitagliptin; CARMELINA, linagliptin) 

confirmed cardiovascular safety without increased 

ischemic risk.68 Table 3. 
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Table 3: DPP-4 inhibitors demonstrate moderate glycemic efficacy consistent with findings from CVOTs and real-world 

cohorts. 

 

SAVOR-TIMI 53, Saxagliptin Assessment of Vascular 

Outcomes Recorded in Patients with Diabetes -

Thrombolysis in Myocardial Infarction 53; EXAMINE, 

Examination of Cardiovascular Outcomes with Alogliptin 

versus Standard of Care; TECOS, Trial Evaluating 

Cardiovascular Outcomes with Sitagliptin; CARMELINA, 

Cardiovascular and Renal Microvascular Outcome Study 

with Linagliptin; VIVIDD, Vildagliptin in Ventricular 

Dysfunction Diabetes; MACE, Major Adverse 

Cardiovascular Events; HF, Heart Failure; CV, 

Cardiovascular; LV, Left Ventricular; ACS, Acute 

Coronary Syndrome. 

6.2 Heart Failure Risk 

The principal safety divergence within the DPP-4 inhibitor 

class relates to heart failure (HF) outcomes. In the 

SAVOR-TIMI trial, saxagliptin was associated with a 27% 

relative increase in HF hospitalization, leading to formal 

warnings from both the FDA and EMA. By contrast, 

sitagliptin and linagliptin did not demonstrate elevated HF 

risk, while EXAMINE reported a numerical but 

statistically nonsignificant increase with alogliptin.100 

Several mechanisms have been proposed to explain this 

signal, including alterations in natriuretic peptide 

metabolism, off-target inhibition of DPP-8/9 isoenzymes, 

enhanced susceptibility to fluid retention in high-risk 

patients, and immune-mediated myocardial 

inflammation.54 Real-world cohorts corroborate these 

findings, consistently showing higher HF rates among 

older adults, patients with pre-existing HFpEF or HFrEF, 

advanced chronic kidney disease, or elevated baseline 

natriuretic peptides.101 In light of these observations, 

saxagliptin should be avoided in patients with a history of 

heart failure, in accordance with professional society 

guidelines. 

6.3 Renal Safety 

Diabetic kidney disease (DKD) affects~30% of individuals 

with diabetes, and optimal glycemic control is crucial to 

slow kidney function decline.102 DPP-4 inhibitor reduces 

tubular and glomerular proteinuria and lowers biomarkers 

linked to tubular injury in DKD.103 In SAVOR-TIMI 53, 

saxagliptin reduced urinary albumin-to-creatinine ratio but 

did not affect overall renal function.104 Meta-analyses 

consistently show reduced risk of new-onset or worsening 

albuminuria, but no significant effect on GFR decline or 

progression to ESRD.105 FAERS data have been used to 

assess drug safety in diabetes, incorporating large volumes 

of adverse event reports.106 Intensive glycemic control 

reduces albuminuria risk, and long-term follow-up 

indicates it may help prevent declines in estimated GFR 

and kidney failure.107 

6.4 Malignancy and Cancer Risk 

DPP-4 (CD26) contributes to tumor-immune 

interactions, raising concerns about potential pro- or 

anti-tumor effects. Preclinical findings remain mixed; 

however, large CVOTs and pooled datasets have not 

demonstrated an increased overall cancer incidence or 

elevated risk of pancreatic or colorectal 

malignancies.108 Some observational cohorts reported 

small early increases in colorectal cancer incidence, but 

these signals are inconsistent and likely attributable to 

confounding, surveillance bias, or short-term detection 

effects.109 Experimental evidence suggests that DPP-4 

may influence tumor biology in a context-dependent 

manner; however, large cardiovascular outcome trials and 

pooled analyses have not demonstrated an increased 

overall cancer risk.110 Studies report increased colorectal 

cancer risk in patients under 65 and in recent initiators of 

therapy, particularly within the first year.111 Other studies 

suggest potential anti-tumor effects via immune 

augmentation and off-target effects such as Nrf2-driven 

antioxidant activation.112 At present, no causal 

association between DPP-4 inhibitor therapy and 

malignancy has been established, though continued 

pharmacovigilance remains warranted to monitor rare 

or long-latency outcomes. 

6.5 Risk of Infections and Immune Modulation 

Urinary tract infections in diabetes can lead to severe 

complications, including emphysematous pyelonephritis, 

cystitis, renal papillary necrosis, and opportunistic fungal 

infections.113 Mortality trends in T2DM have improved 

due to better risk factor control and therapies.114 Poor 

glycemic control and autonomic neuropathy-related 

incomplete bladder emptying are key causes of 

infections.115 Diabetic foot disease imposes a substantial 

health and economic burden, and Helicobacter pylori 

infection contributes to impaired glycemic control.116-117 

DPP-4/CD26 modulates immune function and acts on 

cytokines and chemokines.118 DPP-4 inhibitors may 
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weaken defense against respiratory infections, sepsis, and 

other serious infections.119 A meta-analysis found no 

increased pneumonia risk, though rare infections such as 

endocarditis have been reported.120-121 Sitagliptin has been 

associated with interstitial lung disease, and saxagliptin 

with higher rates of upper respiratory tract infections.122-123 

6.6 Arthralgia 

Post-marketing surveillance and updated safety reviews 

between 2022 and 2025 have reinforced concerns that 

DPP-4 inhibitors may cause severe, disabling arthralgia in 

a subset of patients. Health Canada’s 2022 safety review 

highlighted persistent joint pain linked to sitagliptin, 

saxagliptin, linagliptin, and alogliptin, noting that 

symptoms often resolve upon discontinuation and recur 

with re-challenge.124 Similarly, recent pharmacovigilance 

analyses and clinical updates emphasize that arthralgia can 

occur days to years after therapy initiation, sometimes 

requiring hospitalization.125 While the overall incidence is 

low, the severity of reported cases has led to strengthened 

warnings in prescribing information and continued 

regulatory oversight. Clinicians are advised to consider 

DPP-4 inhibitors as a potential cause of unexplained joint 

pain and to discontinue therapy if symptoms are severe or 

persistent.126 

6.7 Clinical Efficacy of DPP-4 Inhibitors 

DPP-4 inhibitors exhibit moderate glycemic efficacy, 

typically reducing HbA1c by 0.5% with monotherapy and 

by up to 1.0% with combination therapy.92,127 Their low 

hypoglycemia risk, oral administration, and favorable 

tolerability make them particularly suitable for older adults 

and patients with advanced CKD.91 As an add-on therapy, 

alogliptin reduced average blood glucose and decreased 

glycemic variability, with time in target glucose range 

improving from 10% to 47%.128 

6.8 Hypoglycemia and Weight Management 

Hypoglycemia is a major concern in the management of 

T2DM and is often associated with insulin or oral 

hypoglycemic agents, inadequate carbohydrate intake, 

missed meals, increased physical activity, and lifestyle 

factors.129 DPP-4 inhibitors reduce glycemic variability by 

promoting glucose-dependent insulin secretion, improve 

glycemic control without contributing to weight gain or 

hypoglycemia, and support safer long-term care.130,131 

When combined with insulin, agents such as alogliptin, 

linagliptin, saxagliptin, sitagliptin, and vildagliptin 

effectively lower HbA1c while minimizing weight gain 

and reducing hypoglycemia risk.92 

6.9 Trial-Integrated Efficacy and Safety Perspective 

Large trials (SAVOR-TIMI 53, EXAMINE, TECOS, 

CARMELINA) primarily evaluated cardiovascular safety 

and efficacy. Collectively, they affirmed a favorable safety 

profile regarding cardiovascular outcomes, hypoglycemia, 

pancreatitis, and pancreatic cancer.132 Signals of increased 

heart failure hospitalization were noted with saxagliptin 

and, to a lesser extent, alogliptin, warranting caution in 

higher-risk populations. Extended follow-up in lower-risk 

cohorts is needed to clarify class-level safety 

considerations.133 

7. RANDOMIZED CONTROLLED TRIALS VERSUS 

REAL-WORLD EVIDENCE 

Evidence concerning the long-term safety of DPP-4 

inhibitors is derived from both RCTs and Real-world data 

(RWD), which encompass observational cohorts, 

electronic health records, insurance claims analyses, and 

post marketing pharmacovigilance system.134 Randomized 

controlled trials (RCTs) form the cornerstone of regulatory 

drug approval because of their high internal validity and 

robust causal inference the best internal validity, and the 

selection of regulatory bodies. RWD, on the other hand, 

provides a preview of safety outcomes in a broader, more 

clinically representative population. Although these two 

sources of evidence generally support the cardiovascular 

and renal neutrality of DPP-4 inhibitors, there are 

significant discrepancies between the results of these two 

complementary strategies.135 Large CVOTs such as 

SAVOR-TIMI 53 (saxagliptin), EXAMINE (alogliptin), 

TECOS (sitagliptin), and CARMELINA (linagliptin) are 

not inferior to placebo in terms of MACE.136 These 

experiments utilize harsh eligibility, restrictive follow-ups, 

typical control programs, and the chances of high 

adherence, and these come to assist us in making correct 

causal inferences. However, the study's methodological 

limitations also suggest that the results will not be readily 

generalizable. RCT subjects are younger, healthier, and 

less comorbid compared to our patients in a usual practice, 

and older patients, those on several medications, patients 

with advanced CKD, or severe CKD become under-

represented.137 Consequently, RCTs often underestimate 

event rates, particularly hypoglycemia, heart failure 

exacerbation, and renal decline relative to real- world 

settings. In contrast, RWD encompasses more 

heterogeneous populations, including those with frailty, 

multimorbidity, prior heart failure, or significant renal 

impairment. These cohorts demonstrate lower adherence, 

more frequent therapy switching, and diverse background 

treatments, all of which influence safety outcomes.138 As a 

result, RWD consistently reports a higher absolute rate of 

hypoglycemia and stronger heart-failure signals with 

certain agents, most notably saxagliptin, compared with 

RCT findings.139 Real-world registries further indicate that 

DPP-4 inhibitors are frequently prescribed to patients with 

CKD or those unable to tolerate alternative therapies, 

thereby enriching populations at elevated risk of renal and 

cardiovascular risk events. Despite this difference, RWD 

corroborates the cardiovascular neutrality of sitagliptin, 

linagliptin, and alogliptin observed in RCTs. A distinctive 

advantage of RWD is its capacity to identify rare adverse 
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events that are underpowered for detection in RCTs, 

including bullous pemphigoid, pancreatitis, and selected 

infections such as cellulitis and herpes zoster.140 

Nevertheless, interpretation of these findings remains 

complex due to confounding by indication and 

unmeasured comorbidities. A cautious appraisal and 

methodological rigor in incorporating RWD demonstrate 

that each evidence source contributes complementary 

perspectives on the safety of DPP-4 inhibitors. RCTs 

provide high-certainty estimates of class-wide neutrality in 

cardiovascular and renal outcomes. In contrast, RWD 

reveals how specific risks, particularly heart failure 

exacerbations, may emerge in routine practice among 

more vulnerable patients.141 This two-evidence model can 

be applied to tailor prescribing and guide my clinical 

practice specifically to patients at high risk (advanced 

cardiovascular disease or chronic kidney disease) in whom 

patient safety is the primary consideration. 

7.1 Post-marketing surveillance/safety monitoring 

DPP-4 inhibitors have been a significant breakthrough in 

the management of T2DM, supported by a decade of 

clinical experience and evidence from rigorous research 

and post-marketing surveillance. They regulate insulin 

secretion in a glucose-dependent manner via a stimulatory 

mechanism that promotes a progressive and prolonged 

decrease in HbA1c levels. Although these have these 

advantages, their use in Italy remains limited due to 

prescribing restrictions imposed by AIFA. The existing 

reimbursement policies require prescriptions from only 

diabetes specialists and deny treatment to patients with 

HbA1c levels below 7.5, regardless of the suboptimal risk-

benefit profiles of alternative therapies. Additionally, 

individuals with HbA1C levels above 8.5-9.0% are also 

barred, and this further limit access to this useful category 

of agents.142 Nevertheless, no pharmacovigilance study has 

so far researched the US. Data specifically in the FDA 

FAERS, a database of reports of post-marketing drugs 

reported by healthcare providers, consumers, and 

manufacturers. In addition, their selection was not limited 

by a prior pharmacovigilance analysis to reports on 

diabetic patients (Table 4). 

Table 4: Comparison of Randomized Controlled Trials Versus Real-World Evidence. 

Parameters RCTs RWD Interpretation References 

Population Selected, 

controlled 

Heterogeneous RWD reflects real-world 

practice 

143 

HbA1c 

Reduction 

0.5-0.9% 0.4-0.8% Lower in RWD due to 

adherence variability 

144, 54 

Hypoglycemia Low Higher Polypharmacy effect 144, 145 

Heart Failure 

(HF) 

Neutral (except 

saxagliptin) 

Higher in 

CKD/elderly 

Matches post-marketing 

surveillance 

58, 50 

Renal Outcomes Albuminuria ↓ Slower CKD 

progression 

Better long-term signal 146, 55 

Pancreatitis Rare Slightly ↑ 

reports 

Likely reporting bias 144, 147 

Adherence ~90% 50–65% Major outcome driver 147 

RCTs, Randomized Controlled Trials; RWD, Real-World 

Data; HbA1c, Hemoglobin A1c (Glycated Hemoglobin); 

HF, Heart Failure; CKD, Chronic Kidney Disease. 

8. FACTORS INFLUENCING LONG-TERM 

SAFETY OF DPP-4 INHIBITORS. 

8.1 Patient Demographics and Comorbidities 

It has been found that the emergence of complications that 

emanate from diabetes is capable of weakening lower-

extremity muscles, hence negatively impacting daily 

functional capacity. A cohort study (n=977 older adults) on 

the effects of physical activity and sedentary behaviour on 

secondary conditions (hypertension, retinopathy, 

nephropathy, etc.) found that physical activity and 

sedentary behaviour were distinct risk factors. The 

complications also undermine mobility and endanger self-

reliance. A comorbid condition is a term that is used to 

denote other chronic illnesses that coexist with a major 

disease. Regarding the case of diabetes, they tend to 

worsen the clinical outcomes and lead to the deterioration 

of the overall state of health.148 

8.2 Lifestyle Factors 

Lifestyle and dietary habits, as well as regular medication 

use, are essential for determining long-term safety 

outcomes in type 2 diabetes mellitus (T2DM). The safety 

and therapeutic efficacy of DPP-4 enzyme inhibitors and 

other antidiabetic drugs may be improved considerably by 

promoting healthy eating habits and reinforcing adherence 

strategies.149 

8.3 Pharmacogenomics Factors: Patient 

Characteristics 

They have proved that specific patient factors, namely, 

advanced age, chronic kidney disease (CKD), and the 

presence of heart failure, are important risk factors in 

adverse events of a prolonged course of treatment with 

DPP-4 inhibitors. In turn, it is essential to tailor treatment 

plans to patients' specific attributes to ensure maximum 

safety. 150. Recent studies indicate that genetic variants 

play a major role in determining patients' responses to 

DPP-4 inhibitors, GLP-1 receptor agonists, and SGLT-2 

inhibitors. Importantly, polymorphs of GLP1R have been 

correlated with reduced decrease of HbA1c level with the 
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DPP-4 inhibitors, but improved weight loss with the GLP-

1 receptor agonists. Other genes with promising 

associations include TCF7L2 and KCNQ1, although these 

associations have not yet been validated.151 DPP-4 

inhibitors may affect the response of the DPP-4 enzyme in 

a genetic variation, depending on the activity of the DPP-4 

gene. Interestingly, in a small study, participants with the 

TT genotype at rs2909451 showed increased short-term 

DPP-4 activity despite receiving the DPP-4 inhibitor 

sitagliptin.152 

8.4 Drug Interaction. 

New studies show that proton pump inhibitors (PPIs) may 

have an impact on the activity of DPP-4 inhibitors, which 

may impair glycemic control and lead to hypoglycemia. 

Esomeprazole seems to be the least likely to undergo such 

interactions when used in combination with DPP-4 

inhibitors, which is the reason why it is the least likely 

PPI. It can also provide relief against gastrointestinal side 

effects that are usually common with such diabetes 

drugs.153 

8.5 Clinical Implications. 

DPP-4 inhibitors are effective, weight-neutral, and well-

tolerated for type 2 diabetes mellitus (T2DM), making 

them particularly appropriate for older adults and those 

with renal impairment. Their glucose-dependent action 

makes them highly effective in preventing hypoglycemia, 

particularly when used with metformin or insulin. 

Although CVOTs confirm their cardiovascular safety 

profiles, patients with heart failure should be used with 

caution, particularly for saxagliptin. Long-term data 

support their safety; nevertheless, it is prudent to monitor 

for rare adverse events, such as infections and bullous 

pemphigoid. Such agents provide modest benefits in 

kidney operations, and new pharmacogenetic discoveries 

can further improve treatment outcomes. Post-marketing 

surveillance and real-world experience complement 

randomized controlled trials (RCTs) and provide context 

for subtle clinical decision-making. 

9. DISCUSSIONS 

The cumulative evidence from mechanistic studies, RCTs, 

and RWD indicates that DPP-4 inhibitors are generally 

safe and well-tolerated in the long-term management of 

T2DM.154 One of the main reasons for combining findings 

from multiple evidence sources rather than relying on a 

single dataset is the variability across agents and patient 

subgroups.155 This principle is exemplified by the heart-

failure signal with saxagliptin, despite the cardiovascular 

neutrality of CVOTs at the level of the classes; saxagliptin 

was the only drug that increased cardiovascular 

hospitalization. RWD has put this risk in context, and the 

likelihood is greater in older adults, patients with prior 

heart failure, and those with advanced CKD.156 

Mechanistic explanations implicate DPP-4 substrates such 

as stromal cell-derived factor-1, neuropeptide Y, and 

substance P, which influence myocardial remodeling and 

inflammation, as well as potential off-target inhibition of 

DPP-8/9.129, 157 Beyond heart failure, discrepancies 

between RCTs and RWD extend to infections and cancer. 

RCTs report low infection rates, whereas RWD 

occasionally shows higher frequencies of mild respiratory 

or urinary infection linked to frailty and comorbidities.158 

Early signals of colorectal cancer risk were not confirmed/ 

in large trials.159 Renal outcomes consistently demonstrate 

reductions in influence efficacy and adverse events, 

though evidence remains preliminary.160 Overall, DPP-4 

inhibitors are safe for most patients, with saxagliptin 

requiring caution in those with cardiovascular 

vulnerability. Continued surveillance and genomic 

research will refine personalized use.161 

10. CHALLENGES, DATA GAPS, AND FUTURE 

DIRECTIONS 

Evidence gaps remain evident in both clinical trials and 

real-world evaluations of glucose-lowering therapies. 

Clinical trials are frequently limited by short follow-up 

periods, exclusion of high-risk populations, and 

inadequate representation of diverse populations. In 

contrast, practical research tends to have missing evidence 

on long-term medication adherence and under-reporting of 

ADRs, which the passive surveillance mechanism can 

partially explain. Two methodological issues can be 

singled out in particular: (i) assessment windows that do 

not allow the entire treatment persistence curve to be 

observed, and (ii) long follow-up, which, although needed 

to assess long-term outcomes, is subject to the bias of 

attrition and decreased statistical strength.162 DPP-4 

inhibitors, including sitagliptin, have been studied in 

patients with T2DM who are using metformin for an 

average of 5 years. One significant weakness found is 

under-reporting of ADRs in pharmacovigilance databases, 

thus in favor of increased post-marketing surveillance as 

an improvement in drug safety surveillance, especially the 

rare ADRs and the outcomes in the underrepresented 

population. The integration of pharmacovigilance and 

electronic health records would enhance more powerful 

ADR detection and tracking.163,164 

Future research should focus on comparative effectiveness 

across drug classes, monitoring long-term safety across 

populations, and the adoption of pharmacogenomic 

measures to personalize therapy. Specific directions for the 

research include prospective and cross-sectional studies to 

compare the rate of heart failure hospitalization among 

specific DPP-4 inhibitors in patients with pre-existing 

HFpEF. 

• ADR incidence in frail elderly groups and 

multimorbidity groups should be studied using long-

term observational methods. 

• Pharmacogenomic studies are to be used to identify 

clinically actionable variants (e.g., GLP1R, TCF7L2, 

DPP-4) that are predictive of efficacy or adverse 

outcome. 

• Incidental occurrences such as bullous pemphigoid, 
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pancreatitis, and infections must be appropriately 

recorded in the post-marketing registries, and stratified 

by the level of comorbidity. 

• Anti-inflammatory and anti-fibrotic effects of DPP-4 

inhibitors and their interaction with the novel agents, 

including GLP-1/GIP dual agonists, are to be studied 

mechanistically. 

The clinical relevance, personalization of prescribing, and 

therapeutic use of DPP-4 inhibitors beyond glycemic 

regulation will be enhanced by expanding the range of 

real-world evidence and incorporating pharmacogenomic 

information. 

11. CONCLUSIONS 

DPP-4 inhibitors continue to play a meaningful role in the 

management of T2DM owing to their favorable 

tolerability, weight neutrality, and low risk of 

hypoglycemia. Large cardiovascular outcome trials and 

real-world studies consistently support class-wide 

cardiovascular neutrality while highlighting an agent-

specific heart-failure risk with saxagliptin that necessitates 

individualized prescribing decisions. Class-wide 

cardiovascular neutrality is supported by large CVOTs, 

and real-world studies further broaden applicability by 

showing that the effect remains consistent in older, 

multimorbid, and renal-impaired populations. The risk of 

heart failure observed to be increased when using 

saxagliptin is agent-specific and not class-wide. Hence, 

there is a need to treat patients with known cardiac 

dysfunction individually. The renal outcomes are 

encouraging, with a reduction in albuminuria and no 

significant increase in long-term decline in eGFR. 

Concerns regarding infection, pancreatitis, and malignancy 

have not been demonstrated in controlled studies, but 

ongoing monitoring is critical. With the further 

development of diabetes treatment toward precision 

medicine, the issues of genetic variation, comorbidity 

burden, and concomitant therapy will become increasingly 

important for enhancing safety. Future studies should aim 

to elucidate the mechanistic foundations of agent-specific 

risk, conduct extended assessments in at-risk groups, and 

integrate pharmacogenomic technologies to optimize 

personalized therapy. DPP-4 inhibitors within the shifting 

treatment paradigm are a safe, well-tolerated, and 

clinically viable alternative when used prudently. 
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