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ABSTRACT 

 
Diabetes mellitus remains a major global challenge driven by oxidative stress, inflammation, and metabolic imbalance. 

The nuclear factor erythroid 2–related factor 2 (Nrf2)–Kelch-like ECH-associated protein 1 (Keap1) pathway acts as a pivotal 

intracellular Défense axis against redox and inflammatory insults. This review comprehensively explores the pharmacological 

modulation of the Nrf2–Keap1 system in diabetic complications, including nephropathy, retinopathy, neuropathy, and 

cardiomyopathy. Natural compounds such as sulforaphane, curcumin, and resveratrol, alongside synthetic activators like 

bardoxolone methyl and dimethyl fumarate, demonstrate multi-organ protection through the restoration of antioxidant, 

mitochondrial, and anti-fibrotic functions. However, translation to clinical success remains constrained by poor bioavailability, 

tissue-selectivity issues, and safety concerns. Advanced drug-delivery platforms, such as redox-responsive nanocarriers and 

prodrug formulations, offer promising precision in targeting oxidative microenvironments. Future therapeutic paradigms should 

integrate controlled Nrf2 activation with metabolic modulators, including SGLT2 inhibitors and GLP-1 receptor agonists, to 

achieve synergistic efficacy without exceeding toxicity thresholds. Ultimately, the convergence of pharmacogenomic profiling, 

biomarker discovery, and nanotechnological innovation is expected to transform Nrf2-based interventions from experimental 

insights into clinically viable therapies for diabetes management. 
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I. INTRODUCTION 
 

Diabetes mellitus is a common metabolic 

syndrome that is characterised by a persistent rise in the 

level of glucose in the blood and is assumed to be a result 

of dysfunctions in insulin synthesis, insulin 

responsiveness, or both[1]. There is an increasing rate of 

childhood diabetic disease worldwide which is 

accompanied by subsequent increasing rates of 

prevalence of associated minor comorbidities including 

nephropathy, neuropathy, and retinopathy[2]. Oxidative 

stress represents a key pathological feature in the acute 

development of these complications and owes its genesis 

to an imbalance between the formation of reactive oxygen 

species (ROS) and natural endogenous antioxidant 

defence mechanisms of a host[3]. The Nrf2 pathway 

functions as a critical cellular defence mechanism against 

oxidative damage through its control of antioxidant 

response elements. The protein Keap1 maintains Nrf2 at 

low levels through their interaction which leads to its 

degradation under normal conditions[4]. The oxidative 

stress conditions trigger Keap1 to experience particular 

structural and chemical changes which prevent it from 

marking Nrf2 for degradation. The stabilization of Nrf2 in 

the cytoplasm enables its nuclear translocation. The 

nuclear presence of Nrf2 enables it to bind to antioxidant 

response elements (AREs) in DNA which activates the 

transcription of multiple protective genes. The genes that 

Nrf2 regulates through ARE binding control antioxidant 

defences and detoxification systems and cellular repair 

functions. The adaptive response functions as a vital 

mechanism which defends cells against oxidative damage 

while it works to restore redox equilibrium and sustain 

cellular equilibrium[5]. The Nrf2–Keap1 pathway 

dysfunction in diabetes causes the body to lose its 

antioxidant defence which and worsening of diabetic 

complications including neuropathy and nephropathy and 

retinopathy. The pathway needs results in uncontrolled 

oxidative stress. The resulting cellular and tissue damage 

from this imbalance leads to the development proper 

regulation to stop diabetes-related cellular destruction and 

protect metabolic health[6]. The Nrf2–Keap1 pathway 

dysfunction in diabetes leads to impaired antioxidant 

defines which results in oxidative stress that causes 

cellular damage and creates diabetic complications 

including neuropathy and nephropathy and retinopathy. 

Medical researchers now focus on developing drugs that 

target this pathway because they aim to restore redox 

equilibrium and defend tissues while halting or stopping 

diabetes-related complications from advancing[7]. 

1.1 Epidemiology And Clinical Significance Of 

Diabetes 

The chronic metabolic condition known as 

diabetes mellitus (DM) leads to long-term high blood 

sugar levels because of problems with insulin production 

and insulin function. The worldwide occurrence of 

diabetes has experienced a major increase throughout the 

past few decades. The number of adults aged 20–79 years 

with diabetes reached 536.6 million in 2021 and scientists 

predict this number will increase to 783.2 million by 2045 

which represents a 46% growth[8]. The majority of 

diabetes cases amount to 90% of all diabetes cases 

because of Type 2 diabetes mellitus (T2DM) which 

develops from poor diet and physical inactivity and 

obesity. Type 1 diabetes mellitus (T1DM) represents a 

less common condition which mainly affects children and 

teenagers through pancreatic β-cell destruction by 

autoimmune processes. 

The medical effects of diabetes reach further 

than the simple elevation of blood glucose levels. The 

long-term presence of high blood sugar creates major 

risks for developing microvascular complications which 

include diabetic retinopathy and nephropathy and 

neuropathy. The 2021 global prevalence of diabetic 

retinopathy among diabetic patients reached 22.27% 

while projections show that 160.5 million people will 

develop the condition by 2045[9]. Furthermore, diabetes 

significantly increases the risks of macrovascular 

complications, such as coronary artery disease, cerebral 

strokes, and peripheral arterial disease, which leads to 

increased mortality and morbidity rates among diabetic 

patients. 

The prevention of diabetes complications 

depends on early detection and proper diabetes 

management. The prevention of diabetes complications 

requires patients to make lifestyle changes and take 

medication while maintaining constant blood sugar level 

checks. The implementation of these measures leads to 

better patient results while decreasing the high expenses 

linked to diabetes-related medical care. The 2021 global 

health costs for diabetes management reached 966 billion 

USD and experts predict these expenses will increase to 

1,054 billion USD by 2045[10]. 

1.2 Oxidative Stress as a Central Pathogenic 

Mechanism 

The development and worsening of diabetes 

mellitus type 2 (T2D) heavily depends on oxidative stress. 

The imbalance between reactive oxygen species (ROS) 

production and the body's antioxidant defence 

mechanisms results in cellular damage and dysfunction. 

The combination of high blood sugar levels and 

dysfunctional mitochondria in diabetes causes elevated 

ROS production which intensifies oxidative stress. The 

oxidative stress burden causes damage to beta-cell 

function and insulin resistance which results in poor 

glucose control. The combination of blood vessel damage 

from oxidative stress and impaired endothelial function 

leads to the development of diabetic vascular 

complications including retinopathy and nephropathy and 

cardiovascular diseases[11]. Moreover, malfunctioning 

mitochondria due to oxidative stress contributes 

significantly during the pathogenesis of diabetic 

complications. Essentially, elevated glucose levels 

actually disrupt mitochondria, thereby affecting 

metabolism and energy synthesis, as well as augmentation 

of ROS generation. Mitochondrial dysfunction has a role 
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in the development of diabetic complications of the 

microvascular system through its facilitation of the effects 

of endothelial cell apoptosis and inflammation[12]. The 

combination of oxidative stress and mitochondrial 

dysfunction leads to beta-cell dysfunction in diabetes. The 

high levels of reactive oxygen species (ROS) decrease 

insulin release while triggering beta-cell death which 

results in the destruction of insulin-producing cells. The 

combination of oxidative stress with epigenetic changes 

leads to beta-cell identity and functional changes that 

disrupt glucose regulation and speed up diabetes 

progression which negatively affects metabolic 

control[13]. The connection between oxidative stress and 

inflammation plays a vital role in creating diabetic 

complications. The activation of inflammatory pathways 

through oxidative stress results in the production of pro-

inflammatory cytokines which attract immune cells to 

damaged areas. The persistent mild inflammation causes 

insulin resistance and leads to the formation of diabetic 

nephropathy and cardiovascular diseases[14]. Since 

oxidative stress sits at the core of diabetes pathology, 

there is hope for therapy toward oxidative damages. 

Antioxidant therapies act to restore the balance between 

ROS production and antioxidant defense so that it 

prevents the damage to cells. Nonetheless, all of the 

clinical-based evidence regarding the effectiveness of 

antioxidant supplementation in the management of 

diabetes is inconclusive. Lifestyle interventions, 

including changes in diet and exercise, reduce oxidative 

stress and improve insulin resistance. Moreover, 

metformin and GLP-1 receptor agonists exhibit 

antioxidant activity, further indicating their use in 

diabetes management[15]. 

 

Table 1. Recent Advance in the Epidemiology, Clinical Impact, and Oxidative Stress Pathogenesis of Type 2 

Diabetes Mellitus: A Curated Evidence-Based Summary 

Year Study Title Key Findings DOI 

2021 Global diabetes 

prevalence and 

projections 

Demonstrated significant rise in global diabetes prevalence with projections 

exceeding 780 million cases by 2045, highlighting urgent need for preventive 

strategies. 

[16] 

2022 Oxidative stress in 

type 2 diabetes 

mellitus 

Confirmed oxidative stress as a central mechanism driving β-cell dysfunction 

and vascular complications in T2DM; emphasized potential of antioxidant-

based therapies. 

[17] 

2023 Epidemiology of 

diabetic complications 

Reported that diabetic retinopathy affects ~22% of diabetic patients globally 

with rising prevalence; emphasized early screening and management. 

[18] 

2024 Antioxidant 

interventions in 

diabetes 

Reviewed clinical trials on antioxidant supplementation, concluding benefits 

remain inconclusive, but lifestyle interventions remain highly effective. 

[19] 

2025 Oxidative stress and 

diabetic 

cardiovascular disease 

Highlighted the mechanistic link between oxidative stress and cardiovascular 

complications in T2DM, reinforcing oxidative stress as a therapeutic target. 

[20] 

 

II. RELEVANCE OF NRF2–KEAP1 

PATHWAY IN REDOX 

HOMEOSTASIS 
 

Nrf2/Keap1/ARE is one of the major antioxidant 

defence mechanisms, and its impairment in 

hyperglycaemic conditions significantly increases the 

degree of dysfunction in the pancreatic 8-cells, 

endothelia, and progression of diabetic-related 

complications[21]. The hyperglycaemia state chronic 

attenuates the nuclear translocation of Nrf2 due to 

sustained sequestration by Keap1 as a result of 

progressively increasing tissue injuries that reduces the 

activity of antioxidant genes transcription and leads to the 

large concentration of reactive oxygen species hence 

impairs tissue regeneration in diabetic wounds[22]. In the 

context of diabetes, oxidative stress interferes with 

Keap1's redox-sensing function, which in turn disrupts 

Nrf2 signalling. However, studies have demonstrated that 

forcing Nrf2 activation, such as through Keap1 

repression, can help bring back redox balance and 

improve the resilience of cells[23]. A number of small, 

molecule Nrf2 activators (e.g., sulforaphane, curcumin, 

resveratrol) have been explored in preclinical as well as 

early, stage clinical studies for their potential to reduce 

oxidative damage and postpone the development of 

diabetic complications via elevated expression of Nrf2 

target genes[24]. The Nrf2, Keap1 system is directly 

involved in the regulation of enzymes for detoxification, 

antioxidants of phase II, and genes that ensure the balance 

of redox (for instance, HO, 1, NQO1, GCLC). Hence, the 

prolonged disturbance of its function in a situation of 

chronic oxidative stress turns out to be the main 

mechanism cause of nephropathy, retinopathy, and the 

impairment of the cardiovascular system in diabetes[21]. 

Treatment procedures which focus on the suppression of 

Keap1 (whether genetic or pharmacologic) for the 

purpose of increasing Nrf2 activity, appear to be 

beneficial not only in the revival of antioxidant gene 

expression, but also in the alleviation of insulin resistance, 

the decrease of liver gluconeogenesis and the 

improvement of metabolic disorder in mice with Type 2 

diabetes, have been demonstrated by these therapeutic 
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approaches[21]. The ongoing research brings to light that 

the recall of metabolic changes in endothelial cells of 

diabetics may be changed to the opposite through the 

intervention of Nrf2 signalling, hence reopening the 

affected epigenetic sites and restoring antioxidant 

defences despite the glucose levels having been 

normalized for some time[25]. 

 

III. MOLECULAR BIOLOGY OF THE 

NRF2–KEAP1 SIGNALLING 

PATHWAY 
 

Keap1 keeps Nrf2 in the cytosol under normal 

basal physiological conditions and through the E3 ligase 

complex which is ubiquitin ligase based on Cullin, 3, it 

promotes Nrf2 ubiquitination, thereby leading to a rapid 

proteasomal degradation; however, oxidative stress or an 

electrophilic modification of the essential cysteine 

residues in Keap1 (such as Cys151, Cys273, Cys288) 

changing the binding state of Nrf2 allowing Nrf2 

stabilization, translocation to the nucleus, and ARE, 

mediated transcription of antioxidant and cytoprotective 

genes[26]. Removal of genes or a reduction in Keap1 

levels in β cells result in a significant activation of Nrf2, 

which subsequently elevates β-cell division and volume, 

positively affects glucose tolerance in both standard and 

high-fat dietary conditions, and inhibits the occurrence of 

oxidative injury caused by hyperglycaemia[27]. 

Epigenetic factors are responsible for many changes in 

mutual relationships.  

These include: suppression of the Nfe2l2 gene 

by methylation of DNA in the promoter region, changing 

of the chromatin structure by histone deacetylase (HDAC) 

and influence of certain microRNA (e.g., miR-200a, miR-

24-3p) on the regulation of Nrf2 expression in the tissues 

of diabetes patients, which causes the redox imbalance to 

be extended, and as a result, vascular and cardiac 

complications have been observed[28]. Either by using a 

drug like CDDO-Im (an oleanolic acid derivative) or by 

gene therapy (reduction of Keap1 expression), the 

deliberately induced Nrf2 signalling has been found to 

have mitigating effects on insulin resistance in mouse 

models of diabetes. Besides, the two treatments were also 

observed to lower hepatic gluconeogenesis and systemic 

inflammation in these animals[29]. Diabetic skin and 

wound healing models show that targeted inhibition of 

Keap1 with siRNA leads to the recovery of Nrf2-driven 

gene transcription activity, which in turn regulates the 

redox balance, gives the growth of new vessels and speeds 

up tissue renewal[25]. The molecular biology of the Nrf2-

Keap1 pathway in diabetic retinopathy involves changes 

in the expression of Keap1 that are abnormal, a relocation 

of a part of Nrf2 to the cell nucleus which is hindered and 

a decrease of antioxidant enzymes that depend on ARE to 

be activated by Nrf2, all of these changes being the main 

factors of oxidative stress, inflammation and retinal 

vascular leakage aggravation[30]. 

 

IV. STRUCTURAL AND 

FUNCTIONAL 

CHARACTERISTICS OF NRF2 

AND KEAP1 
 

"Dysregulation of the Nrf2/Keap1 redox 

pathway in diabetes affects the multipotency of stromal 

cells" (Rabbani et al., 2019) indicates that the bone 

marrow stromal cells from diabetic mice (dBMSCs) carry 

high levels of ROS and have changed metabolism; even 

though Nrf2 is normally active, it is reported that chronic 

oxidative stress leads to its irregular repression by Keap1 

and the loss of multipotency. The forced Keap1 

knockdown not only turns on Nrf2 nuclear localization 

thereby giving back redox homeostasis but also Sox2 

expression is rescued thus wound healing ability in 

diabetic mice is reactivated[23]. Many studies 

demonstrate that Nrf2 pathway activation has a protective 

effect against renal damage, in different models of 

diabetic nephropathy: as a case, sinapick acid (SA) 

administration to streptozotocin (STZ)-induced diabetic 

rats strongly elevates Nrf2, HO-1, IκBα, Bcl-2 expression 

and decreases NF-κB, which is followed by a reduction in 

inflammation, apoptosis, lipid peroxidation and an 

increase in renal function markers[31]. In the setting of 

diabetic nephropathy stem cell exosomes isolated from 

adipose tissue (ADSCs-Exos) change the Nrf2/Keap1 

signalling pathway. In podocytes and renal tissue, high 

glucose levels were found to elevate Keap1 expression 

and decrease Nrf2 nuclear localization. Moreover, 

injection of ADSCs-Exos not only changed these 

indicators to the opposite but also decreased ROS/MDA 

levels, while the protective effect was partly lost when 

HO-1 was knocked out[32]. Nrf2 is a modular 

transcription factor with seven conserved Neh domains 

(Neh1Neh7); the Neh2 domain is equipped with both a 

high-affinity ETGE and a low-affinity DLG motif that 

interact with Keap1 and hence determine Keap1-Cul3-

dependent ubiquitination under basal conditions. The 

Neh1 domain gives a CNC-bZIP DNA-binding motif that 

interacts with small Maf proteins which leads to the 

recognition of AREs (antioxidant response elements), 

whereas Neh3Neh5 serve as transactivation modules 

facilitating the binding of co-activators such as 

CBP/p300[33]. Keap1 is a multi-domain sensor protein 

(BTB, IVR and Kelch/DGR domains) that morphs 

structurally as a homodimer via the BTB domain, 

associates with Cul3 for E3 ligase recruitment, and 

functionally employs several reactive cysteines (most 

prominently Cys151, Cys273, Cys288) in the IVR as 

electrophile/redox sensors, thus modulating Nrf2 

degradation[34]. Upon exposure to oxidative or 

electrophilic stress, the covalent modification of Keap1 

cysteines results in a conformational change that breaks 

the interaction between Keap1 and Nrf2 (DLG/ETGE 

binding), thus a Nrf2 stabilization is achieved, allowing 

its nuclear translocation and transcription of the ARE 
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genes[33]. Keap1 employs a 'hinge-and-latch' two-site 

binding method: ETGE acts as the high-affinity hinge and 

DLG as a lower-affinity latch  breaking this bi-partite 

interaction is the cellular switch for quick Nrf2 

activation[35]. Diabetes leads to chronic high blood sugar 

and continuous reactive oxygen species (ROS) production 

that interfere with Keap1 sensing and Nrf2 post-

translational regulation (for example, modification by 

GSK-3 and other kinases), thereby resulting in 

insufficient nuclear translocation of catalytically active 

Nrf2 even with ongoing oxidative stress[21]. The Neh6 

domain grants a degradation pathway that is not 

dependent on Keap1 by way of -TrCP binding areas 

(DSGIS/DSAPGS); the latter degradative mechanism is 

of particular importance when the usual Keap1 control is 

impaired in pathological conditions like diabetes[36]. 

Disease-linked changes to the Keap1-Nrf2 complex in 

diabetic tissue often result from epigenetic changes (such 

as promoter methylation and histone modifications) and 

microRNA-mediated regulation that both control the 

transcriptional response of Nrf2 and evoke the metabolic 

memory of oxidative injury[28]. Detailed images of 

Kelch domain attached to ETGE/DLG peptides have been 

the basis for designing small-molecule PPI (protein 

protein interaction) inhibitors and non-covalent 

modulators by backtracking the synthetic path. Such 

molecules are capable of either halting the Keap1 binding 

or imitating the changes in structure caused by stress to 

treat Nrf2 therapeutically[35]. When considering Nrf2 

and Keap1 (Neh motifs, PTM sites, cysteine sensors, 

BTBKelch architecture) in combination, their individual 

structural features combine to generate a redox sensor 

effector system that can be adjusted very precisely. As a 

result, their derangement in diabetes is at the basis of 

decreased antioxidant Défense and enhanced 

vulnerability to micro- and macrovascular 

complications[21]. 

 

V. REGULATORY MECHANISMS 

AND PATHWAY ACTIVATION 
 

Keap1 detects electrophiles and oxidants 

through reactive cysteines (especially Cys151, Cys273, 

and Cys288); a covalent modification to these residues 

generates a conformational change that inhibits Keap1-

dependent ubiquitination of Nrf2 by Cullin-3, thus 

allowing Nrf2 stabilization and transcriptional activation 

of ARE to occur quickly[33]. Keap1Nrf2 binding is a 

"hinge-and-latch" two-site type of interaction where the 

high-affinity ETGE motif has the role of a hinge and the 

lower-affinity DLG motif acts as a latch; the removal of 

the latch being the molecular point at which an acute Nrf2 

activation is triggered[35]. A model of diabetes is such 

that long-term high blood glucose and continuous 

overload with reactive oxygen species (ROS) may result 

to a paradox where the accumulation of Nrf2 in the 

nucleus is decreased due to the combined effects of 

changed Keap1 structure, increased degradation 

dependent on GSK-3 and reduced nuclear import  a failure 

at multiple levels that aggravates oxidative damage to -

cells and blood vessels[37]. p62/SQSTM1, an autophagy 

adaptor protein, offers a feeder circuit to the Nrf2 hub by 

binding Keap1 (through an STGE motif) in a way that is 

competitive, encouraging both Keap1 sequestration and 

autophagic degradation, thus allowing prolonged Nrf2 

activation in some stress situations[21]. Such 

modifications as phosphorylation (PKC, MAPKs), 

acetylation, and ubiquitination that are post-translational 

in nature not only adjust the Nrf2 function, its 

localization, and stability, but also if their changes are 

detected in diabetic tissues, they result in insufficient 

antioxidant induction in the situation when oxidative 

stress continues[33]. "MicroRNAs (such as miR-200a, 

miR-153, and miR-144) and lncRNAs change the Keap1-

Nrf2 system in diabetes operable by silencing Nrf2 

expression or enzymatic degradation of Keap1 mRNA 

resulting in changes in the tissues specificity for redox 

responsiveness impacting the number of affected tissues 

like diabetic cardiomyopathy and nephropathy[28]. One 

of the ways in which diabetes induces oxidative stress is 

through epigenetic repression of Nfe2l2 (the Nrf2 gene) 

which hampers the restoration of cellular antioxidant 

capacity after normalization of blood sugar levels. The 

principal mechanisms causing epigenetic suppression of 

the Nrf2 gene, which consequently lead to a delay in the 

re-establishment of antioxidant capacity, are promoter 

methylation, repressive histone marks, and changed 

chromatin occupancy[28]. There are two main ways to 

activate the therapeutic Nrf2: one is through electrophilic 

covalent modifiers that break the most important Keap1 

cysteine bonds, and the other is through non-electrophilic 

small molecules or peptides that prevent the Keap1Nrf2 

protein protein interaction. Each group of substances also 

differs in terms of specificity, reversibility, and the 

risk/benefit profiles of translational research[38]. "The 

reason is that chronic, systemic Nrf2 hyperactivation over 

a long period can lead to negative effects depending on 

the situation (such as changed metabolism, pro-survival 

signalling in cancer cells), so that the treatment of 

diabetes focuses on the regulated, organ-specific or on/off 

activation to bring the original redox balance, not to cause 

a response of the body harmful to it[37]. There are 

interactions between metabolic sensors (AMPK, 

PI3K/Akt), inflammatory kinases (IKK, JNK) and the 

Keap1-Nrf2 module, which allow the immune system to 

recognize the nutrient status and insulin signalling as well 

as to merge these pathways that activation both indicates 

and affects the pathophysiology of diabetes[21]. Recent 

mechanistic studies have uncovered that GSK-3 

overactivity is a common mechanism associated with 

diabetes, which leads to Keap1-independent Nrf2 

degradation and continuous antioxidant failure. This 

indicates that to achieve a complete recovery of Nrf2 

function in diabetic tissues, co-targeting GSK-3 (or -

TrCP) together with Keep modulation might be 

required[39]. 
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VI. DOWNSTREAM GENE TARGETS 

AND ANTIOXIDANT DEFENCE 
 

Nuclear factor erythroid 2-related factor 2 (Nrf2) 

coordinates the expression of a multitude of genes that 

provide resistance to the cell, among which are the ones 

coding for heme oxygenase-1 (HO-1), NAD(P)H quinone 

dehydrogenase 1 (NQO1), and glutamate-cysteine ligase 

(GCL), thus alleviating oxidative stress and maintaining 

cellular equilibrium in tissues affected by diabetes[33]. 

When oxidative stress is a diabetic nephropathy trigger, 

Nrf2 activation leads to elevated expression of antioxidant 

enzymes such as superoxide dismutase (SOD), catalase, 

and glutathione peroxidase (GPx) that together eliminate 

the oxidative damage and inflammation that are the main 

cause of renal dysfunction, thus improving renal 

function[40]. In diabetes animal models it was 

demonstrated that the medicinal activation of Nrf2 results 

to an increase in the synthesis of phase II detoxifying 

enzymes such as NQO1 and GCLM, which in turn by 

restoration of redox balance, are able to relieve the 

different organs from oxidative stress[21]. ”One of the 

mechanisms by which diabetic complications are 

alleviated is the increased expression of Nrf2-dependent 

genes like HO-1 and NQO1, that provide the cell with 

antioxidant and anti-inflammatory protection[33]. The 

activation of Nrf2 as a result of exercise eventually causes 

a rise in the levels of antioxidant enzymes such as SOD 

and GPx, which means that the body's protective system 

against oxidative stress has been strengthened and 

metabolic conditions have improved in type 2 

diabetes[33]. 

6.1. Pathophysiological Role of the Nrf2–Keap1 

Pathway in Diabetes 

Nrf2–Keap1 is an important signalling system, 

which is a fundamental redox-regulating pathway that 

keeps parameters of oxidative balance and ensures the 

cellular defense mechanisms. Disruptions of its regulation 

lead to a crucial role in the etiology of diabetes mellitus 

and the associated complications. In normal physiological 

conditions, Kelch-like ECH-associated protein 1 (Keap1) 

ligates the nuclear factor erythroid 2–related factor 2 

(Nrf2) in the cytoplasm, which makes the Nrf2 undergo 

ubiquitination and subsequent proteasomal degradation. 

But during the oxidative stress—e.g. chronic 

hyperglycaemia-induced—reactive oxygen species 

(ROS) alter the cysteine sites of Keap1, thus liberating 

Nrf2 that moves to the nucleus and attaches to the 

antioxidant response elements (AREs). This action results 

in the transcription of many cytoprotective genes i.e., 

heme oxygenase-1 (HO-1), NAD(P)H quinone 

oxidoreductase 1 (NQO1), glutamate-cysteine ligase 

catalytic subunit (GCLC), superoxide dismutase (SOD), 

and glutathione peroxidase (GPx), which by themselves 

are a great combination of the antioxidant defense system 

and simultaneously help in the reduction of oxidative 

overload[33]. Research on diabetic macrovascular tissues 

has also shown that the Nrf2 response is initially activated 

after acute hyperglycaemia as a compensatory reaction, 

however, a sustained oxidative insult results in a reduction 

or lack of this compensatory response, hence endothelial 

damage and atherogenesis progression (Protective role of 

NRF2 in macrovascular complications of diabetes[41]. 

Moreover, in stromal cells originating from the bone 

marrow of diabetic experimental models, elevated levels 

of Keap1 and inhibited nuclear Nrf2 were reported, which 

linked with lowered expression of NQO1 and MnSOD as 

well as diminished regenerative potential (Nrf2/Keap1 

pathway dysregulation in diabetes impairs stemness, 

Diabetes[23]. Epigenetic changes and microRNAs that 

keep Nrf2 suppressed have recently been implicated by 

new evidence: for example, in organs affected by 

diabetes, Nfe2l2 promoter methylation and 

overexpression of miRNAs that focus Nrf2 have been 

recognised as causes of prolonged oxidative injury even 

after glycaemic control has been ameliorated (Exploring 

links between polyphenols, Nrf2 and diabetes[42]. 

6.2. Mechanisms of Oxidative Stress in Diabetes 

Diabetes mellitus, and more specifically, the 

non-insulin-dependent diabetes Type 2, chronic high 

blood sugar and abnormal blood lipid levels lead the body 

to generate excessive amounts of reactive oxygen species 

(ROS) over several overlapping pathways, at the same 

time that antioxidant defences are weakened, thus 

producing a sort of vicious circle that results in oxidative 

stress forming the background to both insulin resistance 

and β-cell malfunction. To be more detailed the energy 

from the breakdown of high glucose, that is transported 

through the mitochondria greatly exceeds the capacity of 

the mitochondria leading the electron transport chain to 

overproduce superoxide. Thus the scientists have found 

that expression of NADPH oxidases (NOX) especially in 

blood vessels and the fat tissue have the most significant 

role in activation of the ROS originating from the 

cytosol[43]. Multiple metabolic pathways, which are 

parallel to each other, for example, the polyol pathway, 

hexosamine branch, protein kinase C (PKC) activation, 

and advanced glycation end products (AGEs) 

accumulation, not only increase intracellular ROS and 

reactive carbonyl stress but also trigger a cascade of 

events that eventually lead to the impairment of lipids, 

proteins, and DNA[43]. Normally, the levels of catalase, 

glutathione peroxidase, and superoxide dismutase are 

very low in the pancreatic β-cells. In these cells, 

mitochondrial dysfunction and increased intracellular 

calcium cause oxidative damage that also inhibits insulin 

gene expression (through transcription factors such as 

Pdx1 and MafA) and finally, the cells undergo 

apoptosis[43]. In tissues that are sensitive to insulin on the 

periphery, reactive oxygen species (ROS) disrupt insulin 

receptor substrate (IRS) signalling, bring on the activity 

of stress kinases like JNK and p38 MAPK, and cause the 

serine phosphorylation of IRS‐1, thus changing the 

downstream Akt activation and GLUT4 translocation to 

be impaired. Moreover, the main factors giving rise to 

these changes may be the endoplasmic reticulum (ER) 
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stress, an increase in free fatty acid oxidation and 

mitochondrial‐derived reactive oxygen species (ROS) in 

obesity situation, which, together, have a higher potential 

for triggering inflammation and causing oxidative 

injuries[43]. Besides that, high blood sugar also causes 

"metabolic memory" due to epigenetic changes and 

ongoing oxidative damage, that is, long after glycaemic 

control has been restored, resulting in the sustained 

occurrence of NF-κB signalling and proinflammatory 

cytokine generation[44]. When combined, these cross-

talk pathways have a major effect on the development of 

vascular complications, neuropathy, nephropathy, and 

other diabetic comorbidities. The implication that such a 

mechanistic basis of disease involving oxidative stress 

and its upstream regulators be therapeutically targeted is 

clearly underscored by these findings[44]. Diabetes 

mellitus is a condition in which, due to hyperglycaemia, a 

number of molecular pathways intertwine, resulting in the 

increased production of reactive oxygen species (ROS) 

and oxidative stress, which not only overwhelm the 

antioxidant Défense systems but also contribute to the 

dysfunction of β-cells and to insulin resistance to a great 

extent. In short, the process of mitochondrial oxidative 

phosphorylation is malfunctioning under high glucose 

load, hence more electrons are escaping at complexes I 

and III, and consequently more superoxide is formed; at 

the same time NADPH oxidase (NOX) enzymes are 

activated in the ailing vascular endothelial and renal cells, 

thus ROS production is further sustained[43]. The polyol 

(aldose reductase/sorbitol dehydrogenase) pathway 

utilizes NADPH, which limits the amount of NADPH 

available for the regeneration of reduced glutathione 

(GSH), at the same time elevated generation of advanced 

glycation end products (AGEs) and the protein kinase C 

(PKC) pathway activation exacerbate oxidative injury of 

lipids, proteins, and DNA[43]. The prolonged high blood 

sugar levels (hyperglycaemia) and abnormal blood lipid 

levels (dyslipidaemia) in diabetes have multiple 

overlapping molecular mechanisms which in turn create a 

pro-oxidant state that goes beyond the body’s antioxidant 

systems that are made to restore the redox balance, hence 

the continuous redox imbalance. One of the major 

contributors to the production of reactive oxygen species 

(ROS) is the failure of mitochondria, where the electron 

transport chain is so overloaded with electron donors that 

the electrons escape and at the same time in both 

complexes I and III reach with oxygen and therefore 

produce superoxide. Simultaneously, the enzymes 

NADPH oxidase (NOX), particularly NOX4 in kidney 

and blood vessel tissues, become more activated due to 

the presence of oxygen and thus contribute to the 

increased ROS load in the cytosol[42]. 

6.3. Dysregulation of Nrf2–Keap1 Signalling in 

Diabetic Complications 

Stromal cells, that are derived from bone marrow 

of diabetics, show a very strong upregulation of Keap1 

which is in the cytoplasm while Nrf2 in the nucleus is 

drastically lowered resulting in a decrease the expression 

of Nrf2 target genes such as NQO1 and MnSOD and 

reduction of multipotency, hence proving that the 

malfunction of Nrf2-Keap1 interaction has a direct effect 

on the ability of tissue regeneration in diabetes[23]. In the 

tissues that have suffered the most from diabetic 

complications, sustained elevated glucose not only 

increases reactive oxygen species (ROS) production but 

also diminishes Nrf2 nuclear translocation and 

transcriptional activity, thus lowering the expression of 

typical ARE-driven genes and disrupting the loop that 

usually re-establishes the redox equilibrium[45]. The 

decrease in Nrf2 sensitivity is by far not a mere change of 

appearance - it leads in a major way to the deterioration 

of different body structures (kidney, heart, retina, nerve 

and vasculature) due to the increased oxidative damage, 

inflammation and profibrotic signalling that extend four 

major processes: one quite obvious – oxidative stress, and 

three less known but intricately interwoven with it – 

inflammation, profibrotic signalling, and the conversion 

of early, reversible stress into irreversible tissue 

remodelling[46]. From a mechanistic point of view, 

diabetes changes the factors that control Nrf2 from the top 

(post-translational modifications, Keap1 oxidation, and 

non-canonical regulators, such as microRNAs and 

epigenetic marks), hence the pathway function is 

influenced by both metabolic signals and complex 

regulatory circuits without the presence of one sole on/off 

switch[47]. Pharmacologic and natural Nrf2 activators 

(from bardoxolone to sulforaphane and polyphenols) put 

on a consistent performance regarding organ- protective 

effects in various preclinical models of diabetes. 

However, human translation has revealed safety concerns 

linked with timing and dosage as illustrated by the clinical 

outcomes of bardoxolone- a case of both positive and 

negative effects that has led to the recognition of the need 

for careful modulation (rather than complete permanent 

activation) as a prerequisite for safety[48]. Multi-modal 

tactics that utilize targeted Nrf2 activation along with 

inflammation management, glycaemic stabilization, and 

organ-specific delivery (nanoparticles, tissue scaffolds) 

are important in that they are currently coming up as the 

most effective means of bringing back redox homeostasis 

while avoiding off-target effects[6]. Re-engaging the 

Nrf2–Keap1 system in diabetes can have a ripple effect 

on cellular health as it is the intersection of mitochondrial 

health, detoxification enzymes (HO-1, NQO1, GCL), and 

immune signalling. Through such an action, 

mitochondrial ROS can be reduced, the amplification of 

the AGE-RAGE cycle can be limited, and the cytokine 

cascades driven by NF-κB can be blunted. However, the 

condition for this to happen is that the physiological 

dynamics must be restored, and not that the activation of 

the system be forced[49]. When we look at all the 

evidence, the model which explains that diabetes 

gradually worsens Nrf2-mediated Défense is supported 

by all kinds of changes in metabolism, epigenetics and 

proteostasis; this pathway is still a valuable target to delay 

or even reverse the diabetic complications, if the 
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interventions are appropriate in terms of context, organ 

and safety[30]. 

6.4. Impact on Vascular, Renal, Neural, And Retinal 

Health 

Continual hyperglycaemia in diabetes is the 

main cause of endothelial oxidative stress, mitochondrial 

dysfunction as well as impaired nitric-oxide signalling 

which, when combined, cause endothelial senescence, 

lowered reparative endothelial-progenitor cell function 

and a pro-atherogenic change in the vessel wall - these 

changes are very close to the malfunction of the Nrf2-

Keap1 antioxidant sentinel and thus led to the progression 

of macrovascular disease[50]. In detail, Nrf2 deficiency 

in blood vessels cells has the effect of reducing gene 

transcription of antioxidant genes driven by ARE (for 

example HO-1, NQO1, and GCL), which allows the 

constant presence of ROS to raise the endothelial 

permeability, stimulate the expression of adhesion 

molecules that amplify vascular inflammation - these 

alterations which represent a molecular bridge between 

the metabolic stress and clinically visible atherosclerosis 

and vasoreactivity impairment in diabetes[51]. In the 

kidney, prolonged high blood sugar levels and local 

hemodynamic stress lead to oxidative injury of the 

glomerular and tubular structures that exceed the 

antioxidant responses; if Nrf2 signalling is impaired the 

glomerular filtration barrier (endothelium, GBM, and 

podocytes) is exposed to oxidative stress and fibrosis by 

AGE-RAGE and TGF-β that slowly cause unregulated 

albuminuria and decrease in GFR typical of diabetic 

kidney disease[45]. Studies before clinical trials and at a 

mechanistic level provide evidence that the recovery of 

Nrf2 function in the kidneys of diabetics promotes the 

induction of enzymes with cell protective functions, 

lowers the level of inflammatory cytokines and decreases 

the accumulation of extracellular matrix. However, the 

transformation of clinical practice has been difficult due 

to safety and timing problems specific to the agents used, 

thus highlighting that the key to a renal advantage is the 

return of normal Nrf2 dynamics (rather than an 

unregulated activation)[52]. While these events are taking 

place in the dorsal root ganglion, excess blood sugar in 

the peripheral nerves is causing the generation of 

mitochondrial reactive oxygen species (ROS), 

overactivation of poly-ADP ribose polymerase (PARP), 

and local microvascular insufficiency in the vasa 

nervorum that feed the nerves. When Nrf2 is 

downregulated, oxidative and inflammatory cascades that 

injure axons and Schwann cells - the pathophysiological 

substrate of sensory loss and painful neuropathy - 

continue to proliferate. (Kumar A & Mittal R., 

Inflammopharmacol.)[53]. Both animal and cellular 

models regularly provide evidence for the Nrf2 pathway 

(either by genetic or pharmacologic intervention) to 

maintain the mitochondrial integrity, lessen the 

neuroinflammation and recover conduction velocity as 

well as nociceptive thresholds; hence, such a finding 

strongly indicates that the pathway is a causally important 

one, and also, therapeutically accessible for diabetic 

neuropathy[54]. When oxidative stress and microvascular 

leakage caused by hyperglycaemia in the retina are 

aggravated to the point that Nrf2 nuclear activity is 

compromised: the diminished antioxidant gene 

expression results in glutathione depletion, raises the 

production of cytokines (such as TNF-α) and provides a 

local microvasculature environment dominated by 

capillary dropout, pericyte loss and abnormal neovascular 

signalling which are the changes leading diabetic 

retinopathy[42]. When we look at the evidence from 

blood vessels, kidneys, nerves, and retina, all of it is in 

line with a single model where diabetes-related 

disturbances (metabolic, epigenetic and proteostatic) 

gradually reduce Nrf2-driven cell protection, thus 

changing oxidative insults from being transient to 

becoming persistent inflammation, fibrosis, and 

irreversible organ dysfunction - a model that not only 

clarifies the multisystem diabetic complications but also 

suggests selective, time-dependent Nrf2 activation as a 

potent therapeutic approach. (Exhaustive reviews and 

translational discussions)[55]. 

 

VII. PHARMACOLOGICAL 

MODULATION STRATEGIES 
 

Targeting the Nrf2–Keap1 signalling pathway 

through the use of drugs is a potential method to treat the 

diabetes-related complications by activating the body's 

own antioxidant, anti-inflammatory, and anti-fibrotic 

systems. In several experimental settings, various small 

molecules and natural substances have been tested: for 

instance, administration of sulforaphane (SFN) and 

cinnamic aldehyde in streptozotocin-induced diabetic 

nephropathy not only improved metabolic parameters but 

also lowered ROS injury and repressed the release of 

TGF-β1, fibronectin, collagen IV, and P21 in Nrf2 wild-

type mice, whereas no effect was detected in Nrf2 

knockout mice[37]. Digitoflavone in the same way 

mitigated glomerular inflammation in diabetic 

nephropathy through Nrf2-dependent inhibition of MCP-

1, ICAM-1/VCAM-1 and downregulation of ECM 

proteins, thus alleviating renal inflammation and 

fibrosis[56]. Naturally-occurring polyphenols give extra 

benefit from combinations: An experiment with diabetic 

mice demonstrated that the expression of Nrf2 target 

genes HO-1, NQO1, and GPx-1 was elevated by 

salvianolic acid A (SAA) not only as a single agent but 

also in a co-administration with metformin. Besides that 

macrovascular relaxation, and endothelial function were 

also better, indicating the existence of a link between 

metabolic (glucose-lowering) and Nrf2-based 

interventions[57]. Bardoxolone methyl (CDDO-Me), a 

synthetic triterpenoid, has been extensively preclinical / 

translational the most broadly tested through experiments 

in diabetic kidney disease. In a phase 2 study, patients 

with type 2 diabetes and chronic kidney disease who 

received bardoxolone methyl doses (25-150 mg) showed 
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significant positive changes in estimated GFR between 

weeks 24 and 52 compared when given placebo. 

Nevertheless, these improvements in kidney function 

were also associated with adverse events such as fluid 

retention or cardiac risk observed at the advanced 

stages[58]. The BEACON study, which was the phase 3 

trial of bardoxolone in patients with stage 4 CKD and type 

2 diabetes, was stopped prematurely. The decision was 

based on the observation of increased incidence of heart 

failure and other cardiovascular events in the bardoxolone 

group even though there were certain improvements in 

GFR[59]. While sulforaphane has demonstrated 

considerable success in human trials as well as synthetic 

activators: one trial involving T2DM patients revealed 

that the compound suppressed liver gluconeogenesis and 

elevated glycaemic control through the activation of Nrf2 

pathway[60]. 

7.1. Synthetic Modulators of Nrf2 (E.G., Bardoxolone 

Methyl, Dimethyl Fumarate) 

Many researchers have focused on the use of 

synthetic activators of the Nrf2–Keap1 pathway in 

diabetic conditions. Bardoxolone methyl (BM), a 

synthetic triterpenoid, and dimethyl fumarate (DMF) as 

well as related fumarates, are some of the main agents that 

have been tried with varying results in preclinical and 

clinical studies. The drug Bardoxolone methyl showed 

evidence of renal function recovery in a type 2 diabetic 

chronic kidney disease (CKD) scenario, thereby causing 

a rise in eGFR in the BEAM trial. Here, patients who were 

given BM treatment exhibited a dose- and time-dependent 

increase in eGFR in comparison with baseline, along with 

decreases in serum creatinine and blood urea 

nitrogen[61]. Nevertheless, the later BEACON study in 

advanced CKD has been cut short because of safety issues 

such as increased cardiovascular risk and fluid overload, 

showing that the treatment window of BM is limited and 

dependent on the stage or situation[61]. Mechanistically, 

BM modulates the Keap1-Nrf2 binding, stabilizes Nrf2, 

promotes its nuclear translocation, increases the 

expression of ARE genes (HO-1, NQO1, GCL etc.), 

mitigates oxidative stress markers, and inhibits the 

occurrence of ferroptosis in RTECs, thus opening up a 

pathway for its pharmacological and translational effects 

to be confirmed at the molecular level[62]. Besides that, 

BM substantially enhanced several functional outcomes 

in neural tissues of diabetic neuropathy animal (STZ rats) 

models, thus it basically restored the abnormalities of 

electrophysiology, nerve Fiber density, mitochondria 

dysfunction, ROS production and hyperalgesia induced 

by high glucose, which suggested that the reactivation of 

Nrf2 signalling pathway was the core mechanism of these 

neuroprotective effects[63]. Along with the synthetic 

drugs/fumarates related to dimethyl fumarate (DMF), the 

latter a compound of Nrf2 with known applications in 

diabetes or diabetes-derived pathologies could likewise 

be considered as potential synthetic modulation tools. In 

several studies on rodent models of STZ diabetes, the 

administration of DMF has been demonstrated to 

normalize the vascular redox state; Abstract:(Bullet Point 

Form) DMF reduced serum triglycerides and AGEs, 

lowered ROS and MDA in aorta, improved antioxidant 

enzyme activities (GSH, SOD), and restored Nrf2 

expression in the aortic tissue while suppressing TXNIP, 

NLRP3 and NF-κB signalling, thus ameliorating diabetic 

vascular complications[64]. Just recently, one more 

research was carried out where diroximel fumarate (a 

fumarate prodrug) substantially lessened MGO-induced 

sensitization of the nerves in diabetic mice, diminished 

ISR activation in dorsal root ganglia and the effect was 

Nrf2-dependent (knockout prevented the protection), thus 

showing that agents from DMF class can accomplish their 

work through Nrf2 in brain pain/neuropathy 

scenarios[65]. Moreover, for instance, in a diabetic non-

alcoholic fatty liver disease (NAFLD) model, the 

conjunction of DMF and glibenclamide has such an effect 

that after the DMF-induced activation of the Nrf2/ARE 

pathway, inflammation is mitigated, liver histology is 

ameliorated, oxidative damage is decreased, and overall, 

the data suggest that fumarates may modulate the Nrf2 

pathway not only in the kidneys and nerves but also in 

different organs such as the liver in diabetes[66]. 

7.2. Natural Bioactive Compounds (E.G., 

Sulforaphane, Curcumin, Resveratrol) 

Sulforaphane, curcumin, and resveratrol are 

natural bioactive compounds that have shown remarkable 

effectiveness to regulate Nrf2-Keap1 axis to alleviate 

diabetic complications in preclinical models. When it 

comes to sulforaphane, several studies indicate that it can 

bring back both vascular and renal wellness through the 

activation of Nrf2, for instance, Sulforaphane Attenuation 

of Type 2 Diabetes-Induced Aortic Damage in mice 

demonstrated that SFN administration reversed aortic 

fibrosis, inflammation, oxidative damage, apoptosis and 

cellular proliferation via the induction of Nrf2 expression 

and antioxidant function[67]. The study "Sulforaphane 

ameliorates diabetes-induced renal fibrosis through 

epigenetic up-regulation of BMP-7" revealed that SFN 

alleviates kidney scarring by normalizing BMP-7 

concentration through epigenetic changes and activation 

of the Nrf2 pathway[68]. Besides, in diabetic neuropathy 

models, SFN intervention bettered motor nerve 

conduction velocity, nerve blood flow, diminished 

malondialdehyde, and elevated the expression of HO-1 

and NQO1 through the activation of Nrf2[69]. Curcumin 

also has a strong impact on the heart and other organs of 

a diabetic patient through the activation of Nrf2 nuclear 

translocation, the increase of antioxidant enzyme 

expression, and the reduction of inflammatory and cell 

death (e.g., pyro ptosis) pathways. One of the latest 

investigations Curcumin Ameliorates Diabetic 

Cardiomyopathy by Suppressing Pyro ptosis via 

AKT/Nrf2/ARE Pathway[70]. showed the effect of 

curcumin that is activation of AKT, the resulting Nrf2 

nuclear translocation, upregulation of HO-1 and GCLC, 

decrease in ROS and mitochondrial injury, as well as 

attenuation of pyroptotic cell death in diabetic heart[71]. 
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Curcumin analogue A13 relieves oxidative stress … in 

diabetic rats is another study that went with a curcumin 

structural analogue to prove the reduction of heart fibrosis 

in HFD + STZ diabetic rats by turning on Nrf2/ARE 

signalling[72]. Resveratrol was found to defend several 

diabetic organs against damage that include raising Nrf2 

levels, decreasing oxidative stress and inhibiting 

downstream fibrotic or inflammatory pathways. As an 

instance, resveratrol inhibits the development of diabetic 

cardiomyopathy via augmenting Nrf2 expression and its 

transcriptional activity[73]. Revealed that resveratrol-

maintained heart function, lowered fibrosis and oxidative 

injury in diabetic mice induced with streptozotocin, along 

with increased expression of Nrf2 target genes[73]. In 

diabetic neuropathy, one of the main causes of resveratrol 

neuroprotection is its anti-inflammatory action through 

which along with a decreased inflammatory cytokines, an 

improvement in pain behaviours and a restoration of 

antioxidant enzyme levels through Nrf2 activation were 

observed[74]. 

7.3. Drug Repurposing Approaches (E.G., Metformin, 

Statins) 

More and more proof is coming in that some of 

the drugs that are well known in the clinic, in particular 

metformin and statins, have a major part of their 

protective effect in diabetes along with a changed indirect 

or direct intervention of the Nrf2–Keap1 signalling 

pathway. Findings show that metformin besides the 

glucose-lowering effect through AMPK activation, will 

also have its Nrf2 protein accumulation and promoter 

activity induced which causes the antioxidative capacity 

to be elevated and the oxidative stress that is dominant in 

diabetic tissues to be lowered. In a detailed study on the 

mode of action, it was confirmed that metformin had the 

ability to raise the levels of Nrf2 and HO-1 and at the same 

time reduce the extent of oxidative DNA damage and 

programmed cell death in β-cells of the pancreas that had 

been subjected to high glucose concentration[75]. In 

diabetic nephropathy, metformin therapy reversed redox 

imbalance through activating the AMPK/Nrf2/HO-1 

pathway, which was accompanied by a decline in both 

renal inflammation and fibrosis in the STZ-induced 

diabetic rats[12]. As well as this, doctors have noticed that 

patients with type 2 diabetes treated with metformin over 

a long period of time have reduced levels of oxidative 

biomarkers in their blood, which is consistent with the 

drug's antioxidant effect through Nrf2 regulation in 

humans[76]. Similar evidence has linked statins, the most 

commonly used drugs for lowering blood lipids, to the 

activation of the Nrf2 pathway and the strengthening of 

antioxidant Défense. A study entitled 'Atorvastatin 

Mitigates Diabetic Kidney Damage through Nrf2/HO-1 

Signalling' showed that atorvastatin alleviated oxidative 

damage to glomeruli, inflammation as well as TGF-β1 

expression, and also caused Nrf2-dependent genes to be 

upregulated[77]. In a similar way, the article "Simvastatin 

Prevents Retinal Neurodegeneration by Modulating Nrf2 

Pathway" stated that increased expression of HO-1 and 

NQO1, decreased microglial activation, and the 

alleviation of retinal oxidative damage of diabetes rats 

were among the findings that were observed[78]. Such 

pleiotropic antioxidant effects place statins among the 

therapeutics with double action, since they are able to 

influence both the metabolic and oxidative parts of 

diabetic complications. Studies involving metformin and 

statin co-treatment demonstrate that together they have a 

synergistic effect on the restoration of Nrf2 signalling, the 

improvement of lipid and glucose metabolism, as well as 

the decrease of systemic inflammation which opens up a 

possibility of a combinatorial repurposing as a plausible 

translational pathway[79]. 

 

VIII. PRECLINICAL AND CLINICAL 

EVIDENCE 
 

The Nrf2-Keap1 pathway has become a key 

therapeutic target for many complications of diabetes, 

supported by data from various models where one of the 

main outcomes is the reduction of oxidative stress, 

inflammation, apoptosis and fibrosis by Nrf2 reactivation. 

For instance, the application of drugs or modifications in 

genes that turn on Nrf2 in the murine and cellular models 

of diabetic nephropathy not only increased antioxidant 

gene expression (HO-1, NQO1, GCLC) but also 

attenuated fibrosis driven by TGF-β1 and kept the renal 

filtration function intact[80]. Correspondingly, genetic 

knockout of Nrf2 in the heart and blood vessel system led 

to aggravation of endothelial dysfunction and 

mitochondrial ROS overproduction, while it was 

demonstrated that Nrf2 stimulants such as sulforaphane, 

bardoxolone methyl, and curcumin alleviated oxidative 

and inflammatory injury, eNOS activity, and vascular 

receptor response were recovered[81]. Nrf2 engagement 

in the brain and eye tissues resulted in maintaining nerve 

cells survival, increasing the speed of electrical signal 

transmission, reducing the leakage of micro vessels, as 

well as the loss of pericytes, and thus showing a systemic 

antioxidant Défense role, which is no longer limited to 

one organ system[82]. Several early-phase studies in 

humans have validated that the Nrf2 pathway is only 

partially activated in diabetic patients, consistent with 

preclinical data. Treatment with the synthetic triterpenoid 

bardoxolone methyl resulted notably transient rises in 

eGFR in type 2 diabetic patients with CKD[58]. Although 

the phase 3 BEACON trial of the drug was stopped due to 

adverse effects associated with fluid retention and 

cardiovascular problems[83]. While this is happening, 

natural activators like sulforaphane have already been put 

through human tests: a double-blind placebo-controlled 

trial showed better fasting glucose and lowered liver 

glucose production via Nrf2 stimulation in type 2 diabetic 

patients[84]. Moreover, DMF, which has the FDA's green 

light as an Nrf2 a comprehensive activator for multiple 

sclerosis, was noticed to exhibit positive trends related to 

blood sugar regulation and kidney function in small 

studies of diabetic people. Furthermore, this drug lowered 
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both the systemic oxidative markers and inflammatory 

cytokines, pointing to the necessity of further extensive 

tests[85].   

8.1 Experimental Studies and Mechanistic Insights 

Experimental research has opened up to the 

public the detailed explanation of the mechanisms leading 

to a disturbance of the Nrf2–Keap1 axis as a result of 

chronic hyperglycaemia, which in turn causes oxidative 

stress and cell malfunction in diabetes and its 

complications. Several recent papers show that these 

changes in glucose levels over time are the main cause of 

the post-translational modifications of Keap1, which 

changes the cysteine residues that are necessary for the 

binding of Nrf2 and result in redox imbalance and β-cell 

apoptosis. Chen et al. (2024) have found that S-

glutathionylation of Keap1 caused by glucose weakens its 

inhibitory binding to Nrf2, hence, a part of nuclear 

translocation and antioxidant genes activation like HO-1 

and NQO1, which is a source of β-cells relief from 

oxidative stress, is impelled (Antioxidants 2024)[86]. 

Complementary genetic work conducted by Lou et al. 

(2021) also verified that lack of Nrf2 aggravates oxidative 

injury, as well as β-cell death, in alloxan-treated diabetic 

mice. In addition, the research shows that knockout 

animals exhibited elevated reactive oxygen species (ROS) 

together with disrupted insulin production, thereby stating 

beyond doubt that the transcription factor Nrf2 is the 

single most critical cellular Défense mechanism 

maintaining redox homeostasis in pancreatic β-cells[87]. 

Mechanistic models that partly suppress Keap1 have 

broadened this comprehension: diabetic Keap1^flox/− 

mice show better glucose tolerance, increased insulin 

sensitivity, and lowered lipid peroxidation - altogether 

suggesting that a balanced Nrf2 activation could alleviate 

both oxidative and metabolic stresses[88]. Besides, bone 

marrow stromal cells isolated from diabetic animals, 

along with oxidative stress, show that overexpression of 

Keap1 and a defective translocation of Nrf2 to the nucleus 

are responsible for a lowered expression of stemness 

genes like Sox2 and a decreased regenerative ability. 

These results indicate that oxidative repression of Nrf2 

hampers insulin signalling as well as the reparative 

processes of the tissue[23]. In animal models of diabetic 

nephropathy, selection of Nrf2 function has been 

connected with the occurrence of ferroptosis—firstly 

described as one of the regulated cell death types that 

depend on iron-induced lipid peroxidation—which 

provides additional mechanistic features for the 

manifestation of diabetes-induced organ lesions. Li et al. 

(2025) have recently shown that the antioxidant molecule 

ACT not only diminishes Keap1 expression but also 

enhances Nrf2 nuclear translocation and elevates HO-1 

and GPX4 expression, thus inhibiting ferroptosis stress 

and improving renal disorder[89]. 

8.2 Clinical Trial Outcomes and Therapeutic Potential 

Clinical trials and translational studies that have 

been progressively investigating the pharmacological and 

nutraceutical activation of the Nrf2–Keap1 signalling 

pathway have been revealing, on one hand, its great 

therapeutic value and, on the other, the delicate risks that 

come along with systemic modulation, especially in 

diabetic patients. Bardoxolone methyl, one of the first 

synthetic activators whose action was targeted and most 

thoroughly researched, showed a considerable beneficial 

effect on renal function in the case of chronic kidney 

disease induced by type 2 diabetes. Thus, it was observed 

that a short-term administration resulted in sizable 

elevations in estimated glomerular filtration rate (eGFR), 

down-regulation of the pro-inflammatory mediators as 

well as alleviation of oxidative stress biomarkers. The 

phase II BEAM trial was the stage where these results 

were demonstrated[58]. While the Nrf2 activation 

pharmacological treatment in humans has been 

demonstrated to reverse the redox imbalance, with the 

smaller study being discontinued early due to safety 

concerns, the bigger BEACON phase III trial had to be 

stopped unexpectedly because of the adverse 

cardiovascular outcomes, such as fluid retention and heart 

failure, that were associated with potent systemic Nrf2 

activation and off-target metabolic effects. This incident 

has particularly drawn attention to the requirement for 

precise modulation depending on the situation and target 

organ[83]. On top of synthetic activators, dimethyl 

fumarate (DMF), a clinically approved Nrf2 inducer for 

multiple sclerosis, has been a beacon of hope in pilot 

studies of diabetic cohorts. The use of DMF made better 

glycaemic control, decreased the levels of inflammatory 

cytokines like TNF-α and IL-6, and also decreased the 

oxidative DNA damage and lipid peroxidation in diabetic 

nephropathy models, thus, without making a big side 

effect occurrence[85].  

Meanwhile, the usage of dietary bioactive 

compounds having the Nrf2-activating potential attracted 

a lot of interest as a safer alternative, which would be 

suitable for a long-term application. A clinical experiment 

of the highest methodological quality, carried out by 

Axelsson et al., confirmed a significant effect of the 

natural isothiocyanate sulforaphane, that is found in 

cruciferous vegetables, on fasting glucose reduction and 

hepatic gluconeogenic gene expression reduction in obese 

type 2 diabetic patients, giving a dietary way to Nrf2 

activation with metabolic benefit[84]. In the same 

manner, curcumin and resveratrol, which are also 

polyphenolic Nrf2 activators, have demonstrated slight 

but stable positive effects on insulin sensitivity, 

endothelial function, and lipid profile in animal studies as 

well as in few human clinical trials. These benefits have 

been linked to the increased expression of the antioxidant 

genes like HO-1, NQO1, and SOD2[90]. One more meta-

analysis has reinforced the fact that slight and long-lasting 

Nrf2 activation is linked to a reduction of oxidative stress 

and inflammation markers in metabolic disorders, 

whereas over-the-top or extended activation can 

negatively affect the body's stress responses and change 

cellular redox signalling[91]. New and translational 

clinical research is continually confirming the therapeutic 
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value of regulating the Nrf2-Keap1 pathway in diabetes, 

along with revealing the challenges of achieving 

treatment effectiveness and safety in humans. One of the 

most prominent sources of proof comes from the 

experiments with bardoxolone methyl - a man-made 

triterpenoid - which profoundly energizes Nrf2 and 

lessens the inflammatory response, NF-κB, that is 

concomitant with oxidative stress. In these studies of the 

first phases, it was reported that bardoxolone methyl 

notably enhanced renal hemodynamic and filtration 

abilities of type 2 diabetes patients with stage 3-4 chronic 

kidney disease, thus eGFR levels soared and the amount 

of serum creatinine dropped considerably[92]. Even with 

this promising effect, subsequent studies revealed that 

there were some cardiovascular problems and swelling in 

the body, which pointed out the difficulties of systemic 

Nrf2 activation and the necessity of a more precise 

targeting of the kidney and blood vessels[93]. On the 

other hand, clinically confirmed safe for multiple 

sclerosis, dimethyl fumarate (DMF) has recently become 

a repurposed drug model with a new field of interest. One 

year ago, a pilot study showed that DMF supplementation 

in type 2 diabetic patients could improve fasting insulin, 

decrease oxidative stress markers like malondialdehyde, 

and increase total antioxidant capacity, which suggests 

the successful alleviation of Nrf2-dependent 

cytoprotective pathways[94].  

Moreover, sulforaphane, which comes from 

broccoli sprouts, has been a potential candidate for 

translational therapy; a controlled clinical trial indicated 

the major decreases in liver triglyceride deposition, 

fasting glucose, and glycated haemoglobin after 12 weeks 

of intervention, implying that metabolic transition might 

be achieved through the activation of the Nrf2-ARE 

genes[95]. Moreover, dietary polyphenols like resveratrol 

and curcumin have found consideration as supportive 

nutraceutical modulators, in which the simultaneous 

activation of Nrf2 and increase in SIRT1 levels caused 

synergistic effects in the alleviation of endothelial 

function and insulin signalling[96].  

A systematic review published in Diabetes 

Metab Syndr Obes[97] Combined, these findings show 

that Nrf2 activators of synthetic and natural origin lead to 

a wide range of positive effects in the kidney, liver, and 

blood vessel systems, most notably through the lowering 

of oxidative load and the reestablishment of redox-

sensitive gene expression. Still, their use as a treatment 

faces major hurdles associated with differences in 

bioavailability, genetic variations in NFE2L2 and 

KEAP1, and the possibility of side effects caused by 

overactivation of the pathway[91]. Therapeutic strategies 

would need to focus on creating activators that can 

selectively target the tissue, are short-term, and low dose 

so as not to cause any physiological disruptions. These 

activators should have the ability to improve antioxidant 

Défense to the optimal level but still allow the normal 

stress signalling to continue. A new era of intelligent 

redox therapeutics for diabetes treatment, which relies on 

the controlled use of Nrf2 activators, can thereby be 

unfolded[85]. 

 

IX. THERAPEUTIC IMPLICATIONS 

IN DIABETIC COMPLICATIONS 
 

One of the mainstays of therapeutic 

interventions in the treatment of diabetes is the 

modulation of Nrf2–Keap1 signalling which is 

increasingly recognized as a starting point to thwart the 

oxidative-inflammatory axis that leads to organ damage 

in chronic diabetes. The deregulation of Nrf2 function has 

been traced through different pathways to renal fibrosis, 

endothelial dysfunction, neuropathy, and retinopathy - a 

group of diseases that have in common oxidative stress 

and mitochondrial dysfunction. Numerous experimental 

and translational works remain in agreement with the fact 

that a targeted Nrf2 induction promotes antioxidant gene 

transcription, diminishes the formation of advanced 

glycation end products, and maintains mitochondrial 

membrane potential, thus avoiding cell death and fibrotic 

transition in a high-glucose setting. In the case of diabetic 

nephropathy, the use of pharmacological Nrf2 activators 

like bardoxolone methyl, and dimethyl fumarate has been 

shown to have a significant effect on renal TGF-β1, 

collagen deposition, and lipid peroxidation, thus, leading 

to the improvement of both the structure and function of 

nephron integrity[98].  

Research on the retina also shows that increased 

levels of Nrf2 decrease the leakage of the 

microvasculature, the loss of pericytes, as well as the 

release of inflammatory cytokines, which represents a 

protective mechanism against the development of diabetic 

retinopathy[99]. Models of peripheral neuropathy have 

similarly demonstrated that recovery of Nrf2 signalling in 

Schwann cells and sensory neurons provides a rise in 

antioxidant enzyme activities (HO-1, NQO1) and a 

decrease in axonal degeneration, resulting in an 

improvement of sensory conduction and nerve 

regeneration[100]. One of the most important features of 

natural bio-actives such as resveratrol, quercetin, and 

luteolin is their ability to show a synergistic effect by a 

gentle, prolonged Nrf2 activation that lessens oxidative 

injury of endothelium and enhances glucose homeostasis 

and at the same time, no side reactions were detected that 

usually occur with the use of strong synthetic 

activators[101].  

Combing through these findings, one can tell 

that accurate Nrf2 regulation is a powerful idea to be 

considered not only for kidney or cardiovascular 

protection but, also for top-of-the-line prevention of 

multisystemic decline, typical for prolonged diabetes. 

Future work will require tissue-selective delivery 

systems--like nanocarriers or prodrugs--that can 

practically turn on Nrf2 in the target tissue without 

triggering systemic redox imbalance. Such a precision 

therapeutic model may revolution the management of 

diabetic complications by local redox restoration and 
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locking the cycle of oxidative stress, inflammation, and 

metabolic dysfunction at the crossroads. Nanocarriers 

have been cited as a versatile tool in drug delivery systems 

for the treatment of diabetes mellitus in recent reviews, 

which could solve the problem of the bioavailability and 

targeted delivery of Nrf2 modulators[102]. Moreover, 

research has also delved into the use of nanostructured 

drug delivery systems to facilitate the effectiveness of 

Nrf2 activators in the therapy of diabetic 

complications[103]. 

9.1. Diabetic Neuropathy 

Diabetic nephropathy (DN) is a progressive 

microvascular complication of diabetes mellitus and a 

leading cause of end-stage renal disease worldwide. The 

disorder involves glomerular hypertrophy, mesangial 

matrix expansion, thickening of the glomerular basement 

membrane, podocyte injury, and progressive proteinuria. 

The development of DN is closely related to chronic 

hyperglycaemia, which triggers oxidative stress, the 

accumulation of advanced glycation end-products, 

mitochondrial dysfunction, and persistent low-grade 

inflammation. These factors form a vicious cycle that 

progressively damages the kidney. The Nrf2–Keap1 

signalling pathway, which regulates the transcription of a 

wide array of cytoprotective and antioxidant genes such 

as heme oxygenase-1 (HO-1), NAD(P)H: quinone 

oxidoreductase 1 (NQO1), and glutamate-cysteine ligase 

(GCLC), is the mainstay of cellular Défense against these 

insults. Evidence from preclinical experiments in 

streptozotocin-induced diabetic rodents and genetically 

diabetic db/db mice shows that one of the ways to achieve 

the beneficial effects of Nrf2 along with the use of 

synthetic activators such as bardoxolone methyl, dimethyl 

fumarate and natural bioactive like sulforaphane and 

curcumin is the pharmacological activation of Nrf2. The 

researchers observed a decrease in reactive oxygen 

species (ROS) levels, the suppression of pro-fibrotic 

markers such as transforming growth factor-β1 (TGF-β1) 

and collagen IV, a reduction in mesangial expansion, and 

an increase in podocyte integrity, thus, giving a rise in 

glomerular filtration as well as a fall in albuminuria[98].  

Detailed mechanistic understanding show that 

Nrf2 activation is involved in the support of 

mitochondrial membrane potential, the inhibition of 

apoptosis in tubular epithelial cells as well as the halt of 

ferroptosis, which in total are a concerted action to 

maintain both renal histology and function. One example 

of Nrf2-directed therapy is clinical studies using 

bardoxolone methyl, where positive results in renal blood 

flow and estimated glomerular filtration rate (eGFR) in 

diabetic type 2 patients with chronic kidney disease have 

been obtained[92]. However, cardiovascular problems 

like fluid retention and heart failure were among the side 

effects of phase III trials such as BEACON, which very 

quickly raised safety concerns and led to the demand for 

precise targeting of tissue and undoubtedly controlled 

doses of activation as the next step in cell-based therapy 

for cardiac repair[92].Unlike synthetic drugs, natural Nrf2 

activators such as sulforaphane, curcumin, and resveratrol 

have shown good safety profiles in several clinical trials. 

These substances have been shown to improve the 

biomarkers of oxidative stress, decrease albuminuria, 

increase mitochondrial function, and even partially 

reestablish renal antioxidant capacity, all without causing 

any significant systemic adverse effects[95]. Moreover, 

developments in nanotechnology-based drug delivery 

systems such as liposomal, polymeric, and nanostructured 

carriers have provided a solution to the problem of how to 

deliver Nrf2 modulators specifically to renal tissues, thus, 

allowing the best use of their therapeutic effect while 

preventing systemic redox disruption.[104].  

Such treatments positively affect energy 

production in the heart, maintain the life of heart cells, and 

decrease the progress of morphological changes like left 

ventricular hypertrophy and fibrosis. Clinical pilot studies 

have shown that the use of sulforaphane-rich broccoli 

sprout extracts or curcumin as a dietary supplement leads 

to improvements in endothelial function in patients with 

diabetes, reductions in the levels of inflammatory 

mediators in the blood, and an increase in the myocardial 

strain indices with no noteworthy side reactions 

reported[105]. Moreover, novel approaches using 

nanocarrier drug delivery systems specific to the heart for 

Nrf2 activator have demonstrated better heart uptake, 

increased bioavailability, and elevated antioxidant 

activity in experimental models of diabetes, thus 

providing a targeted therapy for DCM[106]. 

9.2. Diabetic retinopathy 

Diabetic retinopathy (DR) remains one of the 

major reasons for the loss of sight in adults suffering from 

diabetes. This disease starts with microvascular damage, 

pericyte loss, capillary basement membrane thickening, 

retinal ischemia, and neovascularization. Prolonged 

hyperglycaemia is responsible for continuous oxidative 

stress, inflammation, and mitochondrial dysfunction in 

retinal endothelial cells, pericytes, and neurons, which 

lose their protective function and, as a result, the disease 

progresses from non-proliferative to proliferative 

retinopathy. Nrf2–Keap1 has become the main protective 

pathway that regulates DR by modulating the expression 

of antioxidant and detoxifying enzymes such as HO-1, 

NQO1, SOD2, and glutathione peroxidase. Animal 

experiments in streptozotocin-induced diabetic rodents 

have shown that pharmacological activation of Nrf2 by 

sulforaphane, curcumin, or resveratrol lessens the ROS 

build-up, VEGF-mediated pathological angiogenesis, and 

the release of inflammatory mediators like TNF-α, IL-6, 

and ICAM-1, thus retinal vascular and neuronal functions 

are maintained[99].  

Moreover, Nrf2 activation also normalizes 

mitochondrial membrane potential, avoids cell death of 

retinal ganglion cells, and alleviates pericyte loss that is 

important for capillary stability. Experiments in humans 

with the use of food Nrf2 activators, for instance, 

sulforaphane-rich broccoli sprout extracts, have revealed 

better retinal microvascular reactivity and lower oxidative 



 

 
 

 51 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) 

 

ISSN: 2583-4053 

Volume-4 Issue-5 || October 2025 || PP. 38-63 
 

https://doi.org/10.55544/jrasb.4.5.4 

 

 

 

Journal for Research in Applied Sciences 

and Biotechnology 

www.jrasb.com 

stress biomarkers in patients with diabetes type 2, 

indicating potential clinical application[107]. In addition, 

new treatment methods that use nanoparticles to transport 

Nrf2 modulators directly to the eye are being explored. 

These techniques aim to increase the amount of drug 

available at the local site, minimize the side effects caused 

by the rest of the body, and allow accurate location of the 

oxidant stress in retinal tissues[108]. 

The onset of diabetic retinopathy is a stealth-

style attack on the retina caused by high blood sugar 

levels, where prolonged glucose exposure disrupts the 

redox balance of Müller glial and vascular cells, leading 

to the release of reactive oxygen species that deplete the 

body's antioxidant defenses and interfere with the 

antioxidant gene programs regulated by Nrf2[109]. 

Experimental data from animal models indicate that the 

initial inhibition of Nrf2 function in retinal cells leads to 

the activation of inflammatory pathways and NLRP3 

inflammasome, while the recovery of Nrf2 nuclear 

translocation by small molecules like sulforaphane results 

in the restoration of antioxidant enzyme expression (HO-

1, NQO1) and the reduction of pro-inflammatory 

cytokines in Müller cells and diabetic retinas[110].Nrf2, 

along with a network of glia, has profound 

neuroprotective effects on retinal ganglion cells. The 

activation of the pathway by drugs leads to a decrease in 

lipid peroxidation, a preservation of mitochondrial 

function, and a limitation of apoptosis, thus the 

electrophysiological responses that are lost in diabetic 

models can be recovered[111]. Studies of a mechanistic 

nature help to clarify the temporary inhibition of Nrf2 

expression and its downstream antioxidant transcripts due 

to high blood sugar that is briefly manifested in the retinal 

cell types and at the same time, they also show the 

involvement of NF-κB as well as other pro-oxidant nodes, 

which in this scenario attenuate the protective 

Keap1−Nrf2 axis and cause microvascular leakage[112]. 

9.3. Cardiovascular Complications 

Diabetes is closely linked to cardiovascular 

disease (CVD) which is among the top causes of both 

death and disease. The situation is complicated by a series 

of dysfunctions that range in severity from the accelerated 

atherosclerosis and endothelial dysfunction to diabetic 

cardiomyopathy and heart failure. Prolonged 

hyperglycaemia, dyslipidaemia, and low-grade 

inflammation in diabetes set the stage for oxidative stress, 

a condition that exhausts the body's antioxidant defences. 

The Nrf2–Keap1 system is a selector that keeps the 

balance of the antioxidation reaction in the cell; In the 'at 

rest' state, Keap1 is the one that is bound and carries Nrf2 

away to be destroyed, while in the presence of oxidative 

agents, Nrf2 is freed, it moves to the centre of the cell, 

here it binds with the AREs (antioxidant response 

elements) and activates the expression of a number of cell 

protection genes (for instance, HO-1, NQO1, GCLC). The 

failure of the Nrf2-Keap1 system in diabetes will lead to 

the imbalance of the reactivity that will eventually harm 

the vessels. (Review: “NRF2 and Diabetes: The Good, the 

Bad, and the Complex,”[95].Cardiovascular disease 

(CVD) remains the major cause of sickness and death 

among diabetic patients, with a wide range of problems, 

from accelerated atherosclerosis and endothelial 

dysfunction to diabetic cardiomyopathy and heart failure. 

In diabetes, continuous high blood glucose levels, 

abnormal lipid levels, and low-grade inflammation lead to 

oxidative stress that depletes the body's antioxidant 

Défense system. The Nrf2–Keap1 axis represents the 

main cellular control over redox homeostasis; in normal 

situations, Keap1 associates and directs Nrf2 for 

proteolysis, while under oxidative conditions, Nrf2 

separates, moves into the cell nucleus, associates with 

antioxidant response elements (AREs), and activates the 

production of many cytoprotective genes (e.g. HO-1, 

NQO1, GCLC). Therefore, the breakup of this pathway in 

diabetes can lead to a change from the maintaining of the 

vascular bed injurious to the vessels. (Review: “NRF2 and 

Diabetes: The Good, the Bad, and the Complex[37]. 

Glucose at a high concentration in the vascular 

endothelium damages Nrf2 activation that leads to a 

reduction of antioxidant gene expression. This situation 

triggers endothelial apoptosis, a rise in permeability, and 

adhesion molecule upregulation. In a macrovascular 

disease setting, Nrf2 activation lessens oxidative damage 

and attenuates the inflammatory circuits—among which 

NF-κB signalling—thus, allowing endothelial function to 

be preserved and atherosclerotic lesion load to be 

reduced[113].Besides, Nrf2 orchestrates the interplay 

with mitochondrial quality control: the occurrence of its 

activation leads to expression of genes that not only 

provide for mitochondrial biogenesis but also for 

antioxidant capacity, whereby mitochondrial-derived 

ROS become limited, which are the main triggers of 

vascular injury.[112]On top of changes in blood vessels, 

the hearts of diabetics also suffer from changes in their 

structure and function known as diabetic cardiomyopathy 

(DCM). In DCM studies, the overexpression of Nrf2 only 

in heart muscle cells (by transgenic mice) notably 

decreases myocardial oxidative stress, inflammation, and 

fibrosis, and it also causes an improvement in the systolic 

and diastolic function of the heart, measured by 

echocardiography, under the condition of hyperglycaemic 

stress. (Yang et al., Nrf2 prevents diabetic 

cardiomyopathy)[114].  

In terms of the mechanism, Nrf2 in the heart 

muscle seems to have an impact on not only the redox 

balance but also the metabolic regulation: it activates the 

genes of the AMPK/Sirt1/PGC-1α pathway and changes 

the AKT/GSK-3β/HK-II signalling, that is, it normalizes 

glucose and lipid metabolic abnormalities in the impaired 

heart[112]. Diabetic hearts suffer from changes in their 

blood vessels as well as from the damage to the structure 

and functions of the heart, called diabetic cardiomyopathy 

(DCM). In DCM paradigms, cardiomyocyte-specific 

Nrf2 overexpression (via transgenic mice) leads to the 

attenuation of cardiac oxidative stress, inflammatory 

response, and fibrosis, and the recovery of 
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echocardiographic indices of systolic and diastolic 

function under high blood glucose condition[114]. On the 

other hand, the association is not always beneficial. It has 

been shown in some scientific works that Nrf2 can reveal 

a "dark side" in the case of its chronic activation or 

abnormal autophagy. In the paper "The Dark Side of Nrf2 

in the Heart," the authors discuss data that extended or 

over Nrf2 pathways may promote negative cardiac 

remodelling, fibrosis, or even cause reductive stress, 

along with the impairment of the autophagic flow of 

which atrophied cells become reliant on Nrf2 for 

survival[115]. In these cases, Nrf2-controlled antioxidant 

systems could diminish the RONS signals that are 

essential for normal adaptation, or they could facilitate the 

growth of disordered cells in fibrotic tissue[116].  

Ferroptosis and mitochondrial apoptosis in the 

heart are additional mechanisms that exacerbate 

cardiovascular damage in diabetes. One instance of such 

is the application of external hydrogen sulphide (H₂S), 

which energizes the Nrf2/GPx4/GSH axis, inhibits 

ferroptosis and alleviates the mitochondrial lesion of the 

cardiac muscle in the models of diabetic cardiomyopathy; 

along with that, the beneficial effects disappear after Nrf2 

silencing[117]. The action of Nrf2 is emphasized to be not 

only in the induction of antioxidants, but it is also in the 

regulation of lipid peroxidation and cell death pathways 

after metabolic stress. On the clinical side, the results of 

direct trials with Nrf2 modulators in diabetic CVD are 

few; however, observational data from human samples 

indicate that the Nrf2 pathway disarrangement can be 

highly discernible in both myocardial and vascular tissues 

of diabetic individuals. The former is due to the reduced 

nuclear Nrf2 and the increased cytoplasmic Keap1 in 

dBMSC, with silence of downstream antioxidant genes 

(NQO1, MnSOD)–these changes represent a systemic 

redox imbalance that has spread to progenitor cell pools 

that govern vascular repair[118]. On a translational level, 

the induction of Nrf2 in vascular as well as cardiac tissues 

is a very exciting prospect to be used in combination with 

traditional therapies (statins, ACE inhibitors, SGLT2 

inhibitors), in particular, since oxidative stress is a 

common denominator in diabetic complications affecting 

multiple organs. Therapeutic interventions have to 

carefully work around this issue of benefit-risk ratio. 

Synthetic activators (e.g. bardoxolone methyl) present the 

potential of organ protection but in non-heart studies have 

caused safety issues (fluid retention, cardiac events). 

Therefore, for use in CVD, targeted delivery to the tissue 

or controlled-release formulations may be required to be 

safe. Nanocarriers, prodrugs, and vascular-targeted 

delivery vehicles are some of the potential methods for 

the localized delivery of Nrf2 activators to the 

myocardium or vascular endothelium, thereby limiting 

systemic exposure and off-target effects. Several reviews 

on delivery systems for Nrf2 activators in metabolic 

diseases are now available and underline the need for 

redox therapy based on the problem of oxidative stress 

with precision management[119]. 

 

X. CURRENT CHALLENGES AND 

LIMITATIONS 

 

Table 2: Comprehensive Summary of Current Challenges and Limitations in Clinical Translation of Nrf2-Based 

Therapies for Diabetic Complications 

# Challenge / limitation Why it matters REFERENCES 

1 Narrow therapeutic 

window / risk of 

hyperactivation 

Chronic or excessive Nrf2 activation can cause reductive stress, 

maladaptive remodelling and worsen cardiac outcomes when 

autophagy/proteostasis are impaired. 

[120] 

2 Tissue selectivity / 

delivery to target organs 

Systemic dosing often fails to reach therapeutic retinal/renal/cardiac 

concentrations while increasing off-target exposure and side effects. 

[121] 

3 Clinical safety signals 

(example: bardoxolone) 

Potent systemic Nrf2 activators produced renal benefit signals but 

also unexpected cardiovascular events (fluid overload, HF) in 

clinical trials. 

[122] 

4 Stage- and context-

dependence of benefit 

Efficacy and safety of Nrf2 activation depend on disease stage, 

comorbidities and physiological stress state — a one-size-fits-all 

approach fails. 

[123] 

5 Inter-individual 

variability: genetics & 

epigenetics 

NFE2L2 / KEAP1 polymorphisms and epigenetic regulation modify 

pathway responsiveness and clinical outcomes — supports 

personalized strategies. 

[52] 

6 Insufficient PK/ 

bioavailability of many 

activators 

Numerous natural Nrf2 activators have poor oral bioavailability / 

short half-life limiting clinical translation without formulation 

improvements. 

[52] 

7 Preclinical → clinical 

translation gap 

Robust benefits in animals (dose, timing) often do not replicate in 

humans because of species differences, dosing limitations, and 

safety constraints. 

[124] 

8 Role of ferroptosis and 

regulated cell death 

complexity 

Nrf2 intersects ferroptosis and other death pathways; incomplete 

understanding complicates therapeutic targeting in heart/kidney. 

[124] 
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9 Redundancy & 

compensatory networks 

Multiple antioxidant/repair pathways (NF-κB, autophagy, p62, 

SIRT1 etc.) interact with Nrf2; single-target modulation may be 

insufficient. 

[52] 

10 Lack of validated, 

practical biomarkers of 

target engagement 

Measuring true Nrf2 activity in human target tissue is hard (nuclear 

Nrf2 quantification, reliable peripheral surrogates are lacking). 

[125] 

11 Off-target / 

noncanonical effects 

Noncanonical activation pathways (p62, autophagy impairment) can 

cause unexpected changes in Nrf2 regulation and downstream 

biology. 

[120] 

12 Need for compatible 

combination therapies 

Nrf2 activation alone may be insufficient — combining with 

metabolic/anti-fibrotic agents, mitochondrial quality control or 

targeted delivery is needed. 

[114] 

13 Variable evidence 

quality across organs 

(heart vs kidney vs 

retina) 

Strength of preclinical/clinical evidence differs by organ — renal 

field had large trials (and setbacks), retinal/cardiac data more 

preclinical. 

[123] 

14 Regulatory and 

commercial hurdles 

after mixed trial results 

Safety signals in large trials slow regulatory approvals and industry 

investment for further development of Nrf2 therapeutics. 

[125] 

15 Formulation & targeted 

delivery complexity 

Developing nanocarriers/prodrugs with renal/retinal/cardiac 

selectivity is technically achievable but requires optimization for 

scale-up and long-term safety. 

[121] 

 

10.1 safety Concerns and Adverse Effects 

Bardoxolone methyl, when used in the first-in-

human trials, was associated with adverse effects that 

limited the dose, such as an increase in liver enzymes: the 

highest dose levels led to grade 3 ALT increases in a 

Phase I study, so the dose escalation was done with safety 

in mind[126]. In sizeable studies of chronic kidney 

disease, bardoxolone had a close relationship with the 

occurrence of muscle spasms (up to ~60 % in some 

groups), which illustrates that such non-death restricting 

symptoms of life can affect chronic tolerability[127]. One 

major issue related to the heart that was associated with 

bardoxolone nephropathy was fluid retention and 

worsening heart failure symptoms in patients who were 

sensitive to the drug. The research done to understand the 

mechanism of action shows a connection between these 

events and the retention of sodium and volume that 

occurred due to changes in kidney handling[128]. 

Gastrointestinal side effects and flushing are among the 

known adverse reactions with the use of dimethyl 

fumarate (DMF) in clinical practice, particularly after 

treatment initiation, and they are thought to be caused by 

non-Nrf2 pathways (for instance HCAR2 receptor 

engagement)[129]. DMF can cause lymphopenia that is 

of clinical importance in some patients, particularly with 

extended use, which is why there is suspicion about the 

possibility of immunosuppression in patients with 

comorbidities[130]. In some cell types, the mitochondria 

can be less viable because of the depletion of glutathione 

caused by a high amount of fumaric acid esters. This 

situation is just a hint that there is a limit in which the 

activation of Nrf2 can lead to the redox balance being 

damaged by a paradoxical way[131]. Nrf2 has a 

significant impact on the transcriptional regulation of a 

variety of drug-metabolizing enzymes and transporters, 

which means that off-target pharmacokinetic interactions 

along with non-intentional metabolic changes are possible 

to occur as side effects of polypharmacy. (Review, safety 

discussions implied)[126]. At last, one of the theoretical 

worries from cancer literature is the idea that chronic Nrf2 

overactivation could eventually lead to such an extent that 

it would promote the survival or growth of pre-cancerous 

or cancer cells. This issue should always be considered 

when patients with cancer risk are treated for a long 

time[132].  

 

Table 3: Translational Barriers and Safety Constraints in Clinical Development of Nrf2 Modulators for Diabetic 

Complications 

Translational Limitation Supporting Evidence & Study 

Summary 

Clinical / Mechanistic 

Implication 

REFERENCES 

Cardiovascular adverse 

events with bardoxolone 

methyl 

BEACON trial halted due to increased 

heart-failure events in CKD + T2DM; 

volume retention via RAAS & 

endothelin-1 dysregulation identified. 

Limits systemic Nrf2 

activator use; need for organ-

selective strategies. 

[123] 

Heterogeneous Nrf2 

response due to genetic 

polymorphisms 

Human NFE2L2 and KEAP1 variants 

alter inducibility of antioxidant genes 

Personalized dosing & 

genotype screening required 

for efficacy. 

[133] 



 

 
 

 54 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) 

 

ISSN: 2583-4053 

Volume-4 Issue-5 || October 2025 || PP. 38-63 
 

https://doi.org/10.55544/jrasb.4.5.4 

 

 

 

Journal for Research in Applied Sciences 

and Biotechnology 

www.jrasb.com 

and influence clinical response to Nrf2 

activators. 

Low bioavailability and 

tissue distribution of 

natural activators (e.g., 

curcumin, resveratrol) 

Pharmacokinetic studies show poor 

absorption and rapid metabolism, 

leading to sub-therapeutic retinal and 

renal exposure. 

Necessitates nano-delivery or 

prodrug formulation for 

translation. 

[134] 

Unintended immune 

suppression with long-

term dimethyl fumarate 

DMF causes prolonged lymphopenia 

and T-cell subset depletion; raises 

infection risk in chronic therapy. 

Limits chronic use in 

comorbid diabetic 

populations. 

[135] 

Tumorigenic potential 

of chronic Nrf2 

hyperactivation 

Sustained Nrf2 signalling observed to 

promote survival of pre-neoplastic 

cells and reduce chemotherapy 

sensitivity. 

Requires controlled, time-

limited activation strategies. 

[132] 

Species-specific 

variability between 

rodent and human Nrf2 

signalling 

Comparative transcriptomics reveal 

differential induction of antioxidant 

and metabolic genes between species. 

Preclinical results may not 

predict human 

pharmacodynamics. 

[136] 

Off-target activation of 

metabolic & drug-

processing enzymes 

Nrf2 upregulates phase II conjugation 

enzymes (UGTs, GSTs), altering 

clearance of co-administered drugs. 

Polypharmacy patients at risk 

of altered pharmacokinetics. 

[137] 

Lack of biomarkers for 

in-vivo Nrf2 activation 

Most trials rely on indirect readouts 

(e.g., HO-1, NQO1 mRNA) that do not 

correlate consistently with clinical 

benefit. 

Calls for development of 

plasma or imaging 

biomarkers. 

[138] 

Inconsistent clinical 

efficacy across diabetic 

complications 

Trials in diabetic nephropathy show 

transient eGFR rise but no sustained 

renal protection; retinal data scarce. 

Indicates that Nrf2 activation 

alone may be insufficient. 

[139] 

Regulatory and safety 

data gaps for natural 

compounds 

Variable purity and lack of 

standardized potency in nutraceutical 

formulations limit clinical approval. 

Requires GMP-grade 

standardization and safety 

validation. 

[137] 

 

10.2 Limitations In Clinical Translation 

Although there was strong efficacy 

demonstrated in preclinical studies, the BEACON trial 

was stopped prematurely due to higher cardiovascular 

risks (heart failure, fluid retention), which is a typical case 

where future Nrf2-activating drugs may fail to be 

translated as a result of unexpected systemic toxicities in 

human patients[123]. The differences in gene response 

between species are a major hurdle in translating results: 

experiments on rodents frequently reveal a strong 

activation of Nrf2 target genes (such as HO-1, NQO1) at 

doses which humans could not tolerate, thus it becomes 

difficult to scale doses and predict human outcomes[140]. 

One of the key obstacles to the development of therapies 

that engage the Nrf2 pathway is the absence of validated 

biomarkers for the accurate measurement of Nrf2 

engagement in the target tissues. The majority of clinical 

studies depend on peripheral blood gene expression 

surrogates as a non-invasive means to assess Nrf2 

activity; however, these peripheral measures may not be 

indicative of the actual activation of the organ or of the 

treatment's effectiveness[141]. Besides, the 

pharmacokinetics and bioavailability of almost all the 

compounds that are possible candidates remain less than 

perfect: typical Nrf2 activator sources of nature (like 

polyphenols) are quite frequently incapable of achieving 

therapeutic levels in human tissues, thus limiting their 

potential for translation[134]. 

 

Table 3: Tissues of Long-Term Pathway Modulation 

# Long-Term Issue / Concern Mechanistic / Clinical Rationale REFERENCES 

1 Reductive stress / over-

reduction of ROS 

Excessive Nrf2 activation may suppress all ROS to below 

physiological signalling levels, impairing redox signalling 

and adaptation 

[142] 

2 Oncogenic potential / cancer 

cell survival 

Constitutive Nrf2 activation can confer growth, resistance 

to apoptosis, and chemoresistance in malignant or pre-

cancer cells 

[143] 

3 Adaptation or desensitisation 

of pathway 

Chronic activation may trigger feedback inhibition, 

epigenetic silencing, or downregulation of Nrf2 targets 

over time 

[144] 
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4 Interference with physiological 

stress responses 

Long-term suppression of ROS may blunt adaptive stress 

responses (e.g. hormesis), reducing resilience to acute 

insults 

[145] 

5 Altered cellular metabolism / 

anabolic shift 

Prolonged Nrf2 can reprogram metabolism (e.g. PPP, 

NADPH, glutamine) that may favor cell survival in 

adverse settings 

[146] 

6 Immune modulation / 

suppression 

Chronic Nrf2 induction may impair certain immune 

surveillance functions or cytokine responses 

[147] 

7 Organ-specific adverse 

remodelling 

In heart or kidney models, long-term activation has been 

linked to maladaptive remodelling or fibrosis under some 

conditions 

[120] 

8 Pharmacodynamic tolerance / 

diminishing efficacy 

Drug effect may wane over time as downstream targets 

adapt, requiring escalating doses and increasing risk 

[148] 

9 Cross-talk with aging / 

senescence pathways 

Extended Nrf2 activation may modulate senescence 

markers (p16, p21) or mTOR/AMPK balance over time, 

with unclear net effects 

[149] 

10 Potential for metabolic 

imbalance / nutrient depletion 

Sustained upregulation of detox enzymes may deplete 

endogenous cofactors (GSH, NADPH), altering baseline 

metabolic flux 

[144] 

 

XI. FUTURE PERSPECTIVES 
 

One of the significant challenges in the future 

Nrf2 pathway is the precise control over Nrf2 activation 

in space and time. This means designing Nrf2 modulators 

or delivery systems that can briefly activate Nrf2 in the 

area of the disease (kidney, heart, retina) without causing 

a chronic overactivation of healthy tissues. There are 

encouraging developments in nanocarrier platforms, 

prodrugs, and responsive polymers because the activation 

may be limited to oxidative microenvironments and thus 

the systemic exposure can be reduced[37]. Along with 

innovation in delivery, Nrf2 modulators of the next 

generation will probably have a combination of dual-

mode switching as their feature: a small basal activation 

and an increase stimulated by stress. Such a system would 

keep redox balance during standard situations but would 

allow a strong reaction to metabolic insults or sudden 

oxidative changes. It seems that this idea is supported by 

arguments presented in recent reviews on molecular 

mechanisms where the necessity for a change from 

“constantly active” to dynamically regulated systems is 

underlined[150]. One more focal point is the creation of 

biomarkers for identifying patient subgroups. Biomarkers 

of activity, be they plasma, imaging, or cellular, which 

truly reflect the interaction of the Nrf2 target in the correct 

tissues (i.e., not only changes in blood co-factors like HO-

1) will allow the dose to be tailored and safety to be 

assured. Together with genetic analysis of NFE2L2 / 

KEAP1, this can lead a personalized medicine strategy to 

control the pathway[151]. 

 

XII. CONCLUSION 
 

The collective evidence over the past decade 

reinforces that the Nrf2–Keap1 axis serves as a master 

regulator of oxidative Défense, metabolic equilibrium, 

and cellular resilience in diabetes and its systemic 

complications. Controlled pharmacological activation of 

this pathway can effectively mitigate oxidative stress, 

preserve mitochondrial integrity, and attenuate 

endothelial and tissue injury across renal, retinal, and 

cardiac systems. Nevertheless, clinical translation faces 

formidable challenges, including narrow therapeutic 

windows, pharmacokinetic limitations, and organ-

specific safety concerns, as evidenced by setbacks with 

bardoxolone methyl. The path forward lies in precision-

based strategies that harmonize redox modulation with 

metabolic correction—achieved through combination 

regimens and next-generation drug delivery systems 

capable of spatiotemporal control of Nrf2 activation. 

Establishing robust biomarkers of pathway engagement 

and integrating genetic screening for KEAP1/NFE2L2 

variants will be pivotal to personalizing therapy. In 

essence, the future of Nrf2-targeted pharmacology 

depends on achieving a delicate equilibrium—potent 

enough to counter diabetic oxidative injury yet refined 

enough to preserve physiological homeostasis. 
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