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a b s t r a c t

Diabetes and related metabolic diseases have a high prevalence with increasing incidence and create a 
significant socioeconomic burden by their contribution to global mortality and disability-adjusted life 
years. According to data from the Global Burden of Disease Study, high fasting plasma glucose and high 
total cholesterol rank third and fourth in the list of global health risk factors, just behind high blood 
pressure and smoking. Diabetes adversely affects endothelial and cardiac function, thereby contributing 
significantly to the development and progression of cardiovascular diseases, which represents the 
leading health risk factors and causes of death worldwide. Oxidative stress and inflammation play a key 
role in the pathophysiology underlying diabetes mellitus and the associated cardiometabolic compli-
cations, such as metabolic dysfunction-associated fatty liver disease, hypertension, atherosclerosis, 
myocardial ischemia/reperfusion, and heart failure. Here, we highlight the beneficial effects of the 
modern antidiabetic drug classes of dipeptidyl peptidase 4 inhibitors, glucagon-like peptide 1 receptor 
agonists, and sodium-glucose cotransporter 2 inhibitors on overall and cardiovascular mortality of 
diabetic individuals, with particular emphasis on their effects on oxidative stress, inflammation, and 
endothelial dysfunction. We discuss the mechanisms of action and pleiotropic beneficial effects and 
compare them with standard diabetic and cardiovascular therapy.

Significance Statement: Modern antidiabetic drugs confer organ protection that goes beyond simple 
glucose-lowering. SGLT2 inhibitors and incretin-based drugs possess direct reno-, vasculo-, and car-
dioprotective effects that are based on potent antioxidant and anti-inflammatory properties. Other 
pleiotropic effects comprise improved lipid handling and weight loss, prevention of thrombosis and 
ischemic heart damage, and beneficial regulation of nitric oxide signaling and epigenetic and micro-
biotic pathways.

© 2025 The Author(s). Published by Elsevier Inc. on behalf of American Society for Pharmacology and 
Experimental Therapeutics. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

I. Introduction

A. Historical background

The term diabetes mellitus (DM) has Greek and Latin roots and 
means “honey-sweet flow-through,” which is related to the higher 
glucose concentration in the urine of diabetic individuals. Medical 
scribes of the ancient world had diagnosed DM by the sweet taste 
of the urine of diabetic individuals (the earliest written description 
on the Ebers Papyrus dates back to around 552 BC). 1 The first 
detailed description of DM was documented by Thomas Willis in 
1675. Before the first medications, individuals with diabetes had a 
short life expectancy, and the only way to minimize diabetic 
complications was adherence to a low-carbohydrate diet. The 
disease is characterized by abnormal glucose uptake into cells and 
altered metabolism due to the lack of insulin or reduced insulin 
signaling, leading to impaired energy metabolism and high levels 
of toxic metabolites such as ketones and aldehydes. 2 Diabetes 
mellitus can be separated into 2 major forms. Type 1 DM (T1DM) is 
characterized by the complete loss of insulin production, mostly 
due to autoimmune-dependent elimination of the islet cells; sur-
gical removal of the pancreas in cases of pancreatic cancer can also 
lead to insulin dependence. T1DM is easier to recognize in children 
or young adults 3 and was therefore previously called juvenile 
diabetes. In contrast, type 2 DM (T2DM) is characterized by 
impaired insulin production and/or receptor signaling and

magnified by the obesity epidemic and an unhealthy lifestyle, 
which disturbs insulin signaling via not only the production of 
unhealthy mediators from adipose tissue but also the exaggerated 
fueling of glucose-dependent pathways. Although T2DM was 
previously observed more frequently in the elderly, it is also now 

detected in children and young and middle-aged individuals due 
to overnutrition and a sedentary lifestyle. Diabetes mellitus is 
diagnosed by fasting blood glucose levels of ≥126 mg/dL (≥7.0 
mmol/L) or HbA1c values of >7.5% for moderate hyperglycemia 
(>9.0% for severe DM), which represents glycated hemoglobin 
concentrations and provides the glycemic status average of the last 
7—8 weeks (also shown in Table 1 according to the actual Amer-
ican Diabetes Association [ADA] guidelines). 4

B. Contribution of diabetes and metabolic syndrome to the Global 
Burden of Disease

The prevalence of DM worldwide was 422 million people in the 
year 2014, which means 8.5% of the adult population, and repre-
sents an almost 4-fold increase compared with the year 1980. 5 An 
up-to-date picture of the prevalence of diabetes is shown in Fig. 1. 6 

Within the last 20 years, the GBD and mortality has shifted from 

communicable childhood diseases toward noncommunicable 
diseases such as atherosclerotic and metabolic diseases including 
T2DM. 7,8 Diabetes mellitus is associated with 1.5 million global 
deaths per year as a direct consequence of glucotoxicity, whereas
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approximately 2.2 million deaths are caused by indirect effects of 
hyperglycemia, for example, increased risk of cardiovascular (CV) 
events such as myocardial infarction (MI) or stroke. 5 Accordingly, 
cardiovascular disease (CVD) is common in diabetic individuals, 
illustrated by a meta-analysis reporting a hazard ratio (HR) of 3.42 
(95% confidence interval [CI], 2.23—5.23) for CV mortality in dia-
betic individuals. 9 Another study found that 1% higher HbA1c 
levels resulted in a higher HR for primary composite outcomes 
such as heart failure hospitalization, MI, CV death, hospitalization 
for worsening heart failure, and death from all causes, with a range 
of 1.22—1.25 for each outcome. 10 In general, comorbidities such as

obesity, diabetes, and metabolic syndrome can significantly 
impact clinical outcomes, for example, the development of 
ischemic heart disease and other CVDs. 11 A large-scale national 
study with more than 55 million participants found that 
hyperlipidemia and hypertension had the strongest associations 
with MI (odds ratio [OR], 8.39 and 3.11), followed by diabetes 
and metabolic dysfunction-associated fatty liver disease 
(MAFLD; OR, 1.89 and 1.5). 12 Other risk factors associated with 
MI included smoking, age above 65 years, and male sex (OR, 
2.83, 1.47, and 1.53). People with diabetes also exhibit subopti-
mal responses to some cardioprotective therapies. 13 These 
findings highlight the importance of understanding the associ-
ation between comorbidities and CVD risk in patients with 
established CVDs.

In the United States, the economic burden imposed by DM is 
enormous, as envisaged by almost 240 billion USD in national 
health care costs plus a loss of approximately 90 billion USD due 
to lower productivity, unemployment, and years of life lost in the 
year 2017. 14 These numbers are in agreement with the more 
recent Global Burden of Disease (GBD) data, indicating that the 
importance of diabetes and other metabolic risk factors increased 
over the last decades, which is also reflected by ranking DM (high 
fasting blood glucose) fifth among the global health risk factors 
for premature death in the year 2021 compared with the seventh 
position in 1990 (Fig. 2). 15,16 High fasting blood glucose was also 
ranked third among the global health risk factors for chronic 
diseases (reflected by disability-adjusted life years) in the year 
2019. Growing importance for the GBD was also reported for 
other metabolic risk factors such as hyperlipidemia (high total 
cholesterol) and obesity (high body mass index) that are now 

ranked seventh and fourth, respectively, mainly reflecting the 
impact of Western lifestyle (eg, unhealthy diet, physical inac-
tivity, and probably environmental triggers).

Fig. 1. Prevalence of diabetes. Number of people with diabetes worldwide and per IDF Region in 2021—2045 (20—79 years). Adapted from the IDF Diabetes Atlas 6 with permission, 
licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Table 1
Criteria for the diagnosis of diabetes in nonpregnant individuals
Reproduced from American Diabetes Association Professional Practice Committee 4 

with permission.

A1C ≥6.5% (≥48 mmol/mol). The test should be performed in a laboratory using 
a method that is NGSP certified and standardized to the DCCT assay. a

OR
FPG ≥126 mg/dL (≥7.0 mmol/L). Fasting is defined as no caloric intake for at 

least 8 h. a

OR
2-h PG ≥200 mg/dL (≥11.1 mmol/L) during OGTT. The test should be performed 

as described by the WHO, using a glucose load containing the equivalent of 
75 g anhydrous glucose dissolved in water. a

OR
In an individual with classic symptoms of hyperglycemia or hyperglycemic 

crisis, a random plasma glucose ≥200 mg/dL (≥11.1 mmol/L). Random is any 
time of the day without regard to time since previous meal.

2-h PG, 2-hour plasma glucose; DCCT, Diabetes Control and Complications Trial; 
FPG, fasting plasma glucose; NGSP, National Glycohemoglobin Standardization 
Program; OGTT, oral glucose tolerance test; WHO, World Health Organization.

a In the absence of unequivocal hyperglycemia, diagnosis requires 2 abnormal 
test results obtained at the same time (eg, A1C and FPG) or at 2 different time 
points.
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C. Standard glucose-lowering therapy and cardiovascular 
complications

Decreasing glucose levels reduces the risk of microvascular 
complications in patients with T2DM. A drop in glycated hemo-
globin (HbA1c) by 1% is linked to improved long-term outcomes. 17 

Intensive glucose-lowering therapy has been shown to improve 
macrovascular outcomes in T2DM patients. 18 The ADA and Euro-
pean Association for the Study of Diabetes recommend starting 
with weight reduction, exercise, dietary changes, and lifestyle

modifications before medical therapy. 19 Metformin is often used as 
an initial therapy for T2DM treatment due to its glycemic efficacy, 
absence of weight gain, and favorable cost.

A historic breakthrough in therapy for T1DM was the discovery of 
insulin in 1922, which led to the awarding of the Nobel Prize in 
Physiology or Medicine to Banting and Macleod in 1923. Significant 
support in their discovery of insulin came from the researchers Best 
and Collip. Shortly after, Eli Lilly and then Nordisk Insulin Laboratory 
started to isolate insulin from animal pancreas, purified and 
distributed it to diabetic patients. 1 Genentech expressed the first

Fig. 2. Global health risk factors for deaths and disability-adjusted life years (DALYs). The top 9 risk factors contributing to global deaths are shown for the year 1990 compared to 
2021. Red color, metabolic risks; blue color, behavioural risks; green color, environmental or occupational risks. Based on data on deaths of the Global Burden of Disease (GBD) 
Study. Order for the year 2021 was adapted from report in a previous work. 15 Data on DALYs for the year 1990 compared to 2019 from GBD study in Collaborators GBDRF 16 was 
reused with permission. This article is available under the terms of the Creative Commons Attribution License (CC BY).
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recombinant DNA of human insulin in Escherichia coli in 1978, and a 
commercialization agreement was signed with Lilly. In 1982, 
Humulin was introduced in the market, the first human recombinant 
insulin based on rDNA technology. 1 As for patients with T1DM, the 
first-line therapy is intensive insulin therapy. 19 Here, we focus our 
review on the therapy of T2DM. Glycemic control using medications 
(lowering the glycated hemoglobin [HbA1c] by only 1%) improves 
long-term outcomes in patients with T2DM, associated with a 
reduction of microvascular damage 17 and beneficial effects on mac-
rovascular function, 18 respectively. According to the guidelines of the 
ADA 2025 and the European Association for the Study of Diabetes 
2023, nonpharmacological treatment strategies (eg, weight reduc-
tion, exercise, dietary measures, and intensive lifestyle modification) 
represent the first-line therapy for newly diagnosed T2DM. If non-
pharmacological measures fail, therapy of T2DM starts with the 
biguanide metformin due to its glycemic efficacy, absence of weight 
gain and hypoglycemia, general tolerability, and favorable cost. 
Mouse data suggest that a large part of the beneficial actions of 
metformin is based on activation of the AMP-activated protein kinase 
(AMPK), 20 a central regulator of energy metabolism and antioxidant 
as well as anti-inflammatory defense. 21,22 Other glucose-lowering 
agents include sulfonylureas (eg, glibenclamide and modulators of 
potassium channels), meglitinides (glinides and modulators of K ATP - 
channels), and peroxisome proliferator-activated receptors agonists 
(glitazones), as well as the α-glucosidase inhibitors, saccharides that 
act as competitive inhibitors of enzymes that digest carbohydrates 
after meal uptake in the intestine. 23 A comparison of the efficacy of 
different therapies is presented in Fig. 3. 24—30

II. Cardiovascular pathophysiology of diabetes and metabolic 
syndrome

A. Major cardiovascular complications of diabetes and metabolic 
syndrome

Major consequences linking suboptimally controlled DM to 
increased rates of CVD include glucotoxicity (advanced glycation 
end product [AGE]/RAGE signaling), inflammation, and oxidative 
stress, all of which contribute to micro- and macro-vascular damage, 
accelerated atherosclerosis, triggering thrombotic events, end-organ 
damage, and dysfunction. 31—33 Importantly, these 3 pathophysio-
logical pathways are linked (crosstalk concept) and can amplify 
each other. 34—37 As a functional readout of vascular damage, 
endothelial function represents an established marker, as it reflects 
the sum of endothelium-derived vasoactive signaling molecules 
that control vascular tone, blood flow, immune cell activity, and 
adhesion, thereby regulating blood pressure and perfusion. Endo-
thelial dysfunction is an early diagnosable clinical marker of 
atherosclerosis 38,39 and a predictor of CV events or mortality in 
patients, 40,41 which can be determined in humans by 3 methods 
(flow-mediated dilation, plethysmography in peripheral vessels, or 
peripheral arterial tonometry). 33 Diabetes mellitus is associated 
with endothelial dysfunction in humans. 42 A population-based 
study (n = 631 participants) revealed that T2DM is associated 
with both endothelial dysfunction and low-grade inflammation, 
which explained, to a large extent, the higher CV mortality risk of 
diabetic subjects. 43 Antioxidant interventions, such as supplemen-
tation with lipoic acid, vitamin C, or BH 4, improved endothelial 
dysfunction in diabetic subjects. 44,45 Major components and con-
cepts are summarized in Fig. 4. 36,46

B. Glucotoxicity

Hyperglycemia leads to glucotoxicity via fueling of toxic 
metabolization pathways (eg, sorbitol formation) 47,48 and the

formation of AGE as well as the activation of their respective re-
ceptors (RAGE), 49,50 all of which were prevented by the normali-
zation of mitochondrial superoxide formation in hyperglycemic-
cultured endothelial cells. 51 Hyperglycemia leads to protein 
modifications, resulting in AGEs 52 and contributing to endothelial 
dysfunction in preclinical studies. 53 Signaling of AGEs via their 
receptors (RAGE) in diabetic rats triggers vascular complications 
via NOX-derived oxidative stress, 54 mitochondrial reactive oxygen 
species (ROS) formation, 55 and inflammation with atherosclerosis 
in mice. 56 Macrophages from gp91phox null mice respond less 
efficiently to AGE stimulation. 54 The diabetic phenotype, charac-
terized by an increased expression of inflammatory cytokines and 
plasminogen activator inhibitor-1 (PAI-1), is likely influenced by 
enhanced protein kinase C activity, hexosamine metabolism, and 
sorbitol production through the polyol pathway. 57 Blockade of 
AGE/RAGE signaling is also discussed as a novel therapeutic target 
in diabetic patients to prevent CV and renal complications. 58,59 A 
meta-analysis found that higher soluble RAGE levels were asso-
ciated with increased risk for CV events in T1DM patients. 60

C. Oxidative stress, inflammation, and endothelial dysfunction

Oxidative stress is an accepted trigger of endothelial dysfunc-
tion in human subjects with prognostic implications 61 and an 
initiator of atherosclerosis, 62 although the oxidative loss of nitric 
oxide-mediated vasodilation can be also compensated by vaso-
dilatory actions of hydrogen peroxide formation due to the pres-
ence of multiple CV comorbidities in a swine model. 63 Large 
clinical trials support the role of oxidative stress in CV prognosis. 64 

There is also a well-documented role of oxidative stress in CV 
complications in diabetic individuals and animal models 65 and 
T2DM patients. 66,67 Oxidative stress in patients and animals with 
the comorbidities diabetes and hypertension also promotes sys-
temic inflammation. 68 Inflammation is an independent CV risk 
factor in CVD patients. 69,70 Specific targeting of inflammatory 
pathways (eg, interleukin-1ß blockade with canakinumab, and 
CANTOS trial) improved CV outcomes in patients with a history of
MI. 71 It is widely accepted that DM is associated with low-grade 
inflammation, facilitating endothelial (vascular) dysfunction and 
the development of atherosclerosis in human subjects. 72 A meta-
analysis of 23 trials comprising 1523 T2DM patients found 
decreased tumor necrosis factor-α and C-reactive protein (CRP) 
levels upon antioxidant therapy with omega-3 fatty acids. 73 

Mechanistically, the benefits of suppressing low-grade inflam-
mation are probably due to improved macro- and micro-vascular 
function, as extensively reviewed elsewhere. 35,74,75 Endothelial 
function is linked to the markers of oxidative stress, inflammation, 
obesity, and CV risk (eg, CRP, adiponectin, and brain natriuretic 
peptide). 33 Endothelial dysfunction is widely found in diabetic 
subjects and can be normalized by antioxidant treatments. 44,45 A 
population-based study found that T2DM is associated with both 
endothelial dysfunction and low-grade inflammation, explaining 
at least in part the approximately 43% of the increase in CV mor-
tality risk in the setting of diabetes. 43

D. Standard cardiovascular therapy against oxidative stress, 
inflammation, and endothelial dysfunction

Human evidence supports that CV drugs like angiotensin-
converting enzyme inhibitors, type 1 angiotensin II receptor an-
tagonists, and statins have indirect antioxidant properties, such as 
inhibiting NOX enzymes and preventing eNOS uncoupling. 76,77 

They increased the bioavailability of • NO by decreasing bradyki-
nin breakdown and activating the B2 receptor, as shown in porcine 
arteries. 78 They also prevent the activation of the phagocytic and
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vascular NOX2 enzyme, thus reducing cellular superoxide, 
hydrogen peroxide, and peroxynitrite levels in an experimental 
model of idiopathic-dilated cardiomyopathy 79 by interfering with 
AT1-receptor-mediated diacylglycerol formation and protein ki-
nase C activation. 80 These drugs also have anti-inflammatory ef-
fects by interfering with monocyte adhesion and improving 
adjuvant arthritis severity in rats. 81 Statins target the same path-
ophysiological parameters, reducing vascular inflammation and 
atherothrombosis in patients with CVD. 82—84 As shown in pre-
clinical models, they reduce the NADPH oxidase activity 85,86 and 
improve the vascular bioavailability of • NO. 87 Moreover, statins 
activate the antioxidant and anti-inflammatory transcription fac-
tor NRF2 in animal models 88,89 and mobilize endothelial progen-
itor cells in humans. 90 Statins can also interfere with cardiotoxicity 
induced by other CV drugs. 91

III. Targeting cardiovascular pathophysiology in type 2 
diabetes mellitus

A. Targeting of cardiovascular pathophysiology by glucagon-like 
peptide 1 receptor agonists and dipeptidyl peptidase 4 inhibitors

1. Dipeptidyl peptidase 4 inhibitors and glucagon-like peptide 1 
receptor agonists in atherosclerosis

Matsubara et al studied the effects of the DPP-4i sitagliptin on 
atherosclerosis in mice, 92 demonstrating the reduction of athero-
sclerotic lesions, improved endothelial function, and reduced 
infiltration of CD68 + cells into the vascular wall and expression 
levels of cytokines in ApoE − /− mice (Fig. 5). 92,93 Likewise, Shah 
et al found that alogliptin reduced chemotaxis and monocyte 
activation in LDLr − /− and ApoE − /− mice models of

Fig. 3. Different antidiabetic therapies reduce the HR for all-cause or cardiovascular mortality in T2DM patients. Of note, the control group was heterogeneous as most T2DM 

patients had basic antidiabetic therapy (some participants had no medication at all or sulfonylurea treatment). Data were taken from Han et al 24 for metformin versus no 
medication or sulfonylurea, from Wang et al 25 for metformin+dipeptidyl peptidase 4 inhibitors (DPP-4i) versus metformin+sulfonylurea, from Bain et al 26 for sulfonylurea versus 
other medications, from Cheng et al 27 for rosiglitazone versus no medication or other antidiabetics, from Zhang et al 28 for DPP-4i or glucagon-like peptide 1 analogs (GLP-1a) 
versus placebo (or other antidiabetics), from Liu et al 29 versus DPP-4i versus no DPP-4i and from Toyama et al 30 for SGLT2i versus no SGLT2i. RCT, randomized controlled trials. An 
in-depth overview of cardioprotective profile of GLP-1RA is shown in Table 2 and of SGLT2i in Figure 5.
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atherosclerosis. 94 The administration of GLP-1R-activating GLP-1 
peptide fragments for 12 weeks also showed antiatherosclerotic 
effects, reducing vascular inflammation and thus increasing pla-
que stability, 95 and improving endothelial function in ApoE − /− 

mice. 96 In ApoE − /− mice and LDLr − /− mice, liraglutide and semaglu-
tide treatment significantly attenuated plaque lesion development, 
in part independent of body weight and cholesterol-lowering. 97 

The beneficial effects of glucagon-like peptide 1-receptor ago-
nists (GLP-1RA) in reducing oxidative stress may be based in 
part on inhibition of NOX2 in inflammatory monocytes of hyper-
tensive mice, which trigger endothelial dysfunction. 98 Recent 
studies show reduced oxidative stress in human monocytes after 
exendin-4 incubation, increased antioxidant capacity, 99 and anti-
inflammatory effects due to the modulation of NF-B-activity via 
PKA- and cAMP-dependent signaling pathways at the preclinical 
level. 100 GLP-1RA supplementation and DPP-4 inhibition improve 
vascular function in animal models of atherosclerosis by reducing 
inflammation and oxidative stress. These effects are mediated by 
the GLP-1 receptor and DPP-4, respectively, expressed on endo-
thelial cells. Preclinical studies support that GLP-1RA treatment 
(exendin-4 and active GLP-1 peptide fragments) improves endo-
thelial • NO synthase function, reduces cell activation via PI3 
kinase/Akt-signaling pathway, 101 and activates cAMP/PKA-
signaling and cGMP signaling pathways, 102,103 both in a GLP-1R-
dependent and -independent manner. DPP-4 inhibitors like

alogliptin and linagliptin also show potent vasodilatory effects 
involving Akt, eNOS, and • NO formation in animal models. 104,105 

Additionally, GLP-1RA inhibit the expression of NOX subunits in 
human vascular endothelial cells. 106 The potent atherosclerotic 
effects of GLP-1RA therapy were extensively reviewed pre-
viously 93,106—108 and at the individual level of the endothelial, 
immune, and smooth muscle cells. 109,110

2. The antioxidant and anti-inflammatory profile of dipeptidyl 
peptidase 4 inhibitors and glucagon-like peptide 1 receptor agonists

Oeseburg et al found that DPP-4 inhibition protects against 
oxidative stress-induced DNA damage and cellular senescence in 
Zucker Diabetic Fatty rats, also by protein kinase A activation of 
antioxidant enzymes. 111 They suggest that elevated GLP-1 is 
responsible, as the effects can be blocked by exendin fragment 
9-39, a GLP-1 receptor antagonist. Other studies have also estab-
lished reduced oxidative stress under DPP-4 inhibitor therapy in 
animal models of various diseases such as diabetes, 112—114 cardiac 
I/R-injury, 115 MI, 116 abdominal aortic aneurysm, 117 Parkinson dis-
ease, 118 neurological disease, 119 and sepsis. 105,120 Sitagliptin pre-
vented the diabetes-induced imbalance between ROS production 
and antioxidant defense, thereby ameliorating diabetic retinop-
athy in db/db mice. 121 Human studies support the antioxidant 
effects of DPP-4 inhibition, for example, by reduced oxidative 
stress markers. 122,123 Importantly, animal data provide evidence

Fig. 4. Cardiovascular pathophysiology of diabetes. Extension of the crosstalk concept from ROS sources to pathways initiated by hyperglycemia and glucotoxicity (fructose and 
sorbitol overproduction) such as inflammation (typical diabetic markers in the blue elliptic box), AGE/RAGE signaling (typical AGE members: precursor methylglyoxal and protein 
adduct N ε -(carboxylethyl)-l-lysine), synthesis of vasoconstrictors and regulation of thrombosis, calcification and vascular function. Typical diabetic ROS and oxidative damage 
markers are shown in the red elliptic boxes. Green text boxes reflect the major therapeutic targets of current antidiabetic and cardiovascular therapies. NETs, neutrophil 
extracellular traps; NLRP3 inflammasome; HMGB1, high-mobility group box 1; VCAM-1, vascular cell adhesion molecule-1; IL, interleukin; TNF-α, tumor necrosis factor-α; CD68, 
cluster of differentiation 68 (macrosialin); 8-isoPG, 8-isoprostane; 8-oxoG, 8-oxoguanine; RAAS, renin-angiotensin-aldosterone system; SNS, sympathetic nervous system; ET-1, 
endothelin-1; mtROS, mitochondrial ROS; DAMPs, damage-associated molecular patterns; PGs, prostaglandins; ALDH-2, mitochondrial aldehyde dehydrogenase; 4-HNE, 4-
hydroxynonenal; MDA, malondialdehyde; ACE, angiotensin-converting enzyme; AT 1 -receptor, angiotensin II type 1 receptor. Redrawn from Daiber et al 36 and Steven et al 46 

under the terms and conditions of the Creative Commons Attribution license.
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for glucose-independent reduction of oxidative stress by DPP-4 
inhibition. DPP-4 binds to the adenosine deaminase enzyme, 
thereby regulating the enzyme’s activity and immunomodulatory 
functions in a GLP-1-independent manner, as shown in preclinical 
studies. 124,125 DPP-4 targets other proteins involved in inflamma-
tion regulation such as caveolin-1, CXCR4, CXCL12 (SDF-1), and 
fibronectin, 126 and immunomodulation is critical for the antioxi-
dant properties of DPP-4i. According to a meta-analysis DPP-4 
inhibition in humans increases the risk of infections like naso-
pharygitis and urinary tract infections, reflecting its immuno-
modulatory effects. 127 In addition, recent evidence indicates that

plasma levels of DPP-4 activity and soluble DPP-4 are dissociated 
from inflammation in mice and humans. 128

Differentiating between DPP-4 inhibition and GLP-1-receptor-
mediated effects is challenging due to the impact on various cell 
types and tissues. Most studies lack experiments with GLP-1 re-
ceptor inhibition, preventing differentiation between DPP-4 and 
GLP-1-dependent effects. Future research should focus on cell-
specific GLP-1 receptor knockout animals. At least 1 study 
showed that liraglutide treatment of mice with arterial hyper-
tension normalized blood pressure, cardiac hypertrophy, vascular 
fibrosis, endothelial dysfunction, oxidative stress, and vascular

Fig. 5. DPP-4 inhibition reduces atherosclerotic lesion formation and the number of macrophages within plaque in ApoE-deficient mice. (A) The relative surface area of the 
atherosclerotic lesion in vehicle-treated and sitaglitpin-treated ApoE-deficient mice. (B) Histological analyses of atherosclerotic lesion area (Oil Red O stain, upper panel) and the 
number of macrophages in plaque (anti-CD68 stain, lower panel) in aortic sinuses of vehicle-treated and des-fluoro-sitagliptin (DFS)—treated ApoE-deficient mice. Scale bars = 

500 μm. Reproduced from Matsubara et al 92 with permission. (C) Proposed antiatherosclerotic properties of GLP-1 analogs. Modified from Ussher and Drucker 93 with permission.
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inflammation in a GLP-1R-dependent manner. 129 Molecular proof 
was provided by using global GLP-1R knockout mice (Glp1r − /− ), 
as well as endothelial cell-specific (Glp1r flox/flox xCdh5 cre ) 
and myeloid cell-specific knockout mice (Glp1r flox/flox xLysM cre ), 
which blunted the protective effects of liraglutide, such as S-
glutathionylation as a marker of eNOS uncoupling and increased 
NO bioavailability.

In patients with T2D, reduced GLP-1 levels were associated 
with enhanced oxidative stress markers and a higher risk for CV 
events, 130 and GLP-1RA therapy ameliorated arterial stiffness, left 
ventricular myocardial deformation, and oxidative stress. 131 AMPK 
regulates oxidative stress in endothelial cells, 132 and activation via 
GLP-1 receptor signaling reduces NOX-dependent oxidative stress 
in cardiomyocytes by AMPK activation. 133 A summary of the 
beneficial actions of GLP-1RA to prevent oxidative stress and 
inflammation in smooth muscle and endothelial cells and 
improve vascular function in various inflammatory diseases is 
shown in (Fig. 6). 134 There, GLP-1R-mediated effects protect 
against smooth muscle cell proliferation, increase plaque stabil-
ity, suppress inflammation and oxidative stress, and improve 
nitric oxide bioavailability and endothelial function. 134 Liraglu-
tide reduced the markers of inflammation, leukocyte rolling on 
the endothelium, and infiltrating proinflammatory myeloid 
Ly6G − Ly6C + and Ly6G + Ly6C + cells into the vascular wall of hy-
pertensive mice. 129

Also antifibrotic effects of GLP-1RA may play a role, as shown in 
patients with metabolic dysfunction-associated steatohepatitis 
(MASH, previously termed “nonalcoholic” steatohepatitis) where 
liraglutide decreased the markers of fibrosis. 135 In a mouse model, 
GLP-1 prevented aortic banding-dependent myocardial fibrosis by 
the inhibition of mTOR pathway and improved autophagy. 136 

Suppression of paracrine communication between infiltrated 
macrophages and fibroblasts by exendin-4, preventing cardiac 
fibroblast differentiation in diabetic mice, represents another 
protective mechanism. 137

3. Gliptins and glucagon-like peptide 1 receptor agonists 
antithrombotic effects

GLP 1R stimulation has been linked to an inhibitory effect on 
platelets, with preclinical studies showing antiaggregation effects 
on murine and human platelets 138,139 and reduced clot formation in 
rodents. 140,141 However, the expression of GLP-1R on platelets is 
debated, with some studies confirming it on the mRNA level, 140 

whereas others do not. 139 Positive GLP-1R protein expression was 
observed in both species, 138,141 but the specificity of various GLP-1R 
antibodies remains uncertain. The antithrombotic and anti-
aggregatory effect of native GLP-1 and exenatide was accompanied 
by cAMP generation, which was absent in eNOS − /− mice 140 and PKA-
dependent phosphorylation of the vasodilator-stimulated phos-
phoprotein at serine 157 in murine and human platelets, which was 
abolished in global Glp1r − /− mice. 141 It was proposed that GLP-1R 
activation on platelets may activate platelet eNOS (via cAMP/PKA/ 
phospho-eNOS at Ser1177), and platelet-derived NO, conveying 
the antithrombotic effects (mechanisms summarized in 
Fig. 7A). 138,141,142 However, another ex vivo study using isolated 
murine cells reported that native GLP-1 prevents thrombus for-
mation under physiological flow conditions independent of a 
platelet GLP-1R, 139 possibly invoking the contribution of GLP-1R on 
other cells in vivo, for example, the endothelium. We found that the 
aggregatory potential of platelets (endogenous thrombin potential) 
was diminished in Dpp4 − /− mice and exacerbated in Glp1r − /− 

mice. 141 In the same study, a time-dependent decrease of platelet 
count in the whole blood of endotoxemic mice correlated with 
increased microthrombus formation in the lungs (and other organs), 
and this disseminated intravascular coagulation, a significant 
complication in septic shock, was prevented by linagliptin and lir-
aglutide treatment (Fig. 7B). Still, protection was abolished in 
Glp1r − /− mice. Importantly, suppression of platelet aggregation, 
microthrombi formation, and markers of oxidative stress and 
inflammation by the drugs and DPP-4 knockout also improved the 
mortality of septic animals. The preclinical data are supported by

Fig. 6. Proposed cellular targets and protective effects of GLP-1 receptor agonists (GLP-1RA) and GLP-1 split products in the vasculature. The benefits are likely mediated by a 
combination of GLP-1 receptor-dependent mechanisms on endothelial and smooth muscle cells (ECs, SMCs) and GLP-1 receptor-independent actions of GLP-1 metabolites. The 
existence of a second, yet not discovered, GLP-1 receptor has been proposed. The figure was created with BioRender (https://biorender.com) and by using elements from Servier 
Medical Art (https://smart.servier.com), which is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). Adopted 
from Helmstadter et al 134 with permission.
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small cohort human studies reporting diminished platelet aggreg-
ability in T2DM patients treated with liraglutide, 143 exenatide, 144 

and GLP-1RA in general. 145 Similarly, acute liraglutide treatment 
attenuated thromboxane-induced aggregation of human platelets 
ex vivo, obtained from subjects with aspirin exacerbated respiratory 
disease. 146

4. Glucagon-like peptide 1 receptor agonists: a therapeutic 
approach for mitigating myocardial ischemia/reperfusion injury

Acute myocardial infarction (AMI) is a leading cause of global 
morbidity and mortality, with 8.9 million deaths reported in 
2020. 147 Although advancements in reperfusion strategies, such as 
percutaneous coronary intervention, have improved survival rates,

Fig. 7. GLP-1 reduces platelet aggregation and thrombus formation. (A) The scheme shows the actions of GLP-1RA on platelet function by improving the NO inhibitory effects and 
attenuating, via a PKG-me-diated mechanism, the activation of PI3-K and MAPK signaling stimulated by agonists. In this scenario, GLP-1 may interfere with the stimulant-induced 
ROS production, and all these effects are independent of the known GLP-1 receptor (GLP-1R), which is expressed on the platelet surface. Adopted from Barale et al 138 with 
permission. (B) Microvascular thrombosis was detected by fluorescence imaging using fluorescent microbeads in endotoxemic wild-type mice with linagliptin and liraglutide 
treatment and GLP1r − /− mice. Representative images of the lungs are shown. Endotoxemia by LPS was associated with microvascular thrombosis as reflected by increased 
fluorescence signal in the lungs, which was prevented by linagliptin and liraglutide treatment. The protective effects were absent in GLP1r − /− mice. Adopted from Steven et al 141 

with permission.
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MI/RI remains a significant complication, contributing to car-
diomyocyte death and adverse outcomes. 148 Beyond reperfusion, 
pre/post/remote-conditioning and pharmacological activation of 
autophagy and prevention of different forms of cell death may 
represent alternative therapeutic options. 149,150 MI/RI involves a 
complex interplay of oxidative stress, inflammation, and calcium 

overload, which are exacerbated in diabetic patients, who show 

worse short- and long-term prognoses following AMI. Key findings 
suggest lowering infarct size by exenatide in a porcine model of I/R 
(Fig. 8A). 151 Emerging research highlights GLP-1RA as promising 
agents to mitigate MI/RI. 152

During MI, the oxidative capacity of mitochondria is impaired, 
leading to inadequate ATP production and a shift toward

inefficient glycolysis. 154 GLP-1RA enhance glucose oxidation and 
suppress fatty acid oxidation, optimizing energy utilization in 
ischemic cardiomyocytes. For instance, GLP-1 facilitates a meta-
bolic switch that reduces oxidative stress while maintaining 
myocardial energy levels. 155 In animal models, GLP-1 improved 
anaerobic glycolysis and decreased myocardial hypoxia, effectively 
reducing infarct size and enhancing recovery. 156

A key cardioprotective mechanism of GLP-1RA is activating the 
reperfusion injury salvage kinase (RISK) pathway during myocar-
dial reperfusion. The RISK pathway involves kinases such as PI3K/ 
Akt, ERK1/2, and MAPK, which prevent the opening of mitochon-
drial permeability transition pores, thereby inhibiting cell 
apoptosis and necrosis. 157 Additionally, GLP-1 reduces ROS

Fig. 8. GPL-1R agonist therapy reduces myocardial infarction damage in a porcine model. (A) Representative pictures after Evans Blue and triphenyltetrazolium chloride staining 
reflecting myocardial infarct size are shown. Blue indicates non-threatened myocardium, red indicates the noninfarcted area within the area at risk, and white indicates 
myocardial infarction area with tissue damage. Reproduced from Timmers et al 151 with permission. (B) Schematic diagram representing cardioprotective molecular mechanisms 
of GLP-1 analogs in cardiomyocytes. The GLP-1R-dependent and -independent signaling pathways have been described as contributing to healthy myocardium and heart functions 
under pathophysiological conditions. The binding of GLP-1 to its receptor activates adenylate cyclase, and cAMP levels are elevated, which is followed by the activation of 
downstream cAMP sensitive molecular effectors in a GLP-1R-dependent way. Although GLP-1R-independent GLP-1(9-36) activates PI3K, Akt, and the downstream signaling 
pathway, the full mechanisms of this process are not yet known. Akt, protein kinase B; AMPK, AMP-activated protein kinase; CaMKKß, calcium ions/calmodulins dependent 
protein kinase kinases ß; cAMP, cyclic adenosine monophosphate; CREB, cAMP-response element binding protein; Drp, dynamin-related protein; eNOS, endothelial nitric oxide 
synthase; Epac, exchange protein activated by cAMP; ERK, extracellular-signal-regulated kinase; GLP-1, glucagon-like peptide-1; Mfn, Mitofusin; mTOR, mammalian target of 
rapamycin; NF-κB, nuclear factor-κB; PI3K, phosphatidylinositide 3-kinase; PINK1, PTEN-induced kinase 1. Reproduced from Pandey et al 153 with permission.
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generation through the cAMP/Epac and PI3K/Akt pathways, 
improving mitochondrial function and reducing myocardial injury 
as shown for cardiomyocytes and cardiomyoblasts. 158,159

Inflammation plays a critical role in exacerbating MI/RI. GLP-
1RA inhibit the infiltration of inflammatory cells and the produc-
tion of proinflammatory factors. Liraglutide, for example, activates 
AMPK and eNOS, promoting nitric oxide synthesis and reducing 
leukocyte adhesion. Furthermore, GLP-1RA suppress inflamma-
some activation, such as NLRP3 and caspase-1, thereby reducing 
pyroptosis and myocardial damage. By mitigating inflammation, 
GLP-1RA helps preserve myocardial function and prevents adverse 
cardiac remodeling. 158,159

Calcium overload significantly contributes to MI/RI, leading to 
ROS generation and cardiomyocyte death. GLP-1RA regulate 
intracellular calcium levels by stabilizing sarcoplasmic reticulum 

calcium stores and maintaining ATP production. Liraglutide pre-
vents Ca 2+ -mediated oxidative stress and reduces arrhythmogenic 
calcium leakage in rat hearts, improving cardiac outcomes during 
reperfusion. 160 Clinical trials have validated the cardioprotective 
effects of GLP-1RA. For instance, liraglutide has been shown to 
reduce infarct size and improve systolic function in ischemic 
models. 161 Overall, GLP-1RA normalize kinase signaling in car-
diomyocytes during MI/RI conferring improved survival by sup-
pression of inflammation, oxidative stress, and apoptosis and 
normalization of nitric oxide bioavailability and bioenergetics 
(Fig. 8B). 153,162 Modulation of cardiac ventricular excitability by 
GLP-1R-mediated stimulation of cardiac parasympathetic (vagal) 
neurons may also add to the overall cardioprotective effects of 
GLP-1RA. 163

Similarly, semaglutide reduced myocardial hypoxia and 
oxidative stress, offering robust protection against MI/RI in a rat 
model. 164 These findings are particularly significant in diabetic 
patients, who are more vulnerable to MI/RI due to heightened 
oxidative stress and metabolic dysfunction. GLP-1RA represent a 
novel therapeutic avenue for addressing MI/RI in both diabetic and 
nondiabetic populations. By targeting multiple pathological 
pathways, these agents offer a comprehensive approach to 
reducing myocardial injury and improving post-AMI outcomes. 
Further research is needed to optimize dosing strategies and 
investigate their integration into standard MI/RI management 
protocols.

B. Targeting of cardiovascular mechanisms by sodium-glucose 
cotransporter 2 inhibitors

1. Antioxidant, anti-inflammatory, and vasculoprotective effects of 
sodium-glucose cotransporter 2 inhibitors in type 1 diabetes

Current antidiabetic treatments lose efficacy over time, leading 
to disease progression. 165 This is due to the diminished insulin-
secreting capacity of ß-cells and the desensitization of insulin 
receptor-dependent pathways. SGLT2 inhibitors, which do not 
depend on insulin, have shown beneficial effects in DM type II and 
type 1 diabetic patients. 166,167 Empagliflozin treatment in rats with 
streptozotocin-induced type 1 diabetes dose-dependently reduced 
blood glucose levels and oxidative stress in aortic vessels and 
normalized endothelial function by improved • NO/cGMP 
signaling. 168 The study also found that SGLT2i therapy reduced 
oxidative burst in whole blood and reversed proinflammatory 
phenotype and glucotoxicity via AGE/RAGE signaling in diabetic 
animals. These findings follow a previous study on preventing low-
grade inflammation in STZ rats by antioxidant therapy. 169 How-
ever, the study’s limitation is that STZ treatment kills only some 
part of islet cells directly, and empagliflozin therapy preserves and 
improves insulin secretion. This differs from human T1DM, where 
all islet cells are lost due to autoimmune-driven killing. The mode

of action and the summary of the beneficial actions of SGLT2i in 
T1DM and T2DM models are shown in Fig. 9A.

2. Antioxidant, anti-inflammatory, and vasculoprotective effects of 
sodium-glucose cotransporter 2 inhibitors in type 2 diabetes 
mellitus

A study using Zucker Diabetic Fatty (ZDF) rats and lean controls 
as models for T2DM found that empagliflozin treatment restored 
glycemic control by preserving ß-cell integrity and function, as 
well as safeguarding α-cells within pancreatic islets and their 
glycogen content. 37 Empagliflozin also effectively prevented glu-
cotoxicity, precisely methylglyoxal accumulation, AGE formation, 
and RAGE-dependent signaling. Methylglyoxal is toxic to tissue 
and plays a role in diabetic neuropathy development and pro-
gression. 172 In diabetic conditions, increased AGE/RAGE signaling 
contributes to oxidative stress and vascular complications via the 
activation of NADPH oxidases 173 and impairment of • NO/cGMP 
signaling at the preclinical level. 54 Amelioration of oxidative stress 
parameters in T2DM patients by SGLT2i therapy was supported by 
a study demonstrating decreased DNA oxidation (8-oxodG) after 
12 weeks of dapagliflozin treatment. 174 This is in line with key 
findings of the EmDia trial that empagliflozin improves diastolic 
function in patients with T2DM and elevated end-diastolic pres-
sure 175 and ameliorates DNA oxidation (unpublished EmDiaOx 
trial, Daiber et al).

Empagliflozin treatment also improved endothelial function by 
improving • NO/cGMP signaling, reducing oxidative stress, and 
preventing inflammation in diabetic ZDF rats via suppression of 
AGE/RAGE signaling. 46 This is due to the prevention of adverse 
phosphorylation of eNOS at Thr495 by protein kinase C and of 
oxidative inactivation of the soluble guanylyl cyclase and oxidative 
depletion of • NO and the eNOS cofactor BH 4 (reviewed in Daiber 
et al 33 ). ChIP analysis also revealed epigenetically prevented 
inflammation and AGE/RAGE signaling. 46 In addition, a significant 
inverse correlation between endothelial function and HbA1c was 
identified, which was positively correlated with leukocyte-
dependent oxidative burst and CRP levels (Fig. 9B-D), 46,170,171 

further supporting that AGE/RAGE signaling triggers low-grade 
inflammation. 56 Empagliflozin’s anti-inflammatory properties 
may be due to the efficient suppression of AGE/RAGE signaling and 
inhibition of inflammatory pathways. However, decreased his-
tone3 lysine4 dimethylation in kidney promoter regions and 
subsequent downregulation of iNOS, IFNγ, and RAGE 46 may also 
impact the effects. Thus, the study cannot differentiate whether 
these effects are due to improved glycemic control or a specific 
property of empagliflozin. Since SGLT2i failed to improve hyper-
lipidemia and hyperinsulinemia in this study, a combination 
therapy with SGLT2i and lipid-lowering drugs may be promising in 
T2DM and metabolic syndrome. Antidiabetic SGLT2i have been 
investigated for treating MAFLD/MASH. 176 Empagliflozin has 
improved liver fibrosis and steatosis markers in MAFLD pa-
tients 177,178 and ameliorated MASH phenotype in mice. 179 The 
cardio-metabolic-renal benefits of SGLT2i have been thoroughly 
reviewed. 180

3. Pleiotropic cardiovascular effects
General support for the pleiotropic effects of SGLT2i is based on 

studies demonstrating cardioprotective effects of SGLT2i in 
nondiabetic mouse models of ischemia/reperfusion. 181—183 It was 
also reported that SGLT2i confers cardioprotection and reduces 
myocardial infarct size by increasing parasympathetic activity in 
animal tissues. 184 In vitro studies showed pleiotropic improvements 
in viability and eNOS function in hyperglycemic human umbilical vein 
endothelial cells (HUVECs) following SGLT2i treatment―independent 
of glycemic control (Fig. 10A). 46 However, the experiments were
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limited by the suprapharmacological concentrations used and the 
lack of knowledge about SGLT2's presence and function in endo-
thelial cells. The effects of empagliflozin are considered “pleio-
tropic” until further investigation is conducted. The RAGE inhibitor 
FPS-ZM1 demonstrated a protective effect against hyperglycemia-
induced complications, but further investigation is needed to 
determine its mechanism. Strong evidence for these off-target 
effects of SGLT2i comes from a report on reduced infarct size in-
dependent of the cotransporter by a study using Sglt2 knockout 
mice. 185 Besides the widely accepted pleiotropic mechanisms of 
SGLT2i, for example, improved eNOS activity, nitric oxide 
bioavailability, diminished ROS formation, and decreased inflam-
mation, STAT3 upregulation also seems to play a role in endothelial

cell protection. 186 STAT3 activation by SGLT2i was shown to 
improve microvascular endothelial cells and reduce oxidative 
stress, decreasing myocardial infarct size in nondiabetic 
mice. 182 Others have extensively reviewed the pleiotropic ef-
fects (summarized in Fig. 10B), especially the off-target CV 
benefits. 187—191

Pleiotropic effects of SGLT2i were also observed in cell types 
other than endothelial cells. Dapagliflozin increases the activity of 
neurons in the central nervous system with beneficial effects on 
CV activity. 192 Improved autonomic control is mediated by the 
inhibition of central or peripheral SGLT2, thereby suppressing 
sympathetic activity and conferring direct blood pressure-
lowering effects. In line with this, a study in rats found that

Fig. 9. Proposed mechanisms of SGLT2 inhibitor-conferred protection in T2DM. (A) Left: detailed mode of action of SGLT2i. Summarized and redrawn from previous work. 170,171 

Right: (1) the normalization of the glycemic condition and prevention of glucotoxicity (AGE/RAGE signaling), (2) reduction of oxidative stress and inflammation and (3) 
improvement of endothelial function. Besides the direct protective effects of empagliflozin by glucose-lowering, indirect epigenetic/pleiotropic effects may be active leading to 
reduced cardiovascular risk as shown by the EMPA-REG trial. Linear regression analysis for correlations between HbA1c and endothelial function (ACh efficacy, B), zymosan A-
induced whole blood oxidative burst (C) and serum CRP levels (D) using a total of 35-41 rats. The 3 groups of data points indicate the untreated and low and high-dose 
empagliflozin groups. B-D were adopted from Steven et al 46 with permission.
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SGLT2i-mediated arterial relaxation depends on calcitonin gene-
related peptide increases upon the stimulation of neurons in 
sensory nerves by SGLT2i, independent of glucose transport. 193 

Also, direct effects of SGLT2i on smooth muscle cells and car-
diomyocytes became evident since higher SGLT2 expression in 
human microvessels and hearts is associated with low-grade 
inflammation, stimulating the AT 1 -receptor/NADPH oxidase axis 
with impaired eNOS function and nitric oxide bioavailability. 194 

Suppression of smooth muscle cell proliferation by SGLT2i in 
different models in vivo 195 and ex vivo 196,197 further supports the 
direct actions of the drugs. Delayed ischemic damage by empa-
gliflozin was associated with inhibition of sodium-hydrogen 
exchanger activity, which was also observed in isolated car-
diomyocytes. 198 Empagliflozin improved diastolic function in pigs 
with heart failure via decreased myocardial fibrosis and higher 
nitric oxide and cGMP levels, also reflected by better relaxation of 
isolated cardiomyocytes from empagliflozin-treated animals. 199 In 
cultured rat cardiomyocytes stimulated with high glucose and 
palmitic acid, SGLT1 inhibition by the least selective SGLT inhibitor 
canagliflozin prevented fibrosis and apoptosis and impaired 
mitochondrial function. 200 The antifibrotic effects of dapagliflozin 
were independent of SGLT1/2 inhibition and glucose-lowering 
effects, as found by the studies of isolated cardiofibroblasts and 
diminished collagen content 201 and suppression of angiotensin-II-

dependent cardiac fibrotic remodeling by suppressing the TGF-ß1/ 
Smad pathway in rats. 202

As mentioned above, empagliflozin changes the epigenetic 
landscape in diabetic rats, as shown by ChIP analysis supporting 
inhibitory regulation of inflammation and AGE/RAGE signaling 46 

as observed by others. 203 Dapagliflozin was reported to modulate 
DNA methylation and gene expression in islet cells 204 and sup-
press DNA damage and hypermethylation caused by hyperglyce-
mia in murine cells. 205 More recent animal studies also revealed 
that empagliflozin, sotagliflozin, and dapagliflozin improve confer 
cardio- and neuro-protective actions by positive actions on the 
gut-heart-brain axis and beneficial modulation of the micro-
biome. 206—208 It was speculated that altered lipid profiles by 
SGLT2i affect the microbiota, which in turn causes changes in 
circulating microbial metabolites toward protective effects at the 
preclinical level. 209,210 Suppression of thrombus formation by 
diminishing NOX-2-derived oxidative stress and markers of 
thromboinflammation was also reported for SGLT2i therapy in 
T2DM patients. 145

a. Critical remark. Importantly, CV outcome benefits of SGLT2i are 
not only reported in diabetic patients but also in nondiabetic pa-
tients with CVD. The benefits to patients with AMI are not clear or 
consistent so far. 211 Although the EMMY study reported these

Fig. 10. Pleiotropic beneficial effects by SGLT2i in cultured endothelial cells and hypothetical pharmacological mechanisms. (A) Empagliflozin (EMPA) and the dipeptidyl 
peptidase-4 (DPP-4) inhibitor sitagliptin (SITA) prevented cell death in cultured human endothelial cells (HUVECs) under hyperglycemic conditions. In addition, both drugs 
protected eNOS function and nitric oxide formation in the hyperglycemic cells.Summarized from previous work. 46 (B) Proposed mechanisms of SGLT2i-conferred pleiotropic 
effects. Summarized and redrawn from previous work. 190,191
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benefits, the DAPA-MI study observed no benefit on mortality or 
heart failure hospitalization. The EMPACT-MI study described a 
mixed picture. In preclinical studies, the infarct site was reduced in 
mice, rats, and pigs without and with diabetes by different SGLT2i 
drugs. Surprisingly, the infarct size reduction rather required 
chronic oral pretreatment with SGLT2i inhibition and was 
observed in transgenic mice lacking the SGLT2 transporter. 185 The 
mechanisms underlying these pleiotropic effects of SGLT2i are still 
enigmatic but may comprise sodium-proton exchange inhibition, 
antioxidant properties, protective ketone signaling, improved 
mitochondrial respiration, activation of the signal transducer and 
activator of transcription 3 (STAT3) activation, and inhibition of the 
inflammasome. 211 A study by Nikolaou et al reported improved 
flow-mediated dilation in diabetic patients with STEMI by empa-
gliflozin, suggesting improved coronary vascular function, which 
was also supported by the animal part of the study, where endo-
thelial transcriptome dysregulation and impaired microvascular 
function after AMI were improved by SGLT2i, also correlating with 
reduced infarct size. 212 Impaired coronary blood flow contributes 
to the progression of heart failure and therefore represents an 
attractive target for established and novel therapeutic 
regimens. 213

IV. Modern therapy for type 2 diabetes mellitus

Patients with established CVD experience benefits beyond 
glucose control from new drugs like GLP-1RA or SGLT2i. 214,215 The 
GLP-1RA liraglutide and semaglutide reduced death from CV 
causes, nonfatal MI, or nonfatal stroke compared with a therapy 
consisting of metformin and insulin (standard care). 216,217 Simi-
larly, the SGLT2i empagliflozin and canagliflozin reduced the rates 
of CVD outcomes, and empagliflozin, canagliflozin, and dapagli-
flozin reduced the rates of hospitalization for heart failure. 218,219 

Recommendations and guidelines already reflect evidence sup-
porting the use of these new drugs, and diabetic patients are 
treated more individually according to their comorbidities. 215 A 
comparison of the efficacy of different antidiabetic monotherapies 
and combination therapies is presented in Fig. 3. This review will 
focus on the 3 most recently approved classes of glucose-lowering 
medicines, DPP-4i, GLP-1RA, and SGLT2i therapy, describing the 
clinical properties and mechanisms of action.

Dipeptidyl peptidase-4 (DPP-4) is an exopeptidase, CD26, that 
cleaves N-terminal dipeptides from alanine and proline-rich pro-
teins. 220 It belongs to the DPP family, which includes DPP-1, DPP-6, 
DPP-9, quiescent cell proline dipeptidase (QPP), and fibroblast 
activation protein. 126,220 DPP-4 is not only known for the degrada-
tion of incretins but also cleaves dozens of nonincretin peptides and 
acts as a chaperone with membrane-bound proteins. 126 It is 
expressed on the surface of endothelial, epithelial, and immune 
cells in various tissues. 221—224 GLP-1 is an incretin hormone released 
from L-cells in the intestine, involved in glycemic control, and is an 
attractive target for diabetes treatment. 225,226 It binds to its recep-
tor, expressed on pancreatic ß-cells, cardiomyocytes, endothelial 
cells, and immune cells. GLP-1 increases cAMP levels and stimulates 
insulin release, whereas it reduces glucagon release through direct 
and indirect actions on pancreatic α-cells. 227—229 GLP-1 is derived 
from the proglucagon gene and has a half-life of less than 2 minutes 
due to rapid degradation by DPP-4 and renal clearance. 230,231 Two 
pharmacological strategies for enhancing GLP-1 action on glucose 
metabolism are inhibiting DPP-4 enzymatic activity by gliptins and 
the development of degradation-resistant GLP-1RA.

Several DPP-4 inhibitors (DPP-4i, for example, vildagliptin, 
alogliptin, sitagliptin, linagliptin, and saxagliptin) and GLP-1RA (eg, 
liraglutide, exenatide, dulaglutide, and semaglutide) have been 
approved by the European Medicines Agency for the treatment of

T2DM. DPP-4i have beneficial effects on CVD in mouse models, 92,94 

hepatic steatosis in mice, 232 and stroke in mice, 233 although 
confirmation by large human cohort studies is yet missing. A human 
case report provided evidence for the beneficial effects of DPP-4i on 
the CV complications of psoriasis. 234 These diseases are also highly 
related to oxidative stress and inflammation, suggesting antioxidant 
and anti-inflammatory effects of DPP-4i. DPP-4 inhibitors also 
improve the number and “homing” of endothelial progenitor cells in 
animal 235,236 and human studies. 237 However, validation of these 
concepts in human outcome studies is limited, 238 and DPP-4i may 
not reduce inflammation in humans with CVD and T2DM to the 
same extent observed in preclinical studies. 128

GLP-1RA may also modulate the activity of endothelial pro-
genitor cells. 239 The major health effects of DPP-4i and GLP-1RA 
are summarized in Fig. 11A. Beyond their actions on glucose con-
trol, some GLP-1RA are also approved for weight loss in people 
with overweight and comorbidities or obesity 240 and CV risk 
reduction in people with T2DM and/or obesity, 108 and approval for 
indications such as heart failure, metabolic liver disease, and 
osteoarthritis is pending. 241 An overview on the drug development 
and clinical use of these agents is provided in. 242,243 Mechanisti-
cally, the beneficial pleiotropic effects of GLP-1RA are based, to 
some extent, on central mechanisms that may be related to 
alteration of leptin signaling and loss of appetite as shown in an-
imals. 244 Central effects of GLP-1 are also mediated by the effects 
on vagal circuits impacting neurons of the dorsal motor nucleus of 
the vagus, as shown in rats. 245 However, the central effects cannot 
explain all pleiotropic systemic effects of GLP-1RA, for example, 
specifically not those obtained ex vivo in isolated non-neuronal 
cells. Regarding GLP-1RA, there is still ongoing discussion on the 
use of short- versus long-acting drugs. 246 Short-acting drugs are 
characterized by a shorter peak plasma concentration period, fol-
lowed by intervals where plasma concentration falls below ther-
apeutic levels, and long-acting drugs maintain a steadier state 
plasma concentration, with only minor fluctuations between 
doses. Due to these differences in pharmacokinetics, long-acting 
GLP-1RA are more efficient in terms of glucose-lowering (HbA1C 
reduction) and weight loss.

Gliflozins are inhibitors of sodium-glucose cotransporter 2 
(SGLT2), which is responsible for reabsorption of >90% of glucose 
from primary urine, as shown in mice, 251 and are widely approved 
for treating T2DM patients. 214 SGLT2 inhibitors block renal glucose 
reabsorption, leading to increased urinary excretion of glucose. 
This prevents hyperglycemic episodes and glucotoxicity, prevent-
ing hyperglycemia-induced damage through AGE and receptor 
activation (RAGE) in preclinical studies. 168,252 SGLT2i are insulin-
independent, preventing deteriorating ß-cell function and desen-
sitization to insulin signaling, 165 and reducing oxidative stress and 
inflammation by AGE/RAGE signaling as shown by preclinical 
research. 36,51,55,56 Large-scale clinical trials have demonstrated 
that empagliflozin reduces CV and overall mortality in T2DM pa-
tients at high CV risk, 219,253 actions shared by dapagliflozin 254,255 

and other SGLT2i. 214 According to meta-analysis data, SGLT2i 
therapy also results in significant weight loss (an average differ-
ence of 2.3 kg at the highest dose), representing an additional 
protective effect, 256,257 especially in obese patients with CVDs. 258 

In contrast, improvement in CV outcomes has not been demon-
strated with DPP-4i. The significant health effects of SGLT2i are 
summarized in Fig. 11B. 247—250

A. Cardiovascular outcomes with glucagon-like peptide 1 receptor 
agonists: evidence from major trials

Like SGLT2i, GLP-1RA have been studied in 9 clinical trials 
investigating CV safety in people with T2DM and 1 in people with
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obesity. Data from cardiovascular outcome trials (CVOTs), 
including ELIXA, SUSTAIN-6, LEADER, HARMONY, REWIND, and 
AMPLITUDE-O, highlight the safety and CV benefits of GLP-1RA in 
patients with T2DM. Although ELIXA (lixisenatide) demonstrated 
CV safety without superiority in reducing major adverse cardio-
vascular events (MACE) in people with a history of an acute cor-
onary event, 259 trials such as LEADER (liraglutide) and SUSTAIN-6 
(semaglutide) showed significant MACE reductions in people with 
established CVD. 216,217,260 For example, LEADER reported a 22% 
reduction in CV mortality compared with placebo, underscoring 
the protective potential of GLP-1RA. 217

REWIND, the largest GLP-1RA trial in T2DM to date, studied 
dulaglutide and its CV benefits. 261 Over a median 5.4-year follow-
up, dulaglutide reduced the composite outcome of nonfatal MI, 
nonfatal stroke, and CV death by 12%. These findings extended to 
patients with lower baseline HbA1c levels, suggesting that the 
benefits are independent of glycemic control. Similarly, 
AMPLITUDE-O revealed a 27% reduction in MACE with efpegle-
natide, further supporting GLP-1RA efficacy across diverse patient 
populations. 262 Structural and pharmacokinetic differences and/or

trial design among GLP-1RA appear to influence outcomes. Addi-
tionally, the shorter follow-up duration in ELIXA (2.1 years) 
compared with trials like REWIND (5.4 years) may have contrib-
uted to the observed variability. 261

Beyond MACE reduction, GLP-1RA impact CV biomarkers and 
secondary risk factors. Studies indicate improvements in blood 
pressure, lipid profiles, and inflammation in T2DM patients. 263 

Mechanistically, GLP-1RA may induce vasodilation and enhance 
sodium excretion, potentially reducing atherosclerotic burden. 
Preclinical data from ApoE-deficient mouse models demonstrated 
that liraglutide improved plaque stability, reduced endothelial 
dysfunction, and attenuated weight gain in advanced atheroscle-
rosis. 264 GLP-1RA also confer antihypertensive effects, 265,266 

potent renoprotection in T2DM patients with chronic kidney dis-
ease, 267 and neuroprotection against ischemic stroke. 268,269 The 
beneficial actions against stroke may be explained by the 
improved dilation of cerebral arterioles, cerebral blood flow, and 
remote (pre)conditioning in a rat model. 270 Meta-analyses of 
CVOTs confirm the overall CV safety of GLP-1RA, with significant 
reductions in all-cause mortality. 271 However, heterogeneity

Fig. 11. Major health effects and modes of action of (A) GLP-1 receptor agonists (partially shared by DPP-4 inhibitors) and (B) SGLT2 inhibitors. Summarized and redrawn from 

data in Ussher and Drucker, 93 Boyle et al, 247 and Yaribeygi et al 248 (A) and Chen et al, 185 Perry and Shulman, 249 and Sawicki et al 250 (B).
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across trials, particularly in patient populations, baseline HbA1c 
levels, and concomitant CV medications, precludes generalization 
of the results across different populations.

The benefits of GLP-1RA are relatively clear for the reduction of 
atherosclerotic CV events in patients with diabetes or obesity. 
However, their impact on heart failure (HF) outcomes remains 
inconclusive, with evidence suggesting differing effects based on 
baseline cardiac function. Clinical trials evaluating the effects of 
GLP-1RA on HF outcomes present contrasting findings for patients 
with heart failure with reduced ejection fraction (HFrEF) versus 
those with preserved ejection fraction (HFpEF). In the FIGHT and 
LIVE trials, which collectively enrolled several hundred patients 
exclusively with HFrEF, treatment with liraglutide was associated 
with an increased incidence of HF-related adverse events. 272—274 

Similarly, in the EXSCEL trial, which included patients with a left 
ventricular ejection fraction (LVEF) ≤40%, exenatide was linked to 
an elevated risk of HF hospitalizations. A meta-analysis of FIGHT 
and EXSCEL data revealed that GLP-1RA use in patients with HFrEF 
significantly increased HF hospitalization risk (OR, 1.49; 95% CI, 
1.05—2.10; P = .02). 274—276 In contrast, much larger studies 
involving HFpEF patients suggest more favorable outcomes. In the 
STEP-HFpEF and STEP-HFpEF DM trials, semaglutide demonstrated 
improvements in health status and reductions in HF-related 
events, although these findings were based on a limited number 
of events. 277,278 The SELECT trial, a landmark study, evaluated 
semaglutide in over 17,000 subjects with obesity and preexisting 
CVD, including 4286 patients with HF. This cohort consisted of 
1341 with HFrEF, 2273 with HFpEF, and 666 with unclassified HF. 
Although semaglutide reduced CV events overall, its effects on 
specific HF subtypes remain unclear due to the lack of stan-
dardized HF characterization within the trial. Nevertheless, 
SELECT showed superiority of semaglutide over placebo for 
reducing CV events among people with obesity and preexisting 
CVD. 279

Across the SELECT, FLOW, STEP-HFpEF, and STEP-HFpEF DM 

trials, a pooled analysis revealed that 3743 (16.8%) of 22,282 par-
ticipants had a history of HFpEF. Among these, 1914 were ran-
domized to semaglutide and 1829 to placebo. Semaglutide 
significantly reduced the risk of the combined endpoint of CV 
death or HF events, occurring in 5.4% of the semaglutide group 
compared with 7.5% in the placebo group (HR, 0.69; 95% CI, 
0.53—0.89; P = .0045). The reduction in HF events was particularly 
noteworthy, with semaglutide showing a 41% risk reduction 
compared with placebo (2.8% vs 4.7%; HR, 0.59; 95% CI, 0.41—0.82; 
P = .0019). However, semaglutide did not demonstrate a significant 
effect on CV death alone (3.1% vs 3.7%; HR, 0.82; 95% CI, 
0.57—1.16; P = .25). Importantly, fewer serious adverse events 
were reported in the semaglutide group compared with placebo 
(29.9% vs 38.7%), highlighting its favorable safety profile. These 
findings support the use of semaglutide as an effective therapy to 
reduce clinical heart failure events in HFpEF patients, a group for 
whom treatment options are currently limited. 280 Therefore, 
GLP-1RA show differential effects on HF outcomes based on EF. 
Although they may benefit patients with HFpEF, evidence sug-
gests caution in their use for HFrEF due to increased HF hospi-
talization risks. These findings underscore the need for more 
targeted trials to elucidate the role of GLP-1RA in HF manage-
ment across different subtypes.

In conclusion, GLP-1RA offer robust CV benefits in T2DM, 
chronic kidney disease, and obesity, with evidence supporting 
their role as a preferred therapy for high-risk CV patients. Their 
role in HF is less clear and needs to be further investigated. Other 
indications for GLP-1RA therapy, such as Alzheimer and Parkinson 
disease, fatty liver disease, and peripheral artery disease (athero-
sclerosis), are still under investigation. 281 The most important

studies on cardioprotective effects of GLP-1R agonists are shown 
in Table 2. 282 Cardiovascular actions and clinical outcomes with 
GLP-1RA are also reviewed in previous works. 108,282,283 Whether 
GLP-1RA might be similarly useful in reducing rates of MACE in 
people without T2DM or obesity has not been fully explored; 
however, it would be worthwhile to investigate in detail in future 
studies.

Summary for the clinical practice: DPP4i, GLP-1RA, and SGLT2i 
are considered safe options for managing T2DM with co-existing 
CVD. Although all 3 drug classes ensure CV safety, only GLP-1RA 
and SGLT2i demonstrate cardioprotective effects beyond glyce-
mic control. Notably, GLP-1RA and SGLT2i have shown significant 
benefits in patients with overweight/obesity, atherosclerosis, or 
chronic kidney disease, even in the absence of T2DM. These agents 
have been associated with marked improvements in CV endpoints, 
such as reduced hospitalizations for HF and CV mortality. These 
findings underscore the unique role of GLP-1RA and SGLT2i as 
preferred therapeutic options for patients with elevated CV risk. 
By offering benefits that extend beyond glycemic management, 
these drug classes have become integral to the modern treatment 
paradigm for T2DM and associated CV conditions.

B. Cardiovascular safety of dipeptidyl peptidase 4 inhibitors: 
evidence from major trials

Data from CVOTs, including TECOS, EXAMINE, SAVOR-TIMI53, 
CARMELINA, and CAROLINA, demonstrate the CV safety of DPP-4i 
in patients with T2DM. These trials demonstrated noninferiority 
of DPP-4i compared with placebo or active comparators, such as 
glimepiride, for primary CV endpoints. However, unlike GLP-1RA 
or SGLT-2i, DPP-4i did not reduce MACE.

The SAVOR-TIMI 53 trial highlighted a potential safety concern 
with saxagliptin. Although saxagliptin demonstrated non-
inferiority for MACE, it was associated with a 27% increased risk of 
hospitalization for HF (HR, 1.27; 95% CI, 1.07—1.51). 285 This finding 
has raised concerns about saxagliptin use in patients with pre-
existing HF or those at high risk for HF. Regulatory agencies, 
including the Food and Drug Administration (FDA), have since 
added warnings to saxagliptin’s prescribing information to caution 
against its use in such populations. The CAROLINA trial further 
explored the CV safety of linagliptin compared with glimepiride. 
Although linagliptin did not improve CV outcomes, it provided 
better glycemic control, with more patients maintaining HbA1c 
levels below 7.0% (16.0% vs 10.2%) and significantly fewer hypo-
glycemic events (10.6% vs 37.7%). 286

Mechanistically, DPP-4i reduce atherosclerosis and inflamma-
tion in preclinical models. 92,105,120 For example, sitagliptin reduced 
coronary plaque volume and non-HDL cholesterol levels, whereas 
linagliptin decreased aortic pulse wave velocity, a surrogate 
marker for arterial stiffness in animal models. 92,94,287 Notably, the 
evidence supporting ant-inflammatory effects of DPP4i in patients 
with T2DM and CVD is much less compelling. 128 Despite some 
promising preclinical findings, the adverse HF outcomes seen in 
saxagliptin trials underscore the need for caution when prescrib-
ing this drug to high-risk CV populations. 288 Nevertheless, a meta-
analysis 289 and a large Canadian cohort study 290 did not support 
generalization of this side effect to other DPP-4i. Although DPP-4i 
remain widely used for their tolerability, overall safety, and low 

risk of hypoglycemia, their limited efficacy in reducing CV events 
and concerns about HF risk position them behind GLP-1RA and 
SGLT-2i in current guidelines. 291

Summary for the clinical practice: DPP-4i provide a useful option 
for glycemic control in T2DM but are best reserved for patients 
without elevated CV or HF risks. Cardiovascular actions and clinical 
outcomes with DPP-4i are also reviewed in a previous work. 283
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Table
 
2

Major safety endpoints of selected GLP-1R
 
agonists tested in

 
CVOT

GLP-1RA
 
revealing

 
a
 
CV
 
benefit relative to

 
standard

 
care

 
are
 
marked

 
in
 
bold. Reproduced from

 
Helmstadter et al 

134
 with

 
permission.

Cardiovascular Outcome
 
Trials of Selected GLP-1RAs

Trial ELIXA
Lixisenatide

LEADER
Liraglutide

SUSTAIN-6
Semaglutide

EXSCEL
Exenatide

REWIND
Dulaglutide

HARMONY
Albiglutide

Primary
 
outcome

 
1.02

 
(0.89—1.17)

P
 

<
 
.001

 
for noninferiority 

P
 
=
 
.81
 
for superiority

CV
 
death, MI, stroke

0.87
 
(0.78—0.97)

P
 

<
 
.001

 
for noninferiority 

P
 
¼
 

.01
 
for superiority

CV
 
death, MI, stroke

0.74
 
(0.58—0.95)

P
 

<
 
.001

 
for noninferiority 

P
 
¼
 

.02
 
for superiority

CV
 
death, MI, stroke

0.91
 
(0.83—1.00)

P
 

<
 
.001

 
for noninferiority 

P
 
=
 
.06
 
for superiority

CV
 
death, MI, stroke

0.88
 
(0.79—0.99)

P
 
¼
 

.026
 
for superiority 

CV
 
death, MI, stroke, UA

0.78
 
(0.68—0.90)

P
 

<
 
.0001

 
for noninferiority 

P
 
¼
 

.0006
 
for superiority

CV
 
death, MI, stroke

Secondary
 
outcome

 
1.0
 
(0.90—1.11)

P
 
=
 
.96

CV
 
death, MI, stroke, UA, HF 
hosp., revascul.

0.88
 
(0.81—0.96)

P
 
¼
 

.005
CV
 
death, MI, stroke, UA 

or 
HF
 
hosp., revascul.

0.74
 
(0.62—0.89)

P
 
¼
 

.002
CV
 
death, MI, stroke, UA 

or 
HF
 
hosp., revascul.

n/a n/a 0.78
 
(0.69—0.90)

P
 
¼
 

.0005
CV
 
death, MI, stroke, urgent 
revascul. for UA, individual 
components of the 
primary

 
endpoint, CV 

death/hospital admission
because

 
of HF

CV
 
death

 
0.98

 
(0.78—1.22)

P
 
=
 
.85

0.78
 
(0.66—0.93)

P
 
¼
 

.007
0.98

 
(0.65—1.48)

P
 
=
 
.92

0.88
 
(0.76—1.02) 0.91

 
(0.78—1.06)

P
 
=
 
.21

0.93
 
(0.73—1.19)

P
 
=
 
.578

All-cause-death
 

0.94
 
(0.78—1.13)

P
 
=
 
.5

0.85
 
(0.74—0.97)

P
 
¼
 

.02
1.05

 
(0.74—1.50)

P
 
=
 
.79

0.86
 
(0.77—0.97) 0.90

 
(0.80—1.01)

P
 
¼
 

.067
0.95

 
(0.79—1.16)

P
 
=
 
.644

HF
 
hospitalization

 
0.96

 
(0.75—1.23)

P
 
=
 
.75

0.87
 
(0.73—1.05)

P
 
=
 
.14

1.11
 
(0.77—1.61)

P
 
=
 
.57

0.94
 
(0.78—1.13) 0.93

 
(0.77—1.12) 

a

P
 
=
 
.46

0.85
 
(0.70—1.04) 

b

P
 
=
 
.113

Reduction
 
of glycated

hemoglobin
− 0.27 pps (− 0.31

to
 
− 0.22) P <

 
.001

− 0.40 pps (− 0.45 to
 
− 0.34) 0.5

 
mg
 
semaglutide:

− 0.7 pps
1
 
mg
 
semaglutide:

− 1.0 pps

− 0.53% 
(− 0.57 to

 
− 0.50)

P
 

<
 
.001

− 0.61% 
(− 0.65 to

 
− 0.58)

P
 

<
 
.0001

difference
 
at 8 months:

− 0.63% 
(− 0.69 to

 
− 0.58) 

difference
 
at 16 mo: − 0.52% 

(− 0.58 to
 
− 0.45)

CV
 
death, cardiovascular death; HF, heart failure; hosp., hospitalization; MI, myocardial infarction; n/a, not available; pps, percentage points; revascul., revisualization; UA, unstable angina. 
a
 Hospital admission

 
for HF or urgent visit.b

 Composite
 
of death from

 
cardiovascular causes or hospital admission

 
for HF, ELIXA 

trial, 
259

 LEADER
 
trial, 

217
 SUSTAIN-6

 
trial, 

216
 EXSCEL

 
trial, 

276
 REWIND

 
trial, 

261
 and

 
HARMONY

 
trial. 

284
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C. Cardiovascular outcomes with sodium-glucose cotransporter 2 
inhibitors: evidence from major trials

Recently, a SGLT2 Inhibitor Meta-Analysis Cardio-Renal Tria-
lists' Consortium collaborative meta-analysis revealed SGLT2i to 
be associated with a 9% reduction in MACE, driven primarily by 
reductions in CV deaths, particularly from HF and sudden cardiac 
death (Fig. 12). 292—299 These benefits are consistent across sub-
groups, including those with or without atherosclerotic CVD, 
diabetes, HF, and across a broad range of kidney functions. 
Remarkably, the efficacy persisted even in patients with an eGFR 
<30 mL/min/1.73 m 2 , a subgroup where diminished urinary 
glucose excretion had raised concerns about efficacy. 292

The CV benefits of SGLT2i have been robustly demonstrated in 
several large trials. EMPA-REG OUTCOME (empagliflozin) showed 
a 38% reduction in CV mortality and a 35% reduction in HF hos-
pitalizations among patients with T2DM and established athero-
sclerotic CVD. 219 CANVAS (canagliflozin) demonstrated a 14% 
reduction in MACE but reported an increased risk of amputa-
tions. 293 DECLARE-TIMI 58 (dapagliflozin) highlighted a 27% 
reduction in HF hospitalizations, with neutral effects on MACE in a 
broader population, including those without atherosclerotic 
CVD. 218 In HFrEF, DAPA-HF (dapagliflozin) 298 and EMPEROR-
Preserved (empagliflozin) 297 reported reductions in combined CV 
mortality and HF hospitalizations by 26% and 25%, respectively.

HFpEF has also been studied, with EMPEROR-Preserved 
(empagliflozin) demonstrating a 21% reduction in the combined 
endpoint of heart failure hospitalizations and CV death. 297 

SOLOIST-WHF (sotagliflozin), focused on patients recently hospi-
talized for HF, showed significant reductions in HF-related 
events. 300 VERTIS CV (ertugliflozin) confirmed CV safety but did 
not demonstrate substantial decreases in MACE or heart failure 
outcomes. 301

Summary for the clinical practice: These findings highlight the 
multifaceted benefits of SGLT2i, particularly in reducing heart 
failure-related risks and CV mortality. The relatively modest effect

on MI and the absence of stroke reduction align with the primary 
mechanisms of SGLT2i, which focus on HF and kidney protection 
rather than direct antiatherosclerotic actions. The heterogeneity in 
CV outcomes across these trials underscores the importance of 
patient selection. Trials like EMPA-REG OUTCOM and CANVAS, 
targeting high-risk atherosclerotic CVD populations, demon-
strated more pronounced MACE reductions. In contrast, broader 
studies like DECLARE-TIMI 58 revealed neutral effects in patients 
without atherosclerotic CVD. In conclusion, SGLT2i offer consistent 
CV benefits, particularly in reducing HF hospitalizations and CV 
mortality across a broad spectrum of patients. How this is achieved 
mechanistically is not clear, as SGLT-2 is not expressed in the heart, 
and some preclinical studies link SGLT2i-mediated car-
dioprotection to mechanisms independent of SGLT-2. 302

D. Combination therapy with glucagon-like peptide 1 receptor 
agonists and sodium-glucose cotransporter 2 inhibitors in type 2 
diabetes mellitus: cardiovascular outcomes and emerging evidence

The management of T2DM with atherosclerotic CVD increas-
ingly prioritizes CV risk reduction. Although current guidelines 
advocate the use of GLP-1RA or SGLT2i for these patients, the 
benefit of combining these agents is under investigation. 291 As 
described above, DPP4i have shown CV neutrality in trials and 
limited efficacy when combined with SGLT2i or GLP-1RA, thus 
reducing their role in comprehensive T2DM management. The 
focus has shifted toward GLP-1RA and SGLT2i combinations due to 
their complementary mechanisms and potential additive CV 
benefits. Meta-analyses of the Harmony Outcomes and 
AMPLITUDE-O trials, the largest data set of patients on baseline 
SGLT2i, highlight the CV effects of adding GLP-1RA. 303 In the 
analysis of Harmony Outcomes, albiglutide significantly reduced 
MACE―CV death, MI, or stroke―as well as HF hospitalization, 
regardless of background SGLT2i use. 303 Similarly, AMPLITUDE-O 
confirmed that efpeglenatide provided MACE reductions inde-
pendently of SGLT2i use. 304

Fig. 12. The overall effect of SGLT2 inhibition on the MACE composite. The overview figure was composed de novo from the single study results. Most studies report the outcome 
for cardiovascular deaths and hospitalizations due to HF as the primary endpoint. Some studies also include stroke and myocardial infarction in their results. 218,219,293,294 

CANVAS, 293 DECLARE―TIMI 58, 218 VERTIS CV, 295 EMPA-REG OUTCOME, 219 EMPEROR-Reduced, 296 EMPEROR-Preserved, 297 DELIVER, 254 DAPA-HF, 298 CREDENCE, 294 DAPA-
CKD, 255 and EMPA-KIDNEY. 299 For a complete picture we refer to the meta-analysis data published previously. 292
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Although direct evidence of additive CV benefits remains 
limited, trials such as DURATION-8 have demonstrated additive 
effects on metabolic outcomes. Combining GLP-1RA and SGLT2i 
leads to greater HbA1c, weight, and blood pressure reductions 
than monotherapy. 305 Also, the cumulative incidence of MACE and 
serious renal events was significantly decreased by 30% and 57%, 
respectively, by the combination therapy with GLP-1RA and 
SGLT2i compared with GLP-1RA monotherapy. 306 In a comparison 
of the combination therapy with GLP-1RA and SGLT2i to SGLT2i 
monotherapy, MACE incidence was still decreased by 29%. These 
benefits align with their distinct mechanisms: GLP-1RA improve 
glycemic control, lipid profiles, and atherosclerosis, whereas 
SGLT2i enhance renal and hemodynamic functions, reduce 
inflammation, and improve cardiac metabolism. Also, markers of 
oxidative stress in T2DM patients were more efficiently decreased, 
and vascular markers (eg, glycocalyx)/effective cardiac work were 
ameliorated more pronounced by the combination therapy with 
GLP-1RA and SGLT2i than by monotherapy with these drugs or 
insulin alone. 307,308 Notably, the results of the SOUL trial studying 
the CV safety of oral semaglutide in people with T2DM demon-
strated a 14% reduction in the primary composite outcome, with 
49% of trial participants taking a SGLT2i at some point during the 
trial. 309

Summary for the clinical practice: Safety for combination 
therapy remains a key consideration. Harmony Outcomes 
trial data confirmed that adding GLP-1RA to SGLT2i did not 
increase the risk of adverse events, including hypoglycemia or 
diabetic retinopathy. 303 Nevertheless, current guidelines do 
not routinely recommend combining GLP-1RA and SGLT2i due 
to limited evidence from randomized trials, cost consider-
ations, and the lack of clear CV superiority over mono-
therapy. 291 The relatively small proportion of patients on 
SGLT2i in prior trials further limits the generalizability of 
findings. In conclusion, GLP-1RA and SGLT2i independently 
provide substantial CV benefits in T2DM with atherosclerotic 
CVD. Preliminary evidence suggests their combination is safe 
and may offer additional benefits, but robust randomized trials 
are needed to confirm these effects and refine treatment 
recommendations.

E. The role of glucagon-like peptide 1 receptor agonists in weight 
management for nondiabetic overweight and obese adults

The global obesity epidemic presents a significant health and 
economic burden, with a growing prevalence of elevated body 
mass index (BMI). In the United States, 70% of adults are classified 
as overweight or obese, and projections indicate that nearly half of 
the population may be obese by 2030. Overweight individuals are 
defined by a BMI ≥ 25 kg/m 2 , whereas obesity is defined as a BMI ≥ 

30 kg/m 2 . 310 Obesity is a major independent risk factor for T2DM 

due to its association with insulin resistance and metabolic ab-
normalities, including hyperinsulinemia, hyperglycemia, and 
dyslipidemia. 311 Excess adipose tissue contributes to insulin 
resistance by releasing nonesterified fatty acids, tumor necrosis 
factors, and proinflammatory cytokines. 312 With each kilogram of 
weight gained, diabetes risk increases by 4.5%—9%, and individuals 
with a BMI > 30 have a 20-fold higher risk of developing T2DM. 
Weight loss improves glucose homeostasis and reduces car-
diometabolic risk in diabetic patients. 313 For overweight and obese 
individuals without T2DM, weight reduction is also useful for 
preventing the onset of diabetes. Current pharmacological options 
for obesity management include lipase inhibitors (orlistat), opioid 
receptor antagonists (naltrexone/bupropion), and adrenergic ag-
onists (phentermine/topiramate). 314 Additionally, GLP-1RA, such 
as tirzepatide, liraglutide, and semaglutide, originally approved for

glycemic control, have gained approval as effective weight loss 
agents. 315,316

GLP-1 delays gastric emptying and promotes satiety, collec-
tively contributing to weight loss. Since the approval of liraglutide 
(Saxenda, 3 mg) for weight management in nondiabetic adults in 
2014, GLP-1RA have transformed obesity treatment. Semaglutide 
is approved at a maximum dose of 2.4 mg for weight loss therapy 
and has shown superior efficacy to previously approved classes of 
weight loss agents. Although most antiobesity drugs achieve less 
than 10% weight reduction at tolerable doses, semaglutide 
demonstrated a 14.9% reduction in body weight in clinical 
trials. 315,316

In 2021, the FDA approved semaglutide 2.4 mg for chronic 
weight management in obese adults or those overweight with 
comorbidities to be combined with caloric restriction and 
increased physical activity. Semaglutide is available as a once-
weekly subcutaneous injection or a daily oral formulation. For 
T2DM, beyond weight loss, GLP-1RA have been shown to reduce 
the rates of MACE in separate trials for T2DM or overweight/ 
obesity. The SELECT trial studied 17,604 nondiabetic individuals 
with obesity or overweight (BMI ≥ 27) and pre-existing CVD, 
revealing a 9.39% mean weight reduction over 104 weeks with 
semaglutide. Semaglutide reduced the composite primary 
endpoint of CV death, nonfatal MI, or stroke by 20% compared with 
placebo (HR, 0.80; 95% CI, 0.72—0.90; P < .001) over a mean follow-
up of more than 3 years (Fig. 13). Importantly, all-cause mortality 
was reduced by 19%. Adverse events led to higher discontinuation 
in the semaglutide group (16.6% vs 8.2%). These findings establish 
semaglutide as an effective CV risk reduction therapy in over-
weight and obese patients without diabetes. 279

Summary for the clinical practice: This growing evidence base 
highlights the potential of GLP-1 RAs, particularly semaglutide, as 
powerful agents in weight management and as a promising 
approach for mitigating CV risks associated with obesity in 
nondiabetic populations.

F. Sodium-glucose cotransporter 2 inhibitors in nondiabetic heart 
failure

Cardiovascular complications associated with T2DM include 
coronary artery disease, HF, atrial fibrillation, ischemic strokes, 
and peripheral arterial disease. Furthermore, diabetes heightens 
the likelihood of albuminuria and chronic kidney disease, both of 
which are independent risk factors for CVD. HF is currently clas-
sified based on EF: HF with reduced EF (HFrEF; EF ≤ 40%), HF with 
preserved EF (HFpEF; EF > 50%), and HF with mildly reduced EF 
(HFmrEF; EF 40%-50%). 317,318 The interplay between diabetes and 
cardiorenal comorbidities leads to a cumulative increase in the risk 
of CV events and mortality. Although the glucose-lowering class of 
drugs like SGLT2i can reduce CV consequences driven by T2DM, 
recent studies demonstrated SGLT2i to be effective in HF patients 
without T2DM.

Summary for the clinical practice: The use of SGLT2i in HF has 
dramatically transformed patient outcomes. Initially developed for 
glycemic control, their role in HF management gained recognition 
after the EMPA-REG OUTCOME trial demonstrated a significant 
reduction in HF hospitalizations in the empagliflozin group 
compared with placebo. These results suggested that SGLT2i 
directly affect HF, independent of their glucose-lowering 
properties.

1. Sodium-glucose cotransporter 2 inhibitors in heart failure with 
reduced ejection fraction

HFrEF, a LVEF of ≤ 40%, shows significant improvements with 
SGLT2i. The DAPA-HF trial demonstrated that dapagliflozin
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reduced primary CV outcomes―including CV death, hospitaliza-
tion for HF, or urgent hospital visits requiring intravenous HF 
therapy―by 26% in patients with EF ≤ 40% and an eGFR ≥ 30 mL/ 
min/1.73 m 2 . Similarly, the EMPEROR-Reduced trial evaluated 
empagliflozin in patients with a mean EF of 27% and an eGFR ≥ 20 
mL/min/1.73 m 2 , reporting a 25% reduction in the combined 
endpoints of CV death and HF hospitalization. In addition, a slower 
decline in kidney function was observed, highlighting the dual 
benefits of SGLT2i in managing HFrEF. These findings have estab-
lished SGLT2i as a cornerstone and part of the guidelines in HFrEF 
treatment, significantly improving morbidity and mortality 
outcomes. 317,318

2. Sodium-glucose cotransporter 2 inhibitors in heart failure with 
preserved ejection fraction and heart failure with mildly reduced 
ejection fraction

HF has historically been challenging to treat. The EMPEROR-
Preserved trial demonstrated that empagliflozin improved CV 
outcomes in HFpEF patients, achieving a 21% reduction in the 
combined endpoint of CV death and HF hospitalization. This 
landmark trial included HFmrEF and HFpEF patients, irrespective 
of diabetes status. 297 The DELIVER trial further confirmed these 
results with dapagliflozin, showing an 18% reduction in the pri-
mary composite endpoint of HF worsening or CV death in patients 
with HFmrEF and HFpEF. 254

3. Sodium-glucose cotransporter 2 inhibitors in acute heart failure
Acute heart failure is a critical clinical condition requiring im-

mediate intervention. The SOLOIST-WHF trial investigated sota-
gliflozin in patients recently hospitalized for worsening HF and 
found a significant reduction in the combined endpoint of CV 
death, HF hospitalization, or urgent HF visits. 300 Meta-analyses 
have further demonstrated that SGLT2i improve Kansas City Car-
diomyopathy Questionnaire scores and reduce the risk of HF 
rehospitalization without increasing the risk of hypotension or 
acute kidney injury. However, no significant effect on all-cause 
mortality was observed. 254 Although improvements in LVEF were 
primarily observed in HFrEF patients at advanced stages of HF, 
SGLT2i have shown broad clinical utility in acute and chronic HF 
settings, significantly enhancing treatment outcomes.

G. Modern antidiabetic drugs also for the treatment of 
hypertension?

The antihypertensive properties of GLP-1RA, DPP-4i, and 
SGLT2i are clinically meaningful benefits beyond glycemic control. 
These agents reduce blood pressure (BP) via different mechanisms 
including natriuresis, weight loss, endothelial modulation, and 
autonomic regulation. 319—321 Clinical trials and animal studies 
over the past 15 years have detailed the magnitude of these effects, 
which vary by drug class.

GLP-1RA such as liraglutide and semaglutide consistently reduce 
systolic BP by approximately 2—5 mmHg in meta-analyses 321 and 
a high-quality cohort study. 279 Although weight loss contributes to 
this effect, GLP-1 receptor activation also promotes natriuresis 
through direct renal tubular actions and increased atrial natri-
uretic peptide (ANP) secretion, resulting in decreased aldosterone 
and plasma volume. 321,322 Additionally, GLP-1RA improve endo-
thelial nitric oxide bioavailability and attenuate oxidative stress, 
promoting vasodilation in experimental studies. 120,141,323 Experi-
mental data also support improved vascular reactivity and reduced 
inflammation in hypertensive mice under GLP-1RA treatment. 129 

There is also evidence of central sympathetic modulation, 
although the mild increase in heart rate observed remains 
unclear. 324

DPP-4 inhibitors (eg, sitagliptin, saxagliptin, and vildagliptin) 
exhibit mild and inconsistent BP-lowering effects, with small 
studies showing modest systolic BP reductions and larger trials 
failing to confirm them. 325—327 These agents preserve vasoactive 
peptides such as GLP-1, brain natriuretic peptide, and substance P, 
which enhance vasodilation. They also exert endothelial anti-
inflammatory and antioxidative effects. 120,328 However, the 
absence of an effect on sodium excretion or weight impact limits 
their clinical BP effects, consistent with neutral CV outcomes in 
large trials. 285,327

SGLT2 inhibitors (eg, empagliflozin, dapagliflozin, and cana-
gliflozin) demonstrate robust BP reductions, typically 3—5 mmHg 
systolic, across multiple trials. 218,219 By inhibiting sodium and 
glucose reabsorption in the proximal tubule, they induce natri-
uresis and osmotic diuresis, reducing intravascular volume and 
afterload. 329,330 Additional salutary effects include improved 
arterial compliance, reduced sympathetic activity, and beneficial

Fig. 13. Time-to-first-event analysis for primary and confirmatory secondary efficacy end points for GLP-1RA therapy of CVD patients with obesity but without diabetes. The graph 
shows the cumulative incidence of the first affirmative secondary endpoint (death from cardiovascular causes). Overall HR for death from cardiovascular causes (nonfatal MI or 
stroke) for the semaglutide intervention was 0.8 (95% CI: 0.72—0.9) with P < .001 for superiority. Reproduced from Lincoff et al 279 with permission.

S. Steven, M. Kuntic, T. Münzel et al. Pharmacological Reviews 77 (2025) 100082

21



vascular and renal changes. 329,330 Hypertensive rat models treated 
chronically with SGLT2i exhibit attenuated BP progression and 
reduced heart rate. Notably, BP effects appear early and are sus-
tained without reflex tachycardia. 331

These antihypertensive effects likely contribute to CV benefits 
observed in major CVOTs. In LEADER and SUSTAIN-6 (GLP-
1RA) 216,217 and EMPA-REG OUTCOME and DECLARE-TIMI 58 
(SGLT2i), 218,219 reductions in MACE, HF hospitalizations, and renal 
progression were documented, with treatment arms displaying 
consistently lower BP by several mmHg, as also reviewed in 
detail. 326 BP lowering plausibly mediates a portion of the risk 
reduction, particularly for HF. In contrast, DPP-4i showed neither 
BP reduction nor CV benefit. 285,327 Therefore, although BP reduction 
does not fully explain the cardioprotection provided by GLP-1RA 
and SGLT2i―given their multifactorial metabolic and organ-
protective effects―it constitutes a significant therapeutic medi-
ator and should be a focus of future mediation analyses.

V. Unwanted side effects of modern therapy for type 2 
diabetes mellitus

DPP-4 inhibitors are generally well-tolerated, with a low inci-
dence of adverse effects and minimal risk of hypoglycemia when 
used alone. The most common side effects are mild, such as upper 
respiratory tract infections, nasopharyngitis, headaches, urinary 
tract infections, and arthralgias. 332 However, several infrequent 
but serious adverse reactions have been identified. Postmarketing 
surveillance has linked DPP-4i to severe, disabling joint pain, 
prompting the FDA to add class-wide label warnings in 2015. 333 

Rare cases of bullous pemphigoid have also been associated with 
DPP-4i; a meta-analysis of randomized trials found a significantly 
elevated risk with this class. 334 In CVOTs, DPP-4i showed overall 
neutral effects on atherothrombotic events, but 1 trial (SAVOR-
TIMI 53) noted a higher rate of hospitalization for HF with sax-
agliptin (3.5% vs 2.8% over ~2 years, HR, 1.27). 285 This finding led 
regulators to warn about potential HF risk with saxagliptin and 
alogliptin. 335 Incretin-based therapies were once suspected to in-
crease pancreatitis risk, but large trials have not confirmed a sig-
nificant difference in pancreatitis incidence between DPP-4i and 
placebo. 285 Notably, adjudicated rates of acute pancreatitis in 
SAVOR were low (≈0.3%) and virtually identical to placebo. 285

GLP-1RA commonly cause gastrointestinal adverse effects. 
Nausea, vomiting, and diarrhea are frequently reported and can 
lead to treatment discontinuation. 217 In the LEADER trial of lir-
aglutide, for example, gastrointestinal symptoms were the most 
common adverse events prompting drug discontinuation. 217 Such 
effects are dose-dependent and often diminish over time, but in 
some patients, they limit tolerability. GLP-1RA have also been 
associated with gallbladder disease: a post hoc analysis of LEADER 
found a higher incidence of acute gallbladder or biliary events in 
the liraglutide group than in the placebo group (141 of 4668 vs 88 
of 4672 patients; HR, 1.60, P < .001). 216 Regarding pancreatic 
safety, initial reports raised alarms about pancreatitis (and even 
pancreatic cancer) with incretin therapies. However, subsequent 
high-quality evidence has not substantiated a meaningful increase 
in pancreatitis risk. 217 In LEADER, for instance, the incidence of 
acute pancreatitis was low and not significantly different from 

placebo. 217 Nonetheless, product labels advise caution in patients 
with a history of pancreatitis. An unexpected finding in the sem-
aglutide CV outcomes trial (SUSTAIN-6) was an elevated rate of 
diabetic retinopathy complications (3.0% with semaglutide vs 1.8% 
with placebo over ~2 years). 336 This has been attributed to the 
rapid glycemic improvement with semaglutide and underscores 
the need for careful retinal monitoring in patients with preexisting 
retinopathy. Finally, although rodent studies linked GLP-1RA to

C-cell tumors, large human studies have found no increase in 
thyroid cancer among GLP-1RA-treated patients (pooled HR, ~0.8 
vs DPP-4 inhibitor comparators). 337 Accordingly, the class carries a 
precaution against use in patients with a personal or family history 
of medullary thyroid carcinoma, but current evidence has been 
reassuring regarding thyroid safety in the general population. 337 

These and other adverse effects of GLP-1RA therapy (eg, anti-
body formation against the drugs) were previously summarized by 
previous work. 246,281

SGLT2 inhibitors promote glycosuria and have side effects 
related to urinary glucose loss. Genital mycotic infections are 
among the most common adverse effects, occurring at signifi-
cantly higher frequency than in placebo groups. Urinary tract in-
fections are also more frequent; although most are mild, rare cases 
of urosepsis and pyelonephritis have been reported, leading the 
FDA to add warnings about serious urinary infections with this 
class. 338 By causing osmotic diuresis, SGLT2i can precipitate vol-
ume depletion, hypotension, and electrolyte imbalances in sus-
ceptible patients. Another important risk is diabetic ketoacidosis: 
SGLT2i have been linked to euglycemic or minimally hyperglyce-
mic diabetic ketoacidosis, with dozens of cases reported in the first 
few years of clinical use. Regulatory agencies mandated label 
warnings about ketoacidosis in 2015, and prescribers are advised 
to monitor for symptoms of metabolic acidosis. 338 Moreover, in 
2018, the FDA warned of rare cases of necrotizing fasciitis of the 
perineum (Fournier’s gangrene) in patients on SGLT2i. 339 By early 
2019, an FDA review had identified 55 cases of Fournier’s gangrene 
in patients receiving SGLT2i (male and female). 340 This led to a 
new class warning, and clinicians should remain vigilant for this 
life-threatening infection. Lower urinary tract symptoms of SGLT2i 
are also reviewed in previous works. 341 Finally, 1 
agent―canagliflozin―was associated with an approximately 2-
fold increase in lower-limb amputation risk in 1 large CV 
outcome trial (CANVAS). 293 This amputation signal was specific to 
canagliflozin and was not observed with other SGLT2i in similar 
trials. Canagliflozin’s label briefly carried a boxed warning for 
amputations, which was later removed after further data, but this 
risk is still considered in patient selection and monitoring.

VI. Clinical outlook and conclusions

Endothelial dysfunction is a common and early symptom of 
CVD, 342 particularly coronary heart disease, and is linked to future 
CV events in CVD patients. 343 Oxidative stress, a prognostic 
marker, is also associated with CVD in humans 61,344,345 and is a 
potential target for therapy. 346 Recent data suggest a close corre-
lation between oxidative stress and inflammation in the vascula-
ture (especially under diabetic conditions), 35,347 making both 
independent risk factors for CVD progression in humans. 64,69 Us-
ing compounds for the inhibition of specific ROS sources and cell-
specific scavenging of ROS or activators of intrinsic antioxidant 
systems, such as NRF2-dependent pathways, is a promising 
strategy. 348 Also, exploring the pleiotropic antioxidant and anti-
inflammatory properties of established CV drugs seems reasonable. 74 

Screening for potent anti-inflammatory effects and prescreening 
patients for inflammation and oxidative stress markers could help 
develop personalized medical treatments.

The antioxidant and anti-inflammatory properties of the 
modern antidiabetic drugs GLP-1RA and SGLT2i, along with other 
pleiotropic health effects besides their principal mode of action, 
preventing glucotoxicity, provide a reasonable explanation for 
their highly beneficial impact on diabetic complications and 
associated comorbidities―important prognostic endpoints that 
are less affected by DPP-4i therapy. The promising results with 
GLP-1RA and DPP-4 inhibition in endotoxemia and atherosclerosis
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models support their potent anti-inflammatory effects. Also, 
SGLT2i displayed potent anti-inflammatory effects in T1DM and 
T2DM models. Common to all these compounds were the anti-
oxidant effects and efficient prevention of oxidative damage in 
various tissues. In summary, GLP-1RA and SGLT2i are primarily 
safe, well-proven, and highly effective drugs to prevent CV com-
plications and renal impairment in T2DM patients at medium to 
high risk. GLP-1RA and SGLT2i, despite being developed initially as 
antidiabetic medications, have demonstrated significant CV ben-
efits even in patients without diabetes. GLP-1RA appear to reduce 
CV events in humans primarily through their anti-inflammatory 
properties, likely complemented by the additional benefits of 
reduced BP and body weight, which improve metabolic profiles 
and reduce CV risk factors. 152,279,312 Immunomodulation seems to 
be a key mechanism of the pleiotropic cardioprotective effects of 
GLP-1- and SGLT2-based drugs, also supported by the promising 
results of the large clinical trials on monoclonal antibodies against 
IL-1ß in patients with T2DM. 349,350

On the other hand, SGLT2i, with their diuretic-like mechanisms, 
are particularly advantageous in patients with HF across the 
spectrum of EF (HFrEF, HFmrEF, and HFpEF), as well as those with 
cardiorenal syndromes. 254,279,297 Both drug classes have already 
secured a prominent role in managing CVDs, and their clinical 
utility is expected to expand further in the coming years as more 
evidence emerges. 291,318

Evidence is growing that GLP-1RA may represent a therapeutic 
strategy against Alzheimer and Parkinson disease, fatty liver dis-
ease, and peripheral artery disease (atherosclerosis) 281 as well as 
hypertension (see above) beyond glycemic control and weight loss. 
Also, SGLT2i may be used for new indications such as fatty liver 
disease by reducing hepatic, perivisceral, pericardial, and peri-
vascular fat accumulation, thereby attenuating obesity-related 
inflammation. 351 SGLT2 inhibitors also display a systemic, BP-
lowering effect without generating a reflex chronotropic 
response, prevent vascular aging, and improve energy metabolism 

from ketone bodies and lipid consumption, thereby optimizing 
energy efficiency in the myocardium. These pleiotropic effects will 
open attractive new markets and health benefits for a much 
broader target group.
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