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Abstract 

Oxidative stress and adipokine imbalance are important contributors to the pathogenesis of 
diabetic cardiovascular disease. The nuclear factor erythroid 2-related factor 2 (Nrf2) regulates 
antioxidant defense, while adipokines link metabolism and inflammation. Incretin-based therapies 
and PPARγ agonists may join on these pathways to provide cardiovascular protection beyond 
glycemic control. This review aims to investigate the current evidence on how incretin-based 
agents and PPARγ agonists regulate the adipokine-Nrf2 axis and their impact on cardiovascular 
outcomes in diabetes. A literature search was performed using PubMed, Google Scholar and 
Scopus to include reviews, experimental, clinical, and translational studies published in English 
until November 2025. Evidence indicates that incretin-based agents and PPARγ agonists 
synergistically activate Nrf2 and inhibit NF-kB signaling, leading to improved oxidative status and 
favorable adipokine levels. Increased adiponectin and omentin, and suppressed resistin, leptin and 
TNF-α contribute to reduced inflammation and enhanced vascular and myocardial protection. 
Collectively, combined activation of incretin and PPARγ pathways modulates the adipokine-Nrf2 
axis, offering joined antioxidant and anti-inflammatory benefits that may reduce diabetic 
cardiovascular risk. 

 

Introduction 

mailto:esra.24hmp42@student.uomosul.edu.iq
https://orcid.org/0009-0005-0859-6624
mailto:shm@uomosul.edu.iq
https://orcid.org/0000-0002-2873-8846
https://orcid.org/0000-0002-2873-8846
mailto:mohammedharith11@uomosul.edu.iq
https://orcid.org/0000-0003-1853-939X
mailto:esra.24hmp42@student.uomosul.edu.iq


2 
 

Oxidative stress is one of the main determinants of type 2 diabetes mellitus (T2DM) complications. 
It has a key pathophysiological responsibility in the initiation and progression of heart and 
vascular illnesses 1. Activation of anti-oxidant defense is essential to prevent or postpone the 
development of diabetic-cardiovascular complications 2.  

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a master transcription factor which is activated by 
increased reactive oxygen species (ROS), is found in most tissues and exerts a major role in 
augmentation of the antioxidant pathways, resulting in increased endothelial protection 3.  

Beside oxidative stress, alterations in adipokines secretion, characterized by reduced protective 
mediators as adiponectin and elevated pro-inflammatory factors, can further predispose to 
increased susceptibility of cardiovascular disease (CVD) 4. Accordingly, the choice of appropriate 
medications in T2DM that modulate adipokine and oxidative stress is critically important and 
considered as one of the major determinants of patient’s cardiac health.  

Incretin-based drugs, such as GLP-1 agonists and DPP4 inhibitors, are widely used alongside 
metformin for diabetic patients. Added to their hypoglycemic effect, incretin agonists may provide 
antioxidative, anti-inflammatory, and vascular protecting potential in diverse tissues including 
heart and blood vessels 5. Similarly, thiazolidinediones (TZD), which work by activation of 
peroxisome proliferator-activated receptor gamma (PPARγ), may give a vascular protection due to 
their ability to increase lipid and glucose uptake, and lower free fatty acid levels, and insulin 
resistance 6.  

Oxidative stress and inflammation are recognized factors in diabetic CVD; however, the 
comprehensive function of adipokines within Nrf2-centric regulatory networks is not fully 
elucidated. Moreover, the mechanisms by which incretin and PPARγ signaling converge on this 
axis to affect cardiovascular outcomes have not been systematically postulated.  

To address this gap, we suggest an integrative framework that illustrates the adipokine-Nrf2 axis 
as a two-way regulatory network to connect metabolic signals, oxidative stress responses, and 
inflammatory pathways. In this context, protective adipokines, such as adiponectin, may augment 
Nrf2 transcriptional activity while inhibiting NF-kB-mediated inflammation.  

On the other hand, pro-inflammatory adipokines like leptin and resistin are linked to the activation 
of NF-kB, the production of more ROS, and the loss of function of Nrf2 signaling. Moreover, 
incretin-based therapies and PPARγ agonists seem to alter this network via upstream pathways 
like PI3K/AKT and AMPK, affecting redox balance and inflammatory tone, which leads to 
cardiovascular protection. Although these interactions have been demonstrated by experimental 
and translational studies, they have not yet been comprehensively outlined within a cohesive 
mechanistic framework. Figure 1 shows a visual representation of this proposed axis.  

This review examines contemporary evidence regarding the convergence of incretin-based 
therapies and PPARγ signaling on Nrf2 pathways and adipokine regulation to influence oxidative 
stress in diabetic CVD, focusing on their potential translational significance as therapeutic targets. 
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Figure 1. Integrative model of the adipokine-Nrf2-NF-kB axis and its modulation by incretin signaling 
and PPARγ activation in diabetic cardiovascular disease. An integrative schematic demonstrating the 
bidirectional interactions among adipokines, oxidative stress, and inflammatory signaling pathways in 
diabetic cardiovascular disease. Protective adipokines, especially adiponectin, stimulate AMPK and promote 
Nrf2 signaling. This causes antioxidant defense systems function better and NF-kB-mediated inflammation 
to be decreased. On the other hand, pro-inflammatory adipokines like leptin and resistin increase the 
production of ROS and turn on NF-kB signaling, which makes inflammatory responses stronger and stops 
Nrf2 from working properly. Incretin-based therapies (GLP-1 receptor agonists and DPP-4 inhibitors) and 
PPARγ agonists influence this network via upstream pathways, such as PI3K/AKT, cAMP, and AMPK signaling. 
These interventions boost Nrf2 transcriptional activity, lower oxidative stress, and lessen inflammatory 
signaling. Therefore, they help the endothelium work better and protect the heart and blood vessels. Solid 
arrows indicate activation or stimulation, upward and downward arrows mean relative increase and 
decrease, respectively, whereas blunt-ended lines represent inhibitory or suppressive effects. Nrf2: Nuclear 
factor erythroid 2-related factor 2, NF-kB: Nuclear factor kappa B, IL-6: Interleukin-6, TNF-α: Tumor necrosis 
factor alpha, IL-1β: Interleukin-1 beta, HO-1: Heme oxygenase-1, SOD: Superoxide dismutase, GPx: 
Glutathione peroxidase, CAT: Catalase AMPK: AMP-activated protein kinase, PPARγ: Peroxisome proliferator-
activated receptor gamma, GLP-1: Glucagon-like peptide-1, DPP-4: Dipeptidyl peptidase-4, PI3K: 
Phosphoinositide 3-kinase, AKT: Protein kinase B, cAMP: Cyclic adenosine monophosphate, ROS: Reactive 
oxygen species, eNOS: Endothelial nitric oxide synthase.  
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Cardiovascular status in diabetic patients 

Cardiovascular health in T2DM is critically compromised due to increased risk of various 
cardiovascular events, such as cardiomyopathy, atherosclerosis, heart attacks, strokes, heart failure 
and cardiac metabolic abnormalities 7.  

Diabetic cardiomyopathy is associated with structural and functional abnormalities ranging from 
cardiac fibrosis, inflammation, increased apoptosis, and myocardial lipid accumulation, to left 
ventricular mass formation, reduced contractile ability, and impaired systolic and diastolic 
functions 8.  

The presence of various risk factors in diabetic patients, such as obesity, hypertension, and 
dyslipidemia may further exacerbate cardiac complications. The accelerated cardiovascular 
damage induced by hyperglycemia may be compounded by increased oxidative stress, 
inflammation and dysregulation of adipokines.  

Through several mechanisms—including protein and lipid peroxidation, DNA damage, oxidative 
modification of microRNAs, and activation of stress-sensitive pathways—excessive reactive 
oxygen species (ROS) cause cellular dysfunction and injury 9.   

Through elevated production of TNF-α, NF-κB, and collagen factors, prolonged exposure to 
oxidative stress in T2DM patients can cause chronic inflammation and fibrosis in the heart and 
blood vessels 10.  

Understanding these pathophysiological pathways is important for identifying molecular targets 
such as PPARγ signaling, incretin pathways and Nrf2 regulation to restore metabolic and 
antioxidant homeostasis for improved cardiac outcome in diabetes.  

 

Adipokines in metabolic and cardiovascular regulation  

Adipocytokines are secretory bioactive substances produced by adipose tissue to directly affect 
insulin resistance (IR), angiogenesis, inflammation, in addition to glucose and lipid metabolism. 
Fibroblasts, macrophages, lymphocytes, neutrophils, mast cells, endothelial cells, and adipocyte 
precursors have also been reported to produce adipokines 11.  

One of the major adipokines is adiponectin, which has antiatherogenic, anti-inflammatory, 
antidiabetic, immunomodulatory, antiapoptotic and vasoprotective properties 12.  Low 
adiponectin levels are connected to a higher incidence of obesity-related CVD, such as peripheral 
artery disease and ischemic heart disease 13. According to experimental results, adiponectin 
directly affects the constituent cells of the heart and blood vessels to have positive effects on the 
cardiovascular system (CVS) 14. Adiponectin guards cardiovascular cells under situations of stress 
through stimulation of endothelial cell responses and inhibition of hypertrophic and pro-
inflammatory responses 15.  

Apelin, as a protective adipokine, has beneficial abilities in the management of IR, sclerosis, 
gastrointestinal tract inflammation, hypertension, neuropathic pain, beside hepatic acute kidney, 
and lung injuries 16–18. The potential application of apelin as a therapeutic treatment in heart failure 
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is made possible by its vasodilator and inotropic properties, as well as its upregulation following 
positive left ventricular remodeling. Nevertheless, there is evidence that apelin can occasionally 
behave as a pro-inflammatory factor, inhibiting activated macrophage capabilities and promoting 
the release of inflammatory cytokines 19.  

Similarly, omentin (intelectin) possesses beneficial effects such as anti-inflammatory, anti-
atherogenic, insulin-sensitizing, cardio-protective, and oxidative stress-decreasing effects. 
enhanced endothelial cell function and survival, augmented endothelial nitric oxide synthase and 
nitric oxide (NO) bioavailability, improved vascular smooth muscle cell relaxation with decreased 
proliferation, and suppressed inflammation, and oxidation are the reasons behind omentin's 
cardiovascular protective effects. This makes omentin an excellent therapeutic option in diabetes 
mellitus and cardiovascular and inflammatory diseases 20,21.  

Another adipokine that influences the specification of cardiovascular tissues both during and after 
development is retinoid acid receptor responder protein 2 (RARRP2). According to recent research, 
RARRP2 plays a significant part in the process of cardiac remodeling in rats with hypertension and 
after myocardial infarction 22. Many biological activities of RARRP2 are provoked by the ligand-
activated transcription factors and it can activate PPARβ/δ to enhance lipolysis. RARRP2 treatment 
has shown to restore adipose PPARβ/δ expression; therefore, may provide a valuable choice in the 
controlling and prevention of the metabolic syndrome 23. 

On the other hand, leptin shows a pro-inflammatory action, causing early development of 
hyperphagia, hypogonadism, obesity, and metabolic disorders 24 . Leptin-mediated boosts of 
blood pressure and heart rate may aggravate cardiac hypertrophy and myocardial workload in the 
long term 25.  

Resistin, another adipokine, is importantly expressed in macrophages and has been shown to be 
implicated in inflammation, diabetes and obesity 26. Regarding CVD and atherosclerosis, resistin 
has been reported to participate in the progress of angiogenesis thrombosis, and endothelial and 
smooth muscle cell dysfunction 27. Similar to resistin, visfatin has shown increased levels in obesity, 
where high levels of it appear to be linked with increased inflammation and may contribute to the 
development of T2DM, IR, CVD and renal complications 28,29. 

Numerous disorders have been linked to chemerin, a pleiotropic factor implicated in 
inflammation, adipogenesis, angiogenesis, and energy metabolism 30. An elevated risk of coronary 
artery disease was linked to higher serum chemerin levels. Chemerin may therefore constitute a 
unique connection between metabolic signals and atherosclerosis 31.  

Likewise, the liver and adipose tissue produce the adipokine retinol binding protein-4 (RBP4). 
Apart from its function in retinol transport, new research indicates that RBP4 not only directly 
damages cardiomyocytes, but also plays a role in the pathophysiology of heart failure by causing 
IR and chronic inflammation 32. Dipeptidyl peptidase-4 (DPP4) has emerged as an adipokine that is 
secreted by adipose tissue and work as a multifactorial enzyme to regulate glucose, lipid, insulin 
and inflammation 33. Studies show that elevated levels of DPP4 is associated with obesity, IR, T2DM 
and CVD 34,35.  

TNF-α is highly expressed in the failing heart, owing not only to chemical mediators released as a 
result of arterial occlusion, but also to its direct depressant effect on myocyte contractility. The 
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elevation of TNF-α may promote endothelial dysfunction, oxidative stress, and apoptosis of 
cardiomyocytes 36.  

Likewise, interleukin-6 (IL-6), a pivotal cytokine of innate immunity, is considered as a 
proatherogenic factor in CVD 37,38.  

One of the adipokines that has direct effect on cardiomyocyte size and number is lipocalin-2 
(LCN2). It is believed to play a central role  in cardiac hypertrophy, heart failure and T2DM 39,40. 
Table 1 summarizes the proposed mechanism by which different adipokines provide 
cardiovascular benefits.   

Table 1. Summary of the effect of main adipokines on Nrf2/NF-kB axis and cardiovascular outcomes. 
Adipokine Effect on Nrf2/NF-kB Cardiovascular impact 
Adiponectin Activates AMPK–Nrf2, suppresses NF-kB Anti-atherogenic, anti-inflammatory, improves 

endothelial function 
Apelin Activates protective pathways, can 

sometimes act pro-inflammatory 
Vasodilatory, inotropic, potential therapeutic 
in HF 

Omentin Activates Nrf2, suppresses NF-kB, 
increases NO bioavailability 

Cardioprotective, improves endothelial 
survival and function 

Leptin Activates NF-kB, increases ROS, 
suppresses Nrf2 

Pro-hypertrophic, raises BP and HR, worsens 
CV outcomes 

Resistin Activates NF-kB, promotes 
inflammation, suppresses Nrf2 

Promotes endothelial dysfunction, thrombosis, 
smooth muscle dysfunction 

Visfatin Activates NF-kB when elevated, 
promotes inflammation 

Associated with IR, diabetes, CVD, promotes 
vascular inflammation 

DPP4 Promotes NF-kB–mediated 
inflammation; indirectly suppresses 
Nrf2 activity through oxidative stress 
pathways 

Linked to endothelial dysfunction and 
increased cardiovascular risk; inhibition 
improves vascular function and reduces 
inflammation 

TNF-α Strong NF-kB activator, suppresses Nrf2 Induces oxidative stress, apoptosis, poor 
cardiac outcomes 

IL-6 Pro-inflammatory, NF-kB activator Contributes to atherogenesis, vascular 
dysfunction 

RBP4 Promotes inflammation, insulin 
resistance, cardiomyocyte injury 

Linked to HF progression, insulin resistance, 
inflammation 

Chemerin Linked with atherosclerosis, promotes 
inflammation 

Associated with CAD risk, metabolic 
dysregulation 

LCN2 Associated with cardiac hypertrophy, 
pro-inflammatory 

Elevated in T2DM, linked to hypertrophy and 
HF 

 

Effect of dysregulated adipokines on cardiovascular health and diabetes 

Under normal circumstances, the production of proinflammatory adipokines (leptin, visfatin, 
resistin and RBP4) is in balance with anti-inflammatory adipokines (omentin, apelin, adiponectin) 
41. Obesity disrupts the normal balance between the two classes; however, it is worth knowing the 
difference between the metabolic function of central (visceral abdominal) and peripheral obesity 
(subcutaneous) in the production of adipokines 42.  
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Visceral obesity is linked with high levels of some proinflammatory adipokines, leading to 
metabolic disorders. Overloaded adipocytes with proinflammatory adipokines produce excess 
energy-rich molecules and trigger cellular stress, causing chronic low-grade inflammation and 
serious negative cardiovascular consequences such as arterial stiffness, altered lipid metabolism, 
and IR 43.    

Nrf2 signaling and vascular protection in diabetes  

By triggering the transcription of several antioxidant genes, Nrf2 controls the cellular antioxidant 
defense system and fights oxidative stress brought on by diabetes 44. Recent reports suggest that 
activation of Nrf2 may provide protection against cardiovascular metabolic disorders 45. The aryl 
hydrocarbon receptor (AhR), PPARγ or PPARα, specificity protein 1 (Sp-1), p53, NF-κB, myocyte-
specific enhancer factor 2 D (MEF2D), breast cancer 1 (BRCA1), c-Jun, and c-Myc, are among the 
transcription factors that typically activate Nrf2 transcription. Nrf2 transcriptional control is also 
influenced by epigenetic processes, such as methylation of the Nrf2 promoter in CpG islands or 
acetylation of H4 histone and H3 histone 46,47.  

A number of miRNAs can downregulate Nrf2 production at the post-transcriptional stage. 
However, Kelch-like ECH-associated protein 1 (KEAP1) primarily controls the transcriptional activity 
and protein stability of Nrf2 48. Nrf2 can also be activated by structural inhibition of KEAP1. On the 
one hand, KEAP1 prevents Nrf2 from translocating to the nucleus; on the other, it promotes Nrf2's 
proteasomal breakdown.  

Since the protective effect has been confirmed in animal models of metabolic CVD, small 
molecule-induced structural inhibition of KEAP1 protein - a canonical method of activating Nrf2 - 
has become a hot research topic in recent decades 49.  

Other methods have been used to activate Nrf2 in metabolic CVD in addition to structural 
suppression of the KEAP1 protein. These include Nfe2l2 gene transcription activation, KEAP1 
protein level reduction through microRNA-induced KEAP1 mRNA degradation, inhibition of Nrf2 
protein proteasomal degradation, and modification of additional upstream Nrf2 regulators 50.  

When cardiac autophagy is normal, Nrf2 is essential for cardiac adaptability; when myocardial 
autophagy is compromised in pressure-overloaded hearts, it exaggerates cardiac pathological 
decompensation. Therefore, patients who have low Nrf2 levels in various tissues are probably at 
risk to a number of detrimental aspects of the development of the disease. Nrf2 expression is 
probably insufficient to prevent oxidative stress, atherosclerosis, and heart failure if it is not 
enough to prevent hypertension 51.  

Consequence of the antagonistic relationship between Nrf2, adipokines 
and inflammation  

Clinical trials have identified oxidative stress and chronic inflammatory conditions as major drivers 
for cardiovascular risks. Atherosclerotic disorders and CVD are directly linked with inflammation 
due its interaction with oxidative stress 52. Nrf2 regulate antioxidant and cytoprotective properties, 
while NF-kB act as a master controller of pro-inflammatory responses. Available evidence 
documents an inverse relationship between inflammation and Nrf2, validating the antagonistic 
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behavior in the heart 53. Additionally, adipokines have emerged as upstream modulators of this 
axis, linking metabolic status to inflammation and oxidative stress.  

Under normal physiology, Nrf2 protects cardiomyocytes and vascular endothelial cells via 
activation of antioxidant response elements (AREs), controlling the representation of antioxidant 
enzymes that antagonize ROS accumulation and suppress cardiac oxidative injury 54. Conversely, 
NF-kB stimulation by cytokines, AGEs, and oxidative stress induces transcription of pro-
inflammatory adipokines including TNF-α and IL-6, causing inflammation and oxidative injury to 
the heart and blood vessels 55.  

Failure of Nrf2 defense predispose to endothelial dysfunction, foam cell formation, plaque 
instability, hypertrophy, fibrosis, contractile dysfunction and heart failure 56. Also, during ischemia, 
in adequate activation of Nrf2 may exacerbate ROS-mediated apoptosis and necrosis of cardiac 
cells 57. Adipokines participate in this axis through their influence on systemic inflammation, 
metabolism, and cardiovascular health by regulating both Nrf2 and NF-kB activity 51.  

Protective effects are driven by adiponectin, omentin, and apelin via activation of Nrf2 signaling, 
promoting antioxidant expression and suppressing inflammation. Reports have shown that 
adiponectin may activate AMPK-Nrf2 pathway, improving endothelial NO generation and 
protecting against myocardial ischemic injury.  

Conversely, excessive amounts of pro-inflammatory adipokines activate NF-kB signaling, 
promoting ROS production and suppression of Nrf2 activity, which triggers vascular inflammation, 
myocardial injury and may progress to heart 58–60. 

 

Incretin-based therapy and cardiovascular protection 

The known incretin hormones from the upper (GIP, K cells) and lower (GLP-1, L cells) guts are GIP 
and GLP-1. In order to lower blood glucose levels, GLP-1 binds to a G-protein coupled receptor in 
the pancreas, enhances insulin secretion from pancreatic β-cells, decreases glucagon release from 
α-cells, and stimulates the creation of adenylyl cyclase and cyclic adenosine monophosphate 
(cAMP) 61. Furthermore, it decreases the motility and emptying of the stomach, in addition to 
increasing the sensing of satiety through its hypothalamic action 62. 

DPP-4 quickly breaks down circulating GLP-1 to GLP-1 amide. GLP-1 receptor agonists (GLP-1RAs) 
and dipeptidyl peptidase-4 inhibitors (DPP-4is) are the two primary families of incretin antidiabetic 
medications that have been produced. In addition to their antidiabetic properties, incretin-based 
medications benefit a number of bodily functions 63. The breakdown of other peptides that are 
substrates to DPP-4, such as the gastric inhibitory polypeptide (GIP) and a range of chemokines are 
also decreased by DPP-4is 64.  

Research has demonstrated that incretin base therapies offer cardioprotective benefits through 
direct effects on the heart and vasculature as well as glycemic and non-glycemic effects, such as 
improved insulin secretion and action, body weight loss, blood pressure lowering, and improved 
lipid profile. These effects, especially in those with T2DM and proved atherosclerotic 
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cardiovascular disease, are probably coupled with anti-inflammatory and antioxidant qualities that 
result in decreases in atherothrombotic events. 65,66.  

GLP-1RAs, in contrast to DPP-4is, may affect obesity and chronic renal disease, illnesses for which 
there are few alternatives for lowering cardiovascular risk.  A modulatory impact at the carotid 
sinus level has been seen in animal models, indicating that this pharmacological class may affect 
the control of sympathetic tone under hyperglycemic conditions 67.  

Numerous cardiovascular risk factors, such as obesity, dyslipidemia, and hypertension, raise the 
risk of atherosclerosis and associated consequences in T2DM patients. It has been demonstrated 
that GLP-1-based treatments lower systolic blood pressure by 2 to 6 mm Hg, which mediates a 
decrease in cardiovascular events 68.  

GLP-1 and GLP-1 RAs reduce the development and progression of atherosclerotic lesions by 
producing more stable, less susceptible plaques, according to a variety of experimental data in 
preclinical models of atherosclerosis. This is most likely due to their antiatherogenic and anti-
inflammatory effects in endothelial cells, monocytes, macrophages, and vascular smooth muscle 
cells 69.  

In addition to their metabolic effects, recent clinical and experimental findings indicate that DPP-
4is and GLP-1RAs modulate various stages of the cardiovascular cycle, including cardiovascular risk 
factors, molecular mechanisms involved in atherogenesis, ischemic heart disease, and heart 
failure. Thus, the use of GLP-1RAs and DPP-4is may be a new strategy to affect cardiovascular 
disease in T2DM patients 64.   

Furthermore, GLP-1RAs and DPP-4is exhibit antioxidative effects through receptor-mediated 
activation of the PKC, cAMP, and PI3K pathways as well as Nrf-2. It has been demonstrated that 
GLP-1 activation reduced oxidative damage in mitochondria by restoring cytochrome c oxidase 
activity and mitochondrial membrane permeability. In neonatal rat cardiomyocytes, exendin-4 
treatment reduced ROS generation, induced by hydrogen peroxide, and boosted the synthesis of 
antioxidant enzymes like catalase, manganese superoxide dismutase and glutathione peroxidase-
1. This effect was dependent on GLP-1R-mediated Epac pathways 70,71.  

 

PPAR and cardiovascular protection  

It has been demonstrated that PPARs are crucial in metabolic disorders such obesity, insulin 
resistance, and coronary artery disease. There are three known subtypes of PPAR receptors: PPARα, 
PPARδ/β, and PPARγ.  

The liver, muscle, kidney, and heart all contain PPARα. Although PPARδ/β is expressed in 
numerous tissues, it is most prominent in the brain, skin, and adipose tissues 72. PPARγ presents in 
a high level in fat, with low level presented in the liver, and very low amount in the muscle.  

The synthetic activators of PPARγ, thiazolidinediones (TZDs), have been shown to exert 
cardiovascular protection through several mechanisms. They improve insulin sensitivity, reduce 
circulating free fatty acids, and attenuate oxidative stress and inflammation within the 
cardiovascular system 73. Additionally, TZDs can suppress pro-inflammatory cytokine expression 
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and inhibit vascular smooth muscle cells proliferation. Furthermore, activation of PPARγ by TZDs 
results in enhancement of endothelial NO bioavailability; thereby improving vascular function, and 
maintaining cardiovascular health. Moreover, when PPAR-γ is activated, anti-hyperglycemic 
adipokines are secreted and non-esterified fatty acids are deposited in adipose tissue rather than 
the liver and skeletal muscle 74,75.  

Adiponectin has the ability to raise PPAR-γ in adipose tissue, which improves the tissue's insulin 
sensitivity and anti-inflammatory properties 76.  The Nrf2 and PPARγ pathways appear to be linked 
by a positive feedback loop that simultaneously sustains the production of transcription factors 
and their target antioxidant genes 77. Huang et al. have identified PPARγ as a valuable target gene 
provoked by transcriptional activation of Nrf2 78. Several other researchers have also observed 
direct binding of Nrf2 to recently discovered AREs in the PPARγ promoter regions.  

Finding the optimal combination of Nrf2 and PPARγ activators to achieve the maximum protection 
against this oxidative stress will be very helpful in reducing the burden of many patients suffering 
from numerous oxidative stress-induced diseases, as an increasing amount of evidence strongly 
suggests the existence of a close association between the development of various metabolic 
disorders and drug-induced organ injuries, with oxidative stress 76,79.  

However, it is worth mentioning that the main limitation concerning the cardioprotective effect of 
TZDs is the generation of edema, which can predispose to congestive heart failure. Heart failure 
and edema, both of which are likely caused by renal salt retention, are significant side effects since 
they may limit the usage of TZDs 80.  

 

Mixed activation of incretin and PPARγ, clinical significance and future 
perspectives 

When the pharmacological effects of GLP-1 agonist were compared with TZDs, numerous shared 
properties were apparent including anti-inflammatory effects on endothelium. Using TNF-α-
induced damage to human umbilical vein endothelial cells, an investigation of PPARγ 
transcriptional activity in the presence of exendin-4, a GLP-1RA, revealed that exendin-4 activation 
of PPARγ activity may partially explain the anti-inflammatory benefits of GLP-1. This suggests a 
clear connection between endothelial cell protection and a GLP-1 receptor agonist's PPARγ-
enhancing effect 81.   

Furthermore, GLP-1RAs have reported to induce PPARγ via activation of PKA, an important 
downstream substance of GLP-1 signaling 82. On the other hand, evaluation of proglucagon 
regulation and GLP-1 release showed that activation of PPARβ/δ by synthetic agonists increase 
proglucagon expression and enhance bile acid and glucose-induced GLP-1 release by intestinal L 
cells. This confirms that therapeutic targeting of PPARβ/δ is considered as a hopeful strategy for 
the management of patients with T2DM, especially when combined with DPP-4is 83.   

It has been recently demonstrated that GLP-1RAs have anti-inflammatory effects on endothelial 
cells. For instance, GLP-1 receptor agonists prevented endothelial cell death, NF-kB activation, and 
NADPH oxidase upregulation brought on by TNFα. Atherosclerosis would be prevented as a result.  
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One of the primary causes of IR is the decreased phosphorylation level of IRS-1 serine, mainly as a 
result of PPARγ activity, which inhibits intracellular serine/threonine kinases like JNK 82. Regarding 
Nrf2/Keap1 signaling pathway, its activation may occur through both PI3K/AKT incretin mediated 
and AMPK-PPAR-adiponectin (PPAR-mediated); therefore, synergistic activation of incretin and 
PPAR enhances Nrf2- dependent cytoprotecting potential by maintaining homeostasis and 
mitochondrial integrity 82.  

The convergence of incretin-based signaling and PPARγ activation represents a mechanistically 
coherent strategy for modulating metabolic homeostasis and redox balance. Increasing evidence 
from experimental and clinical studies suggests that dual engagement of these pathways 
produces effects that extend beyond glycemic control, particularly through coordinated 
regulation of the KEAP1-Nrf2 axis and downstream cytoprotective programs 84,85.  

Incretin hormones, primarily GLP-1, exert pleiotropic effects through G protein-coupled receptor 
activation, leading to cAMP accumulation and subsequent engagement of PI3K/AKT signaling. 
This cascade not only enhances insulin secretion but also intersects with redox-regulatory 
pathways 86,87. A critical mechanistic node lies in AKT-mediated inhibition of glycogen synthase 
kinase-3β (GSK-3β), which suppresses the β-TrCP-dependent, KEAP1-independent degradation of 
Nrf2. As a result, incretin signaling facilitates Nrf2 stabilization even in the absence of canonical 
oxidative triggers. This mechanism provides a plausible explanation for the observed antioxidant 
and anti-inflammatory effects of GLP-1 receptor agonists reported in both preclinical models and 
clinical settings 88,89.  

In parallel, PPARγ activation, whether pharmacological or mediated indirectly through adiponectin 
signaling, engages the AMPK axis, thereby influencing mitochondrial function and cellular energy 
sensing. AMPK activation induces a metabolic shift characterized by enhanced fatty acid oxidation, 
improved mitochondrial biogenesis via PGC-1α, and suppression of mTORC1-driven anabolic 
processes. Importantly, this metabolic reprogramming alters intracellular redox status, increasing 
the likelihood of electrophilic modification of KEAP1 cysteine residues. Such modifications weaken 
KEAP1-mediated repression of Nrf2, promoting its nuclear translocation and transcriptional 
activation of AREs 90–92. 

The integration of these pathways is not merely additive but appears to be synergistic at multiple 
regulatory levels. Incretin-driven PI3K/AKT signaling and PPARγ-AMPK activation converge on 
both canonical (KEAP1-dependent) and non-canonical (GSK-3β/β-TrCP–mediated) mechanisms of 
Nrf2 regulation. This dual control enhances the strength of Nrf2 activation, ensuring sustained 
transcription of genes involved in glutathione synthesis, NADPH regeneration, and mitochondrial 
protection. Such coordinated regulation is particularly relevant in metabolic diseases 
characterized by chronic oxidative stress, including T2DM and obesity 89,93.  

Clinically, this convergence may explain the emerging benefits observed with combination of 
dual-acting therapies. For instance, a potential co-administration of incretin-based drugs with 
PPARγ agonists, or the development of single molecules with dual activity, may be associated with 
improved insulin sensitivity, reduced inflammatory markers, and attenuation of oxidative damage 
94,95. However, these benefits must be interpreted cautiously. Chronic or excessive activation of 
Nrf2 has been implicated in tumorigenesis and chemoresistance, particularly in contexts where 
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KEAP1 function is compromised. Therefore, the therapeutic window for sustained Nrf2 activation 
remains a critical consideration 79,96.  

Another limitation lies in the differential tissue-specific responses to these pathways. While 
adipose tissue and liver show pronounced metabolic improvements, the effects in other organs, 
such as the brain or cardiovascular system, are less predictable and may depend on local signaling 
context, receptor expression, and disease state. Furthermore, PPARγ agonists are associated with 
adverse effects including weight gain, fluid retention, and potential cardiovascular risks, which 
complicates their integration into long-term therapeutic strategies 97,98. Table 2 illustrates the 
shared pathways by which incretin-based agents and PPARγ agonists contribute to cardiovascular 
protection. 

 

Table 2. Comparative mechanisms of incretin-based drugs and PPARγ agonists in modulating the Nrf-
2-NFkB-adipokine axis.  

Mechanism/Effect GLP-1 RAs/DPP-4is PPARγ agonists Shared pathways 

Primary Action Enhance insulin secretion, 
inhibit glucagon 

Improve insulin sensitivity, 
lipid uptake 

Improved glucose 
homeostasis 

Nrf2 Activation Increase via 
cAMP/PI3K/PKC 

Increase via transcriptional 
induction 

Both enhance 
antioxidant response 

NF-κB Inhibition Increase cytokine-induced 
activation 

Increase TNF-α–induced 
activation  

Reduced inflammation 

Adipokine 
Modulation 

Increase Adiponectin, 
reduce resistin and leptin 

Increase adiponectin, 
reduce resistin 

Balanced adipokine 
profile 

Endothelial 
Protection 

Increase NO production, 
reduce oxidative injury 

Increase NO bioavailability, 
reduce VSMC proliferation 

Improved vascular 
function 

Clinical CV 
Outcome 

Reduce MACE (LEADER, 
SUSTAIN-6, REWIND) 

Mixed (PROactive benefit, 
edema risk) 

Cardioprotection 
potential 

Adverse Effects GI symptoms, rare 
pancreatitis 

Weight gain, edema, HF 
risk 

Require individualized 
therapy 

 

Significant cardiovascular outcome trials, such as LEADER, SUSTAIN-6, and PROactive, demonstrate 
the clinical advantages of incretin-based therapies and PPARγ agonists in mitigating 
cardiovascular risk. Although these trials were not intended to assess Nrf2 signaling or adipokine 
modulation, the cardioprotective effects observed correspond with an increasing body of 
experimental and translational evidence indicating the convergence of incretin and PPARγ 
pathways on the Nrf2-adipokine axis. This convergence may enhance cardiovascular protection by 
reducing oxidative stress and inflammation; however, these mechanistic interpretations should be 
approached with caution and necessitate direct validation in specialized mechanistic and 
biomarker-focused studies 99–101.  
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Future research should focus on refining this dual-target approach by identifying selective 
modulators that preserve beneficial metabolic and redox effects while minimizing adverse 
outcomes. One promising direction involves biased agonism at the GLP-1 receptor or selective 
PPARγ modulators (SPPARMs), which may decouple insulin-sensitizing effects from undesirable 
side effects. Additionally, deeper characterization of the AMPK-Nrf2 interface and its interaction 
with mitochondrial quality control pathways could reveal novel intervention points 102,103.  

At a systems level, the KEAP1-Nrf2 pathway emerges as a central integrative focus that links 
nutrient sensing, hormonal signaling, and oxidative stress responses. Mixed activation of incretin 
and PPARγ pathways forces this focus, offering a mechanistically grounded framework for 
therapeutic innovation. However, translating this concept into safe and effective clinical 
applications will require careful balancing of pathway activation, context-specific targeting, and 
long-term outcome evaluation 104,105.  

From a translational perspective, selective combinations of PPARγ and incretin agonists may 
amplify endogenous antioxidant defense while limiting adverse effects such as fluid retention 106. 
Additionally, adiponectin, TNF-α, resistin and other mediators of the axis may serve as circulating 
biomarkers to monitor response to therapy and identify risks and benefits. However, long-term 
human studies are required to validate these options, especially focusing on the inter-individual 
variability and genetic polymorphism of adipokines profile.  

Conclusion 

PPARγ and incretin-based therapies share overlapping antioxidant and anti-inflammatory actions 
via the Nrf2-NFkB-adipokine axis, offering cardiovascular protection, beyond glycemic control. 
Their ability to restore redox balance and to improve adipokine profiles highlight their potential in 
preserving vascular integrity and providing cardiac protection.  
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