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Abstract

Kidney disease affects ~10% of the population worldwide, resulting in millions of deaths each 

year. Mechanistically, oxidative stress is a major driver of various kidney diseases, and promotes 

the progression from acute to chronic injury, as well as renal cancer development. NRF2, the 

master regulator of redox balance, has been shown to protect against kidney disease through its 

negation of reactive oxygen species (ROS). However, many kidney diseases exhibit high levels of 

ROS as a result of decreased NRF2 protein levels and transcriptional activity. Many studies have 

tested the strategy of using NRF2 inducing compounds to alleviate ROS to prevent or slow down 

the progression of kidney diseases. Oppositely, in specific subsets of renal cancer, NRF2 is 

constitutively activated and contributes to tumor burden and overall poor prognosis; therefore, 

there has been a recent interest in studies investigating the benefits of NRF2 inhibition. In this 

review, we summarize recent literature investigating the role of NRF2 and oxidative stress in 

various kidney diseases, and how pharmacological modification of NRF2 signaling could play a 

protective role.
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Introduction

Perturbance of redox homeostasis leaves the kidneys susceptible to numerous diseases. 

Healthy, functioning kidneys are responsible for a variety of processes including blood 

filtration, hormone production, blood pressure regulation, and fluid balance; most notably, 

the kidneys filter out byproducts of food, medications, and toxicants that are then excreted in 

urine. However, when the kidneys are damaged, these respective processes are 

compromised; and when left untreated, pathogenesis is rapid and, in many cases, 

irreversible. At the later stages of kidney disease, patients will have to undergo costly and 

painful treatment options, such as dialysis and even organ transplantation. While each 

kidney disease has its own unique pathogenic characteristics, disturbance of redox 
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homeostasis consistently plays a key role in disease onset and progression (Okamura and 

Pennathur 2015).

Impaired redox homeostasis is characterized by an increase in oxidative stress, which is 

usually indicative of increased production of reactive oxygen species (ROS) exceeding the 

cell’s antioxidant capacity. While some basal ROS exist and are required for cell signaling, 

increased ROS are typically damaging to the cell (Schieber and Chandel 2014). Many 

stressors, including radiation, chemotherapies, and environmental exposures, all increase 

ROS levels in the cell. Formation of promiscuous free radicals can cause oxidative damage 

to many cellular components. In the kidney, this has been observed in the form of DNA 

damage and increased cell death (Siddarth et al. 2018). Importantly, increased oxidative 

stress levels potentiate a variety of pathologies in the kidneys, including acute kidney injury, 

chronic kidney disease, polycystic kidney disease, diabetic nephropathy, hypertension, 

glomerulonephritis, hydronephrosis, and renal cancer. Due to its normal physiological 

functions, the kidney is rich in oxidative reactions; this leaves the kidney more susceptible to 

damage caused by oxidative stress (Anders 1980). Thus, maintenance of redox homeostasis 

via combatting enhanced ROS levels is essential for proper kidney function.

Kidney cells contain an endogenous cellular defense system designed to combat the effects 

of oxidative stress. A key regulator of this system is the transcription factor nuclear-factor 

(erythroid-derived 2)-like 2 (NRF2). NRF2 is ubiquitously expressed in all cell types, and 

during increased cellular stress, translocates into the nucleus, heterodimerizes with small 

musculoaponeurotic fibrosarcoma (sMAF) proteins, and binds to antioxidant response 

elements (AREs) to initiate transcription of target genes encoding proteins associated with 

redox regulation, xenobiotic efflux, protein homeostasis, iron metabolism, prevention of 

apoptosis, and DNA repair, all of which are upregulated to restore homeostasis (Dodson et 

al. 2019). Under basal conditions, NRF2 levels are kept low by its binding to Kelch-like 

ECH associated protein 1 (KEAP1), a substrate adaptor protein of a Cullin 3-Ring box 1 

(CUL3-RBX1) E3 ubiquitin ligase complex. NRF2 contains two motifs (ETGE and DLG) 

that each bind to a homodimer of KEAP1; upon binding, the NRF2-KEAP1 interaction 

stabilizes the complex allowing for ubiquitylation, and ultimately proteasomal degradation, 

of NRF2 (Itoh et al. 1999).

During increased oxidative stress, important cysteine residues in KEAP1 (i.e. Cys151) 

become oxidized; this oxidation event prevents the binding of the DLG motif of NRF2 to 

KEAP1, and thus NRF2 can no longer be ubiquitylated and degraded (Zhang and Hannink 

2003, Tong et al. 2006). However, since NRF2 remains bound to KEAP1 via its ETGE 

motif, and new NRF2 is continually being translated, NRF2 protein accumulates and 

translocates into the nucleus to activate transcription. Thus, in response to pro-oxidants, 

NRF2-based transcription is activated in order for its downstream target genes to be 

upregulated and neutralize ROS. Accordingly, many studies have shown that activation of 

NRF2 prior to disease onset is effective in conferring chemoprevention and maintaining 

overall health. Similarly, activation of the NRF2-KEAP1 signaling pathway prior to, or early 

in, disease onset may play a critical role in the prevention and treatment of various oxidative 

stress-related kidney diseases (Guerrero-Hue et al. 2017). However, it was recently 

discovered that NRF2 is constitutively activated in certain types of cancer, including renal 
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cell carcinomas. There are several mechanisms by which NRF2 becomes constitutively 

active in renal cancers, including post-translational modifications to KEAP1, as well as 

somatic gain-of-function mutations in NRF2 or loss-of-function mutations in KEAP1 and 

CUL3 (Figure 1). Due to the cytoprotective effects of NRF2 upregulation, constitutive 

activation of NRF2 yields cancer cells resistant to therapies, and ultimately increases the 

morbidity of these patients (Wang et al. 2008). Therefore, there is a significant need to 

develop inhibitors of NRF2 to treat cancer. Overall, the role of NRF2 in kidney disease is 

wide ranging, with the need to maintain normal redox homeostasis being critical for healthy 

kidney function.

I. Kidney Disease and Redox Balance

Due to the integral role of various kidney cell types in maintaining kidney function, 

oxidative damage to specific cell populations can lead to different diseases, varying in 

severity. In addition, initial injury to the kidney can be exacerbated over time and contribute 

to disease progression, leading to a worse prognosis. As mentioned above, recent literature 

has shown that NRF2 plays a vital role in alleviating the damage caused by oxidative stress 

in the kidneys; however, hyperactivation of NRF2 leads to resistance to therapies and poor 

prognosis in cancer patients. Below, we outline several kidney diseases related to oxidative 

stress and the role of NRF2 in each (Figure 2).

a. Acute Kidney Injury—Acute kidney injury (AKI) refers to an abrupt disruption of 

normal kidney function, which is typically characterized by an increase in creatinine levels 

and a decrease in urine output. There are three distinct phases of AKI, each increasing in 

severity: (1) prerenal is the most common phase, and is associated with damage caused by 

medications and pathological complications such as hypercalcemia, (2) the intrinsic renal 

phase results from infections, as well as other stresses (i.e. ischemic injury), and (3) 

postrenal is the phase linked to obstructions (i.e. kidney stones) and cancer (Rahman et al. 

2012). Upregulation of NRF2 has been shown to combat the damage seen in both prerenal 

and intrinsic renal AKI. Specifically, activation of NRF2 has been shown to neutralize 

oxidative stress in T lymphocytes and thus prevent AKI (Noel et al. 2015). Furthermore, 

other studies have shown that environmental nephrotoxicity caused by arsenic (measured via 

increased apoptosis and DNA damage in rats) was negated by supplementation with the 

NRF2 inducer sulforaphane (Thangapandiyan et al. 2019). Similarly, nephrotoxicity caused 

by cisplatin was more severe in NRF2-deficient (Nrf2−/−) mice compared to wild type mice 

(Liu et al. 2009, Aleksunes et al. 2010). Thus, these studies indicate that NRF2 plays a 

critical role in preventing AKI via combatting oxidative stress (Nezu et al. 2017). Not only is 

AKI itself a health issue for patients, but it also presents a problem for drug discovery and 

development, as many new drug candidates undergo cessation due to drug-induced AKI 

(Shelton et al. 2013). Therefore, enhancing our understanding of the role of NRF2 in 

preventing AKI serves a valuable purpose in developing therapeutics to prevent kidney 

damage in patients, as well as limit the number of drugs withdrawn from clinical trials.

b. Chronic Kidney Disease—If left untreated, AKI can progress to chronic kidney 

disease (CKD) (Basile et al. 2016). Similar to AKI, CKD is characterized by destruction of 

the kidneys, just over a more prolonged period of time; however, in this context, 
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irreversibility and total loss of function are eminent. Other pathologies, such as type II 

diabetes and hypertension can also contribute to the onset of CKD due to uncontrolled 

oxidative stress and increased inflammation. Metabolomics data gathered from 2155 

participants, showed that CKD patients had decreased 5-methoxytryptophan (5-MTP); and, 

supplementation of 5-MTP in mice with ischemia/reperfusion injury activated the NRF2 

signaling pathway and stopped renal interstitial fibrosis (Chen et al. 2019). Also in CKD 

patients, an accumulation of indoxyl sulfate has been observed, which induced nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) (the master regulator of 

interleukins and the inflammatory response), and conversely decreased NRF2 transcriptional 

activity (Bolati et al. 2013). The inverse relationship between NF-κB and NRF2 has been 

attributed to several factors: (1) competition for binding with the transcriptional coactivator 

CREB-binding protein (CBP), (2) upregulation of target genes of NRF2 (NADPH quinone 

dehydrogenase 1 [NQO1], heme oxygenase 1 [HO-1])) can affect NF-κB-based 

transcription, and (3) NRF2 inducing compounds (bardoxolone methyl, sulforaphane) 

suppress NF-κB signaling (Wardyn et al. 2015, Dodson et al. 2019). Thus, in CKD patients 

with chronic inflammation, NRF2 target gene levels could remain low due to hyperactivation 

of NF-κB. Interestingly, treatment with resveratrol, a known NRF2 inducer, in CKD patients 

showed no difference in inflammatory or antioxidant biomarkers (Saldanha et al. 2016). On 

the other hand, treatment with dh404 (a known bardoxolone analog) was able to restore 

NRF2 activity and protect against CKD (Aminzadeh et al. 2014). CKD patients that received 

bardoxolone methyl were observed to have an increased estimated glomerular filtration rate 

(eGFR) and less severe adverse renal effects; however, this compound failed clinical trials 

due to an increased incidence of heart failure (Chin et al. 2018). Ultimately, this suggests 

that increasing NRF2 levels in CKD patients could preserve kidney function and prevent the 

onset of end-stage renal disease (ESRD) and total organ failure; however, off-target effects, 

as well as appropriately timed utilization and treatment regimens, need to be carefully 

considered. Thus, activation of NRF2 remains a promising therapeutic target for the 

treatment of CKD (Ruiz et al. 2013).

c. Autosomal Dominant Polycystic Kidney Disease—Unlike many other kidney 

diseases, autosomal dominant polycystic kidney disease (ADPKD) is a hereditary disease 

caused by mutations in polycystin-1 and polycystin-2 (PKD1 and PKD2) (Andries et al. 

2018). However, despite having a genetic cause of onset, the effects of ADPKD are 

exacerbated by high oxidative stress levels. Unlike normal kidney cysts, ADPKD involves 

aberrant chronic cyst development that ultimately leads to enlargement of the kidneys and 

subsequent loss of function. It has been shown that resveratrol could delay ADPDK via 

attenuation of NF-κB (Wu et al. 2016); however, other studies suggest this phenomenon is 

due to the pro-antioxidant and anti-inflammatory target genes of NRF2, that in turn decrease 

cystogenesis and delay disease progression (Moradi and Vaziri 2016). Therefore, while 

evidence suggests that NRF2 plays a role in mediating ADPKD, the link between the two 

needs further elucidation.

d. Diabetic Nephropathy—A common result of untreated diabetes in patients is 

diabetic nephropathy, also known as diabetic kidney disease (DKD). DKD is characterized 

by a swelling of the mesangial cells that results in lowered eGFR and an ultimate halt in 
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filtration. Hence, DKD is the leading cause of ESRD. A major driver of DKD is NADPH 

oxidase 4 (NOX4), which through production of hydrogen peroxide increases oxidative 

stress levels in the kidneys (Sedeek et al. 2010). Our group has shown that Nrf2−/− mice 

have higher levels of ROS and renal damage compared to wild type controls in a 

streptozotocin-induced diabetic nephropathy model (Jiang et al. 2010). Additionally, we 

showed that natural products isolated from food common in the diet (i.e. broccoli, 

cinnamon) could activate NRF2 and alleviate renal damage caused by diabetes (Zheng et al. 

2011). Further studies indicated that diabetic mice that overexpress thrombomodulin domain 

1 had improved renal function as a result of decreased NF-κB and inflammasome formation, 

as well as a simultaneous increase in NRF2 levels, resulting in decreased oxidative stress 

and apoptosis (Yang et al. 2014). Therefore, the interplay between inflammation and 

oxidative stress plays a key role in driving DKD, with activation of NRF2 preventing and 

reducing the onset of disease.

e. Hypertension—A major contributing factor to CKD is hypertension. The renin-

angiotensin system (RAS) controls blood pressure in the kidneys, and when activated 

increases blood pressure (Sowers 2002). Activation of the RAS leads to the production of 

angiotensin II (ANG II), which in turn leads to increased aldosterone production; 

aldosterone signals the body to retain water, thus increasing blood pressure (Yim and Yoo 

2008). Importantly, RAS activity was associated with increased ROS in the brains of salt-

induced hypertensive rats (Su et al. 2017). Oxidative stress itself also leads to upregulation 

of the RAS, thus creating a positive feedback loop between increased ROS, RAS function, 

and hypertension (Touyz 2004). Treatment with ANG II has also been linked to decreased 

glutathione levels and suppression of NRF2 target genes as a result of enhancement of the 

ARE negative regulator: activating transcription factor 3 (ATF3) (Kang et al. 2011). 

Upregulation of NRF2 with curcumin was shown to reduce oxidative stress levels and 

alleviate the effects of glomerular hypertension (increased glomerular capillary pressure 

leading to increased blood pressure) in nephrectomized rats (Tapia et al. 2012). Similar to 

CKD and DKD, hypertension can be attributed to high levels of oxidative stress, but when 

NRF2 is activated prior to onset of disease, the pathological effects of hypertension can be 

mitigated. Opposingly, activation of the RAS in NRF2-deficient mice improved fetal and 

maternal survival in preeclamptic mice. Studies have demonstrated that ROS was essential 

for maintaining placental angiogenesis, and that hyperactivation of NRF2 (via KEAP1 

knockdown) negated the function of necessary cytokines, indicating that NRF2 enhances 

preeclampsia (Nezu et al. 2017). Therefore, the role of NRF2 in regulating the interplay 

between the RAS, oxidative stress, and proper kidney function is context dependent.

f. Glomerulonephritis—Glomeruli, responsible for the filtration of blood, become 

inflamed during glomerulonephritis (GN), leaving them incapable of proper function and 

leading to increased proteinuria, ultimately contributing to AKI and CKD. Recently, it was 

established that activation of extracellular regulated kinase (ERK) signaling was linked to 

increased GN in mesangial cells; however, exogenous antioxidant treatment reduced 

glomerular injury (Budisavljevic et al. 2003). Oxidative stress is a known driver of the 

mitogen-activated protein kinases (MAPK) pathway as it can activate epidermal growth 

factor receptor (EGFR) and subsequently ERK signaling (Zhang et al. 2016); this could 
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explain how oxidative stress drives GN. Additionally, it was shown that female HO-1−/− 

mice developed severe GN, associated with high levels of oxidative stress and chronic 

inflammation as a result of iron toxicity (Poss and Tonegawa 1997). Meanwhile, induction 

of NRF2 activity by treatment with green tea polyphenol (−)- epigallocatechin-3-gallate 

(EGCG) in mice seven days post nephritis development showed less severe GN due to 

increased transcription of the glutamate-cysteine ligase catalytic (GCLC) and glutamate-

cysteine ligase modifier (GCLM) subunits of glutamate-cysteine ligase (Ye et al. 2015). 

Thus, production of glutathione lowers the oxidative stress that drives GN, and ultimately 

prevents the onset of CKD.

g. Hydronephrosis—Swelling of the kidneys due to lack of urine drainage, known as 

hydronephrosis, helps drive AKI and CKD. While a link between the onset of 

hydronephrosis and oxidative stress is yet to be established, it has been shown that 

hydronephrosis leads to increased oxidative stress and mitochondrial damage (Cao et al. 

2015). Evidence indicated that in KEAP1-deficient (Keap1−/−) mice, NRF2 hyperactivation 

drives bilateral hydronephrosis as indicated by more severe swelling of the bladder, dilation 

of the collecting ducts, and damaged glomeruli as compared to wild type mice (Suzuki et al. 

2017). Additionally, other reports also indicated that Keap1−/− mice developed 

hydronephrosis as evidenced by the enlarged kidney size and lack of medullary tissue (Noel 

et al. 2016). Therefore, these animal models suggest that KEAP1 deficiency, and thus 

persistently high expression of NRF2, may contribute to the onset of hydronephrosis.

h. Renal Cancer—Treatment of renal cancers, like many other cancer types, may 

require focusing on the dual role of NRF2 in cancer progression: i.e. utilizing NRF2 

induction for chemoprevention prior to malignant transformation, as compared to NRF2 

inhibition for chemotherapy post tumor initiation (Tao et al. 2018). NRF2 levels decrease 

with age, yielding cells more susceptible to damage from oxidative stress, a common feature 

of age-related diseases including cancer (Schmidlin et al. 2019). The resulting accumulation 

of oxidative damage can result in malignant transformation, and ultimately result in tumor 

development. In this context, induction of NRF2 prior to insult is an important 

chemoprevention tactic, as its target genes protect the cell and repair the initial damage 

caused by ROS. However, in renal cancers, modifications to the KEAP1-NRF2-CUL3 

complex allow for constitutive activation of NRF2 that aid in the proliferation and survival 

of the tumor (Kitamura and Motohashi 2018). Post-translational modifications to KEAP1 

also plays an important role in renal cancer progression. Specifically, in hereditary 

leiomyomatosis and renal cell cancer (HLRCC), mutations in fumarate hydratase (FH) lead 

to an accumulation of fumarate, which eventually results in the succination of cysteine 

residues in KEAP1 (Trpkov et al. 2016), which prevents ubiquitylation/degradation of 

NRF2, and results in uncontrolled upregulation of NRF2 target genes (Ooi et al. 2011). 

Additionally, somatic gain-of-function mutations in NRF2 and loss-of function mutations in 

CUL3 cause constitutive activation of NRF2 in HLRCC (Ooi et al. 2013). In clear-cell renal 

cell carcinoma, whole genome sequencing revealed mutations in KEAP1, NRF2, and CUL3 

as well (Sato et al. 2013). Hence, oxidative stress levels are kept to a minimum in these 

tumors. In addition, due to the cytoprotective nature of these target genes, renal cell 

carcinomas with hyperactivated NRF2 could become resistant to therapies, resulting in a 
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poorer prognosis. While induction prior to malignant transformation is beneficial, high 

NRF2 levels in a cancer cell could lead to a more aggressive tumor phenotype, indicating a 

need for NRF2 inhibition. Thus, NRF2 levels present a challenging target for the prevention 

and treatment of cancer, as well as other metabolic diseases; hence, caution should be taken 

in the application of pharmacological modulators of the NRF2-KEAP1 signaling pathway to 

treat kidney disease, as the manner in which NRF2 functions in kidney disease is time and 

context-dependent.

II. Pharmacological Modulation of NRF2 in Kidney Disease

In order to prevent the onset of several of the diseases discussed above, induction of NRF2 

prior to or immediately after insult is necessary. In contrast, inhibition of NRF2 in renal 

cancers is imperative to prevent tumor progression. Below, we outline the current state of 

pharmacological modulators of NRF2 and their potential role in treating kidney diseases 

(Figure 3).

a. Inducers—Several inducers of NRF2 have been characterized and studied regarding 

the prevention and treatment of a number of kidney diseases (Atilano-Roque et al. 2016). 

Currently, clinical trials are ongoing for bardoxolone methyl for the amelioration of CKD 

(Chin et al. 2018). It has been suggested bardoxolone methyl may be more effective in early 

stages of kidney disease and may have failed clinical trials due to the severity of CDK and 

off target effects (Zhang 2013). Oltipraz, another oxidative stress causing NRF2 inducer, 

showed promise in protecting kidney cells from cisplatin exposure (Atilano-Roque et al. 

2016); however, oltipraz is non-specific and can modify any cysteine-containing proteins 

and thus have many off-target effects (Bhattacharyya et al. 2010). Following successful 

clinical trials, dimethyl fumarate (DMF) has been approved for use in humans for treating 

multiple sclerosis (Bomprezzi 2015). In the context of the kidney, DMF has been shown to 

reduce renal cyst formation, but had little efficacy in reducing renal dysfunction and 

proteinuria (Oey et al. 2018). Several other inducers of NRF2 have been studied in the 

context of the kidney in animal models, including sulforaphane and cinnamaldehyde, yet 

none have been used in clinical trials for the treatment of kidney diseases. While 

pharmacological induction of NRF2 has been shown to mitigate and negate the effects of 

oxidative stress in several kidney disease models, there are still no FDA approved NRF2 

inducers that can be used in the treatment of kidney disease in humans. Therefore, further 

research is needed to increase the efficacy, specificity, and amount of NRF2 inducers that 

make it from bench to bedside.

b. Inhibitors—Opposingly, while many inducers of NRF2 are available, inhibition of 

NRF2 is much more difficult. Inhibition of NRF2 is a potential individual or adjuvant 

therapeutic against cancers that rely on NRF2 hyperactivation for proliferation and survival. 

Target genes of NRF2 have been linked to each of the Hallmarks of Cancer, indicating that 

NRF2 plays a key role in cancer progression and maintenance (Rojo de la Vega et al. 2018). 

While genetic knockdown of NRF2 or pharmacological inhibition of NRF2 was shown to 

sensitize cancer cells to established chemotherapies and decrease tumor burden, the effects 

of NRF2 inhibition in the context of renal cancers has yet to be established. In 2011, our 

group developed the first known NRF2 inhibitor: brusatol; brusatol was able to decrease 
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NRF2 expression levels, ultimately increasing the efficacy of chemotherapy in lung cancer 

models (Ren et al. 2011, Tao et al. 2014). However, further investigations into brusatol 

revealed it targeted general mRNA translation, and thus was not a specific NRF2 inhibitor 

(Harder et al. 2017). Recently, it was suggested that AEM1 inhibits NRF2 transcriptional 

activity without targeting general protein synthesis (Bollong et al. 2015). In these studies, 

AEM1 was able to increase chemosensitivity by inhibiting HO-1 and other NRF2 target 

genes in cancer cells; yet, the exact mechanisms by which AEM1 targets the NRF2 pathway 

need further elucidation. To date, no known NRF2 inhibitor has entered clinical trials, 

despite evidence showing the effectiveness of NRF2 inhibition in enhancing the efficacy of 

chemotherapy and in reducing tumor progression. Hence, there is a need for the 

development of specific NRF2 inhibitors, especially in the context of cancers or other 

metabolic diseases where NRF2 hyperactivation contributes to disease progression.

Conclusion

NRF2 is vital to healthy kidney function. The ability of NRF2 to negate oxidative stress 

makes modulation of this pathway crucial in preventing the onset of many oxidative stress-

associated kidney diseases. For example, AKI, CKD, DKD, ADPKD, hypertension, and GN, 

are all driven by high oxidative stress levels with recent studies demonstrating that NRF2 

can prevent each of these diseases by combatting the damage caused by ROS. Meanwhile, 

high levels of NRF2 have been shown to cause hydronephrosis and enhance the 

aggressiveness of renal cancers; in this context, inhibition of NRF2 would blunt disease 

progression and enhance the efficacy of chemotherapies. This dual role of NRF2 signaling in 

kidney disease presents a unique challenge in the targeting of this pathway to alleviate 

disease burden. This, coupled with the off-target effects of many of the current 

pharmacological modulators of NRF2, is part of the reason that none have been approved for 

use in humans for the treatment of kidney disease. Future work in the NRF2 and kidney 

disease fields should thus focus on the role of NRF2 in each specific type of kidney disease, 

the development of specific NRF2 modulating compounds with less off-target toxicities, and 

the clinical application of NRF2 modulators in ameliorating kidney pathologies in a 

temporal- and context-dependent manner. In addition, specific downstream target genes 

associated with the protective aspects of NRF2 activation, and their subsequent effects on 

kidney diseases need to be further elucidated. Overall, as demonstrated in recent literature, 

there are many potential therapeutic benefits of NRF2 modulation in kidney disease. 

However, there is a continued need for more detailed mechanistic investigations into the 

NRF2 signaling cascade and its function, which will in turn facilitate the development of 

more specific modulators of NRF2, thus improving the efficacy of current and future 

therapeutic strategies so that we can successfully translate NRF2 biology into a clinical 

setting to improve human health.
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Figure 1: The NRF2 signaling pathway.
Under normal conditions, NRF2 is bound by KEAP1 as part of a CUL3-RBX1 complex that 

facilitates its ubiquitylation and proteasomal degradation. Electrophiles (i.e. sulforaphane 

[SF]) oxidize key cysteine residues in KEAP1 that causes a conformational change in the 

NRF2-KEAP1 complex that prevents ubiquitylation of NRF2. Thus, newly synthesized 

NRF2 accumulates and transcription of its target genes begins (left side). In renal cancers, 

somatic mutations in KEAP1, CUL3, or NRF2, or post-translational modifications to 

KEAP1 prevent ubiquitylation of NRF2 and result in constitutive activation of the NRF2 

cascade. In this case, NRF2 is constantly transcribing its target genes, thus protecting the 

cancer cell (right side).
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Figure 2: The role of NRF2 in kidney disease.
Accumulation of Reactive Oxygen Species (ROS) is linked to a variety of kidney diseases. 

NRF2 negates the effects of ROS, and therefore can prevent or delay the onset of these 

diseases. However, high levels of NRF2 have also been reported to promote hydronephrosis 

and renal cancers.
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Figure 3: Pharmacological modulation of NRF2 and its effect on kidney diseases.
Several NRF2 modulating compounds have been shown to protect against kidney diseases; 

however, most have either not entered or failed clinical trials. Currently, some clinical trials 

are ongoing testing NRF2 modulating compounds in the treatment of chronic kidney disease 

and diabetic nephropathy.
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