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Abstract: Oxidation is closely related to the occurrence and development of aging and age-related 

diseases. NRF2 (Nuclear factor erythroid 2 related factor 2) is a key regulator of oxidative stress, which 

regulates the expression of antioxidant proteins, detoxification enzymes and various cytoprotective 

proteins. NRF2 maintains organism redox balance and genome stability, delaying the aging process and 

the occurrence and development of aging-related diseases. Pharmacological activators of NRF2 has 

been widely reported in basic research, and has performed well in clinical application research. In this 

article, we will focus on the latest news in basic and clinical research of NRF2 activators in age related 

diseases. 
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1. Introduction 

Aging refers to a series of impaired functions, occuring with the increase of age, which is a universal 

biological phenomenon. At the molecular level, aging can lead to obvious DNA damage, telomere wear, 

protein homeostasis, nutrient imbalance, and epigenetic changes. And it is associated with cellular 

senescence, stem cell failure, mitochondrial dysfunction, and oxidative stress at the cellular level. Besides, 

aging makes physiological functions and cognitive abilities decline [1]. Especially for the elderly, aging 

greatly increases the incidence of various chronic diseases [2, 3] (figure 1). The free radical theory 

proposed by Tanem Harman believes that the accumulation of reactive oxygen species (ROS) is the 

primary cause of biomolecular damage, and it is also an important explanation for orgnism dysfunction 

during the aging process. The accumulation of excessive ROS stimulates oxidative stress, induces serious 

damage of lipids, proteins and DNA, as well as persistent chronic inflammation, which can induce 

various chronic diseases [4]. 

Nuclear factor erythrocyte-like 2 related factor 2 (NFE2L2) is a member of the cap'n' collar (CNC) 

subfamily of the basic region leucine zipper (bZip) transcription factor [5]. Its structure is shown in 

Figure 2. The cell defense mechanism plays an important role in resisting acute and chronic damage from 

the environment [6, 7]. 

 

Figure 1: Age-related diseases. 

Under physiological conditions, in the cytoplasm, Kelch-like ECH-related protein 1 (KEAP1), whose 

structure is shown in Figure 2, binds to NRF2 to form a KEAP1/NRF2 protein complex, and promotes 

the degradation of NRF2 by the 26S proteasome. However, under high oxidative pressure, the activity of 
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KEAP1 to target NRF2 for ubiquitination and degradation decreases. NRF2 accumulates in large 

quantities and is transported to the nucleus to combine with the antioxidant response element (ARE) to 

promote the expression of a variety of detoxification enzymes, antioxidant enzymes and cytoprotective 

proteins [8] (Figure 3). Studies have shown that NRF2 knockout experimental animals have an increased 

prevalence of a series of aging-related diseases such as heart disease, atherosclerosis, liver damage, and 

premature aging and even shortened lifespan [9-11]. Most chronic diseases occur in the elderly, and these 

diseases have neither a unique etiology nor a single pathological feature. Therefore, the most effective 

treatment is to stimulate the extensive cellular defenses by activating NRF2 drugs [12]. 

 

Figure 2: Domain structure of NRF2 and KEAP1. 

 

Figure 3: NRF2/ARE signal pathway 

At present, the NRF2 agonists that have been widely studied and recognized include natural products 

such as resveratrol, curcumin, sulforaphane, cinnamaldehyde, quercetin, andrographolide, as well as 

DMF, CDDO-Me, RTA-408, etc. The activation mechanism of these compounds mainly includes 

modification of KEAP1 cysteine residues to destroy the NRF2-KEAP1 complex and promote the 

dissociation of NRF2; activation of upstream protein kinase B (Akt), extracellular signal-regulated kinase 

(Erk) and other protein kinase activities; inhibit proteasome degradation and NRF2 ubiquitination 

process. These mechanisms all lead to the accumulation of NRF2 in the cytoplasm and further translocate 

into the nucleus and activate the antioxidant cascade [13]. 

This article will mainly introduce the development and research progress of transcription factor NRF2 

agonists as clinical drugs for the treatment of neurodegenerative diseases, metabolic diseases, 

cardiovascular diseases and other diseases. 

2. Neurodegenerative diseases 

Neurodegenerative diseases are caused by the loss of central nervous system (CNS) neurons or their 

myelin sheaths, which can lead to a series of chronic progressive dysfunctions, such as motor dysfunction, 

A 
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memory loss, and cognitive dysfunction. Studies have shown that neurodegenerative diseases mostly 

occur in the elderly, and aging is considered to be an important risk factor for their development. With 

the rapid aging of the global population, the incidence of neurodegenerative diseases is also rising sharply. 

The pathogenesis of neurodegenerative diseases is complex, but oxidative stress is considered to be a 

key factor in the research of multiple pathogenic mechanisms. The accumulation of oxidants such as 

glutamate and ROS in cells can cause damage to important cellular macromolecules and trigger a series 

of neurodegeneration and neuroinflammatory reactions [14]. The up-regulation of NRF2 and its target 

genes HO-1, NQO1, GCLM, Gpx, p62/SQSTM1, etc. can activate learning and memory in AD mouse 

models. Specific induction of NRF2-dependent antioxidant activity can activate cell defense, inhibit 

neuroinflammation, improve mitochondrial function and maintain protein homeostasis, so as to alleviate 

pathological features. Searching for effective activators to activate NRF2 in neurons and astrocytes is an 

important strategy for treating neurodegenerative diseases. 

Abnormal phosphorylation and aggregation of Tau-like proteins are the important pathogenesis of 

neurodegenerative diseases. A large amount of phosphorylated Tau-like protein accumulation was found 

in the brains of NRF2 knockout mice. Sulforaphane (SFN), curcumin, and α-zinc sulfate can activate 

NRF2 and up-regulate the expression of NDP52 to eliminate phosphorylated Tau-like proteins [15]. 

Methylene blue can inhibit the abnormal accumulation of Tau protein. Research on the effectiveness and 

safety of methylene blue in the treatment of AD is in the phase 2 clinical trial phase, and its modified 

product TRx0237 is in the phase 3 clinical phase of AD treatment. After receiving treatment, the 

cognitive ability of moderate subjects improved significantly [16]. 

The gradual loss of synaptic function, the continuous damage of neuronal cells and the activation of 

microglia are important characteristics of the pathogenesis of neurodegenerative diseases. Curcumin can 

penetrate the blood-brain barrier, reduce inflammation in the brain, and affect synaptic plasticity. In wild-

type mice, curcumin treatment can reduce ipsilateral cortical damage, neutrophil infiltration and 

microglia activation, increase the activity the expression of NRF2 and its downstream antioxidant 

enzymes [17]. In Wistar rat brain ischemia/reperfusion injury model, curcumin can improve rat brain 

oxidative damage and inflammation by up-regulating NRF2 and down-regulating NF-κB, and reduce 

infarct size [18]. The clinical trials of curcumin and its related preparations for the treatment of AD are 

currently mainly in the phase 1/2, which mainly focus on confirming the safety and effectiveness of 

curcumin as a treatment for AD. A large number of animal experiments have proved that resveratrol can 

reduce neuro-inflammation and protect nerve function, especially for AD model rats, it can well reduce 

the neuropathological characteristics of β-amyloid AD in rats, and improve the effect of β-amyloid AD. 

Memory loss caused by lesions [19]. In a phase 2 clinical trial of resveratrol in the treatment of AD, 

patients with AD received resveratrol or placebo for 12 months to determine whether daily resveratrol 

treatment is beneficial to delay or change memory and daily function. Some patients (15) were required 

to participate in a 24-hour pharmacokinetic (PK) sub-study, which will measure the level of resveratrol 

within 24 hours. The results show that resveratrol can maintain the integrity of the blood-brain barrier 

and alleviate the problem of cognitive decline in patients [20]. In addition to the treatment of AD, these 

activators can also be used to treat Parkinson's disease (PD).Potential for diseases such as amyotrophic 

lateral sclerosis (ALS). Among them, DMF was approved by FDA in 2013 for the treatment of MS. 

3. Metabolic diseases 

The incidence of diabetes has been increasing year by year around the world. At present, the 

prevalence of diabetes in China has reached 10.4%, ranking first in the world [21]. Studies have shown 

that diabetic patients are susceptible to aging-related complications, which indicates that diabetes may 

represent a state of aging. Senescent cells can induce insulin resistance and promote the development of 

diabetes by secreting senescence-related secretory phenotypes (SASP) such as TNFα and IL-6 [22]. The 

main characteristics of T2MD are chronic hyperglycemia, insulin secretion dysfunction and 

inflammation. In diabetic patients, the level of ROS is abnormally increased, and the expression of a 

variety of antioxidant enzymes is reduced. Obvious DNA damage can be observed, and free fatty acids, 

leptin and other circulating factors are increased [23]. Studies have shown that in NRF2 knockout mice 

and rats, ROS levels increase significantly, leading to increased blood glucose level and impaired insulin 

signaling pathways, indicating that the lack of NRF2 can aggravate type 1 diabetes and type 2 diabetes 

[24, 25].  

Insulin secretion and insulin sensitivity can be significantly improved as the increasing level of NRF2. 

When KEAP1 knockout mice are crossed with diabetic db/db mice, the symptoms of insulin resistance 

and decreased insulin secretion can be improved. In addition, oral CDDO-Me can also reduce blood 
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glucose levels in db/db mice [26]. CDDO-Me can prevent the further development of insulin resistance, 

it can also reverse the changes in protein tyrosine phosphatase 1B, insulin receptor substrate or insulin 

receptor expression, and prevent hepatic macrophage infiltration and inflammation [27]. A number of 

studies on the safety and effectiveness of CDDO-Me in the treatment of type 1 and type 2 diabetes and 

chronic kidney disease have entered the phase 2/3 clinical trial phase. Resveratrol can reduce the blood 

glucose level of high-glycemic rodents and can also regulate insulin levels. Continuous feeding 

resveratrol for 6 weeks in diabetic db/db mice can significantly reduce blood sugar, plasma free fatty 

acids, triglycerides and apolipoprotein B/apolipoprotein AI levels, and increase plasma adiponectin 

levels [28]. In rat experiments, resveratrol can inhibit impaired glucose tolerance and insulin resistance 

induced by high-fat diet in ovariectomized rats [29]. In the clinical research of resveratrol for the 

treatment of diabetes, a total of 18 items have been completed. In a phase II and phase III clinical trial 

on the effects of resveratrol on human age-related insulin resistance and inflammation, giving subjects 

1000 mg/d resveratrol capsules for 28 days can reduce the patient’s platelet activation and oxidized 

protein modification of high-density lipoprotein (HDL). Pentraxin3 concentration and total antioxidant 

level (TAS) can reflect the changes in inflammation levels in patients with type 2 diabetes after taking 

resveratrol. After giving subjects high and low doses (200mg/d and 40mg/d) of resveratrol for six months, 

the evaluation results show that resveratrol can dose-dependently enhance the levels of Pentraxin3 and 

TAS in patients [30]. In the Sprague-Dawley rat pancreatic islet test, SFN can improve the damage of 

pancreatic B cells and restore their insulin secretion function [31]. In addition, the study on the effect of 

curcumin on the efficacy of glimepiride in patients with T2DM, conducted by Tanta University in Egypt, 

will enter Phase IV clinical trials in September this year. The results of their previous studies show that 

curcumin can significantly improve the dyslipidemia of diabetic patients [32]. 

4. Cardiovascular disease 

Hypoxia, blood flow disturbance and oxidative stress caused vascular endothelial dysfunction, which 

are the key risk factors for cardiovascular disease [33]. The analysis of a variety of cytoprotective genes 

regulated by NRF2 shows that NRF2 plays a key role in protecting cardiomyocytes and endothelial cells 

from dysfunction induced by oxidative stress [34]. NRF2 knockout mice are more susceptible to cardiac 

structure and function damage, as well as myocardial infarction and heart failure. In a variety of animal 

experimental models of cardiovascular-related diseases, it has been proved that NRF2 activators can 

reduce the severity of cardiovascular diseases related to ROS. For example, fumarate and hydrogen 

sulfide have obvious protective effects on myocardial ischemia-reperfusion injury and heart failure [35, 

36]. Resveratrol [37-39] has the effects of protecting endothelial cell damage induced by high glucose, 

improving vascular calcification and vascular inflammation. MG132 can prevent aortic damage and 

myocardial damage [40]. 

The clinical trials of NRF2 agonists for the treatment of hypertension are still in the initial stage, 

mainly to confirm their safety and effectiveness in the treatment process. The results of the Phase I 

clinical trial on the safety and efficacy of DMF for the treatment of pulmonary hypertension prove that 

it does improve the clinical efficacy of patients with six-minute walking distance (6MWD). There are 5 

clinical studies of resveratrol for the treatment of hypertension, which mainly illustrate the acute effect 

of resveratrol on vascular endothelial function in patients with hypertension. In addition, the results of 

the RESTORE randomized clinical trial on the effect of resveratrol on improving the 6MWD of patients 

with peripheral arterial disease (PAD) proved that the doses of 125mg/d and 500mg/d achieved 

significant differences in the improvement of patients' 6MWD compared with placebo, but there was no 

clinical significance. Curcumin's regulation of HDL particles is one of its mechanisms for improving 

cardiovascular diseases. Curcumin and polyphenol supplements on the anti-inflammatory properties of 

HDL entered a phase 2 clinical study to explore the effect of curcumin on the inflammation of patients' 

overall plasma levels, as well as the anti-inflammatory and cholesterol efflux properties of HDL particles. 

5. Others 

In view of the involvement of oxidative stress in the pathogenesis of many diseases, NRF2 is clearly 

an important target for the treatment of these diseases. In addition to studies on neurodegeneration, 

metabolic diseases and cardiovascular diseases, rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE), chronic obstructive pulmonary disease (COPD), inflammatory bowel disease (IBD) ), the 

application research of NRF2 activator in the treatment strategy of other diseases is also gradually 

deepening. The efficacy and safety study of BG00012 (DMF) and methotrexate in the treatment of active 
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rheumatoid arthritis is in the phase 2 clinical trial phase. A total of 153 subjects participated in the 

experiment. Oral 480mg and 720mg of BG00012 were taken orally every day and observed after 12 

weeks. The proportion of subjects still with RA symptoms. The University of California in the United 

States has launched a phase 2 clinical study on curcumin's therapeutic effect on SLE. In addition, the 

results of a phase 2 clinical trial of fumarate in the treatment of SLE showed that giving patients one 

piece of fumarate a day for 24 weeks, the total RCLASI activity of skin lesions was reduced by 50%. 

The absence of NRF2 will aggravate the course of lung diseases such as IFP-like pulmonary fibrosis and 

COPD. Pirfenidone (PFD) is a drug currently approved for the treatment of IPF. It restores the balance 

of NRF2/Bach1 by inhibiting Bach1 and activating NRF2, thereby enhancing the anti-fibrotic activity of 

fibroblasts generated by TGF-β stimulation [41]. 

6. Conclusion 

There are still many challenges in pushing NRF2 agonists into clinical applications, such as poor drug 

solubility and low bioavailability, which have become a major challenge in their clinical application. In 

addition, side effects such as reductive stress caused by NRF2 over expression have caused widespread 

safety concerns. Nevertheless, targeting KEAP1 to stabilize NRF2 protein to activate cell protection is 

still the most effective treatment so far. The research of NRF2 agonists is still a popular direction for the 

development of new drugs for the treatment of aging-related diseases, but there are only a handful of 

them that have successfully passed clinical research and have been approved for marketing, and there is 

a huge market for development. 
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