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Abstract

:

Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription factor that regulates the cellular defense against toxic and oxidative insults through the expression of genes involved in oxidative stress response and drug detoxification. NRF2 activation renders cells resistant to chemical carcinogens and inflammatory challenges. In addition to antioxidant responses, NRF2 is involved in many other cellular processes, including metabolism and inflammation, and its functions are beyond the originally envisioned. NRF2 activity is tightly regulated through a complex transcriptional and post-translational network that enables it to orchestrate the cell’s response and adaptation to various pathological stressors for the homeostasis maintenance. Elevated or decreased NRF2 activity by pharmacological and genetic manipulations of NRF2 activation is associated with many metabolism- or inflammation-related diseases. Emerging evidence shows that NRF2 lies at the center of a complex regulatory network and establishes NRF2 as a truly pleiotropic transcription factor. Here we summarize the complex regulatory network of NRF2 activity and its roles in metabolic reprogramming, unfolded protein response, proteostasis, autophagy, mitochondrial biogenesis, inflammation, and immunity.
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1. Introduction


Homeostasis is key to organismal health and survival. Environmental stress is ubiquitous and unavoidable to all living beings and threatens to disrupt cell functions. Organisms respond and adapt to stresses through defined regulatory mechanisms. The transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) is best known as one of the main orchestrators of the cellular xenobiotic and oxidative stress response. NRF2, encoded by the gene nuclear factor, erythroid 2 like 2 (NFE2L2), belongs to the Cap’n’Collar (CNC) subfamily of basic leucine zipper (bZIP) transcription factors, which comprises nuclear factor erythroid-derived 2 (NFE2) and NRF1, NRF2, and NRF3 [1]. NRF2 possesses seven conserved NRF2-ECH homology (Neh) domains with different functions to control NRF2 transcriptional activity (Figure 1A). The bZip in the Neh1 domain heterodimerizes with small musculoaponeurotic fibrosarcoma proteins (sMAF) K, G, and F as well as other bZip proteins to recognize antioxidant response elements (ARE) for activation of gene transcription, whereas the Neh2 domain contains ETGE and DLG motifs that specifically interact with Kelch domain of Kelch-like-ECH-associated protein 1 (KEAP1) to mediate NRF2 ubiquitination and degradation (Figure 1B) [2]. The Neh3-5 domains function as transcriptional activation domains by binding to various components of the transcriptional machinery [3]. Neh6 domain contains two redox-independent degrons DSGIS and DSAPGS that bind to E3 ubiquitin ligase β-transducin repeat-containing protein (βTrCP), which mediates NRF2 degradation in oxidatively stressed cells (Figure 1C) [4]. Neh7 domain mediates interaction with retinoic X receptor alpha (RXRα), which represses NRF2 activity [5]. These domains modulate NRF2 stability and transcriptional activation of its target genes at multiple levels, including transcriptional and post-transcriptional and post-translational regulation in response to various insults. Recent studies have identified new NRF2 target genes and revealed several new functions of NRF2 that go beyond its redox-regulating capacities, including regulation of inflammation, autophagy, metabolism, proteostasis, and unfolded protein response (UPR), particularly in the context of carcinogenesis. NRF2 has become a prime subject of extensive research involving inflammation, metabolism, cancer prevention and treatment, and its functions are more far-reaching than originally envisioned. Understanding the regulation of NRF2 activity and its new emerging functions presents new challenges but also new opportunities for targeting NRF2 in cancer.




2. Regulation of NRF2 Activity


2.1. Regulation of NRF2 Protein Stability


NRF2 abundance within the cell is tightly regulated and is mainly controlled by four E3 ubiquitin ligase complexes-mediated ubiquitylation and proteasomal degradation: KEAP1-Cullin (CUL) 3-RING-box protein (RBX)1, βTrCP-S-phase kinase-associated protein-1 (SKP1)-CUL1-RBX1, WD Repeat protein (WDR), 3-CUL4-damaged DNA binding protein (DDB) 1, and HRD1 (also called Synoviolin) under different conditions. NRF2 is expressed in all cell types and its basal protein levels are usually low in unstressed conditions mainly due to KEAP1 mediated proteasomal degradation (Figure 2). KEAP1 is a redox-regulated adaptor for the CUL3- RBX1 ubiquitin ligase complex and it binds NRF2 through its C-terminal Kelch domain, which interacts with the DLG and ETGE motifs in the Neh2 domain of NRF2, resulting in ubiquitination of NRF2 in the cytoplasm and degradation by the 26 S proteasome [3]. This constitutive degradation of NRF2 ensures that only the basal expression of NRF2 target genes are maintained for housekeeping functions. During oxidative stress, electrophiles and reactive oxygen species (ROS) react with sensor cysteines of KEAP1, including cysteine 151 (C151), C273, and C288, to allow NRF2 to escape from KEAP1 mediated degradation [6,7]. As a result, newly synthesized NRF2 accumulates in the nucleus and activates the expression of cytoprotective genes [3,8]. In addition, KEAP1 dependent but cysteine independent mechanisms were reported to stabilize NRF2 by interfering with formation of the NRF2-KEAP1 complex. Autophagy cargo-adaptor p62/sequestosome 1 (SQSTM1) [9,10,11], dipeptidyl peptidase 3 (DPP3) [12], Wilms tumor gene on X chromosome (WTX) [13], and Partner and Localizer of BRCA2 (PALB2) [14] all contain KEAP1-interacting region (KIR)-like ETGE motifs and thus competes with NRF2 for KEAP1 binding, resulting in KEAP1 sequestration and NRF2 stabilization. p21Cip1/WAF1 [15] and Breast Cancer Type 1 Susceptibility Protein (BRCA1) [16] can also directly interact with the ETGE motif of NRF2, thus competes with KEAP1 for NRF2 binding and stabilizes NRF2. Furthermore, the acetyltransferase p300 stabilizes NRF2 and increases its nuclear localization by interfering KEAP1-NRF2 interaction [17].



In contrast to KEAP1-CUL3-RBX1 mediated degradation under basal conditions, βTrCP-SKP1-CUL1-RBX1 and WDR3-CUL4-DDB1 can contribute to NRF2 degradation under both basal and oxidative stress conditions, independent of KEAP1 [18,19,20]. NRF2 contains two motifs, DSGIS and DSAPGS in its Neh6 domain, which can be recognized by the F box of the WD40 substrate adaptor βTrCP. Glycogen synthase kinase-3 (GSK3) phosphorylates the DSGIS motif and increases the affinity of βTrCP for NRF2, thereby stimulating NRF2 ubiquitination and degradation [2,18,19]. GSK3 is inhibited by phosphorylation of an N-terminal serine residue (Ser9 in GSK-3β and Ser21 GSK-3α, respectively) by protein kinase B (PKB)/AKT. The signaling that activates upstream phosphoinositide 3-kinase (PI3K)-PKB/AKT, including growth factors, mTOR, and oncogenic RAS signaling, inhibits GSK3 and thereby stabilizes NRF2 by suppressing βTrCP-mediated degradation [19]. WDR23 is a WD40-repeat protein and it binds the DIDLID sequence within the Neh2 domain of NRF2 to regulate NRF2 ubiquitination and degradation [20]. HRD1 is an endoplasmic reticulum (ER) membrane-associated E3 ubiquitin ligase involved in ER-associated degradation (ERAD). Under ER stress conditions, HRD1 is induced and binds to the Neh 4-5 domains of NRF2 that mediate NRF2 ubiquitylation and degradation in cirrhotic livers [21]. In addition, CR6-interacting Factor 1 (CRIF1), also known as growth arrest and DNA damage-inducible proteins-interacting protein 1 (GADD45GIP1), interacts with Neh2 domain and the C-terminal region containing Neh1 and Neh3 of NRF2 to promote NRF2 ubiquitylation and degradation in a redox-independent manner [22]. Interestingly, KEAP1-mediated NRF2 ubiquitination and degradation mainly act in the cytoplasm, whereas KEAP-1 independent NRF2 stability regulation is both cytoplasmic and nuclear, which contributes to termination of NRF2-mediated transcriptional response [20,22,23]. Furthermore, posttranslational modifications of NRF2 contribute to the changes in its binding partners and cellular localization that regulate NRF2 stability. Extracellular signal-regulated protein kinases (ERK) [24], c-jun N-terminal kinase (JNK) [24], PI3K-AKT [19], protein kinase C (PKC) [25], casein kinase 2 (CK2) [26], and protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) [27] were reported to mediate phosphorylation of NRF2 and increase its stability and subsequent transcriptional activity, whereas p38 and GSK3-mediated phosphorylation of NRF2 decreases NRF2 stability [19]. In hepatocellular carcinoma triggered by MYC and KEAP1 inactivation, fructosamine-3-kinase (FN3K), a kinase that triggers protein de-glycation, mediates NRF2 de-glycation that stabilizes NRF2 and executes its oncogenic function [28].




2.2. Regulation of NRF2 Transcription


Transcription factor NRF2 binds to ARE in the promoter region of many cell defense genes to activate their transcription. NFE2L2 gene contains ARE within its promoter region that renders NRF2 the ability to directly activate its own transcription, providing a positive feedback mechanism to amplify NRF2 effects [29]. In addition, NFE2L2 transcription is regulated by several transcription factors, including aryl hydrocarbon receptor (AhR) [30] and nuclear factor (NF)-κB [31]. The NFE2L2 gene contains one xenobiotic-responsive element (XRE)-like element at position -712 of the promoter region and two additional XRE-like elements located at +755 and +850 that are activated by the transcription factor aryl hydrocarbon receptor (AHR) [30]. When activated by ligands, such as TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), AHR dimerizes with AHR nuclear translocator (ARNT) to bind to the XRE of NFE2L2 and activates NRF2 transcription [30]. In addition, NFE2L2 promoter contains an NF-κB binding site, which allows it to be regulated by NF-κB [32]. Lipopolysaccharide (LPS) treatment in human monocytes induced NFE2L2 transcription [33]. Constitutive NF-κB activation mediates upregulation of NFE2L2 gene and contributes to high basal NRF2 activity that renders resistance to chemotherapy in acute myeloid leukemia (AML) [32]. Oncogenic signaling pathways including oncogenic oncogenes K-RAS(G12D), B-RAF (V619E) and MYC (ERT2) [34], the PI3K-AKT pathway [35], and the Notch signaling pathway [36], have been reported to augment NFE2L2 transcription to stably elevate the basal NRF2 antioxidant program and support its pro-tumorigenic effects. Some hypermethylation or single nucleotide polymorphisms (SNPs) of the NFE2L2 promoter region decreases NRF2 mRNA expression [26,37,38].




2.3. Post-Transcriptional Regulation of NRF2


microRNAs (miRNAs) are endogenous single-stranded, noncoding RNAs with an average 22 nucleotides in length that repress gene expression by sequence-specific binding with mRNA molecules and subsequent inhibition of protein translation and destabilization of mRNA [39]. miRNAs that have been shown to be involved in the regulation of NRF2 include miR-144 [40], miR-28 [41], miR-34 [42], miR-93 [43], and miR-153 [44]. Increased miR-144 is associated with reduced NRF2 transcriptional activity and impaired oxidative stress tolerance in erythroid cells, which is associated with the sickle cell disease [40]. miR-34 expression is increased in aging rat liver, which targets NRF2 and downstream oxidative stress defense protein Mgst1s to inhibit their expression [42]. Expression of miR-28 [41], miR-93 [43], and miR-153 [44] in breast cancer cells were reported to facilitate the degradation of NRF2 mRNA. In neuroblastoma cells, miR-153, miR-27a, miR142-5p, and miR-144 directly target 3′-untranslated region (UTR) of NFE2L2 and changes in these miRNAs either individually or as a group could result in inefficient transactivating ability of NRF2 [45]. However, validation in physiological and pathological conditions is still lacking.



In contrast to miRNAs, RNA-binding proteins (RBPs) are typically considered as proteins that bind RNA through one or multiple globular RNA-binding domains (RBDs) and change the fate or function of the bound RNAs [46]. Two of RBPs, HuR and AUF1 binds to the 3′-UTR of NFE2L2 mRNA and result in the elevated NRF2 activation [47]. HuR enhances NFE2L2 mRNA maturation and promotes its nuclear export, whereas AUF1 stabilizes NFE2L2 mRNA [47]. Alternative splicing is another mechanism that can regulate NRF2 activity. Aberrant NFE2L2 transcript variants lacking exon 2, or exons 2 and 3, have been observed in lung and head and neck cancers and the NRF2 protein isoforms encoded by these splice variants lack the KEAP1 interaction domain, thus resulting in NRF2 stabilization and induction of the NRF2 program [48]. The impact of post-transcriptional regulation of NFE2L2 on the pathogenesis of disease remains to be evaluated.




2.4. Regulation of NRF2 Transcriptional Activation of Its Target Genes


NRF2 activity is tightly regulated. Gene transcription profiles revealed that not all genes in the vicinity of bound NRF2 are transcriptionally regulated by NRF2 binding [49,50]. These genes require the recruitment of both NRF2 and NRF2 binding partners including transcription factors, cofactors, and mediators for a complete activation. sMAF transcription factors, including MAFF, MAFG, and MAFK, binds to NRF2 through their leucine zipper domains to form NRF2-MAF complexes for the recognition of ARE and supports NRF2-mediated transcriptional activation of antioxidant and metabolic genes [51]. The transcription factor BTB and CNC homology 1 (BACH1), which is essential in controlling heme level through the inhibition of heme oxygenase-1 (HO)-1 gene, competes with NRF2-sMAF interaction at ARE sites for transcriptional repression of NRF2 target NAD(P)H:quinone oxidoreductase1 (NQO1) [52]. NRF2-induced HO-1 expression requires inactivation of BACH1 [53]. Activating transcription factor 4 (ATF4) can dimerize with NRF2 at ARE to induce expression of HO-1 [54]. Activator protein 1 (AP-1) subunit c-Jun can dimerize with NRF2 and activate NRF2-induced transcription, while another AP-1 subunit c-Fos can suppress NRF2-induced transcription [55,56].



CREB-binding protein (CBP) and its cofactor p300 can be co-recruited to ARE by NRF2 through its Neh4/5 domains of NRF2 for transcriptional activation [57]. CBP and p300 are histone acetyltransferases to facilitate chromatin decondensation and the recruitment of the transcription machinery [58]. However, ATF3 can compete with CBP for the binding of NRF2 and inhibit the transcription induced by NRF2–CBP complex [59]. Interestingly, ATF3 deletion increases NRF2 degradation through upregulating KEAP1 expression and loss of DJ-1 pathways in human bronchoalveolar epithelial cells [60]. Therefore, ATF3 can either positively or negatively control NRF2 activity. Transcriptional repressor silencing mediator for retinoid and thyroid hormone receptor (SMRT) that mediates histone deacetylation, can interact with NRF2 Neh4/5 domains and inhibit NRF2-induced GSTA2 expression [61].In addition to histone-modifying enzymes, NRF2 interacts with other co-activators of the transcription machinery, such as ATPase subunit of the SWI/SNF chromatin-remodeling complex Brahma-related gene 1 (BRG-1) [62], chromodomain helicase DNA-binding protein 6 (CHD6) [63], receptor-associated co-activator 3 (RAC3) [64], and NAD+-dependent histone deacetylase sirtuin 6 (SIRT6) [65], mediator of RNA polymerase II transcription subunit 16 [66] to selectively influence the transcription of NRF2 target genes. However, the functional significance of these interactions has not been extensively elucidated. Nuclear receptors PPARγ [67] and estrogen receptor α (ERα) [68] can directly bind to NRF2 and suppress the NRF2 activity. Interestingly, a gene dose response study analyzing expression changes in livers from Nfe2l2-null, wild-type, Keap1-knockdown, and Keap1-knockout mice showed that the extent of NRF2 transactivation depends on the levels of NRF2 protein (184). Complete understanding of NRF2-mediated gene transactivation requires paying attention to the cooperation or competition with other transcription factors and co-factors at the ARE and ARE-like sites.





3. NRF2 Regulates Antioxidant Stress Response and Drug Detoxification


Since NRF2 was first discovered in 1994 as a member of the human CNC-bZIP transcription factor family for the transcriptional stimulation of beta-globin genes [69], over past few decades, many studies have revealed the major role of NRF2 as a transcription factor for antioxidant stress response and drug detoxification. NRF2-induced expression of ARE-containing cytoprotective genes in response to cell stress forms a network of cooperating enzymes involved in phase I, II, and III drug detoxification reaction and elimination of pro-oxidants to maintain cellular homeostasis [70]. Phase I enzymes mediate oxidation, reduction, and hydrolytic reactions of xenobiotics, including NQO1, carbonyl reductases (CBRs), aldo-keto reductases (AKRs), and aldehyde dehydrogenase 1 (ALDH1), and certain cytochrome P450 oxidoreductases cytochrome P450s (CYPs) [71]. Phase II enzymes traditionally refer to the enzymes catalyzing the conjugation reactions, such as glutathione S-transferase (GST), UDP-glucuronosyltransferase (UGT), UDP-glucuronic acid synthesis enzymes, and HO-1 [70,71]. Phase III enzymes transport the conjugated metabolites after Phase II and are mainly drug efflux transporters, such as multidrug resistance-associated proteins (MDR), breast cancer resistant protein (BCRP), ATP-binding cassette g5 (ABCG5) and g8 (ABCG8) [71]. General antioxidant pathways induced by NRF2 include enzymes for the reduced glutathione (GSH) production, utilization, and regeneration. Glutamate-cysteine ligase catalytic (GCLC) and modulator (GCLM) subunits as well as glutathione synthetase (GSS) are the three NRF2 targets involved in the GSH synthesis [23]. The redox cycling enzymes thioredoxin, thioredoxin reductase, sulfiredoxin, peroxiredoxin, glutathione peroxidase, superoxide dismutase 1 (SOD1), and catalase (CAT), and several glutathione S-transferases, which are the enzymes mediating the elimination of reactive oxygen species (ROS), are all NRF2 targets [23]. Glutathione reductase (GR) mediates the reduction of glutathione for the GSH regeneration at the expense of NADPH, which is also a cofactor used in anabolic reactions [23]. These comprehensive cytoprotective proteins encoded by NRF2-target genes are essential for protection against a variety of toxic and oxidative insults and therefore many diseases that have oxidative stress as underlying pathological features, including cardiovascular disease, metabolic syndrome, neuronal degeneration, autoimmune disorders, and cancer.



While searching for genome-wide targets of NRF2, including the generation of Nfe2l2-knockout mice [72], Keap1-knockdown mice and Keap1-knockout mice [73,74], as well as constitutive active NRF2-E79Q-knockin mice [75], many antioxidant response element (ARE) containing genes beyond the conventional antioxidant stress response have been identified. The field of NRF2 is evolving and new functions of NRF2 continue to be discovered, particularly in the pathology of various diseases.




4. NRF2 Regulates Metabolic Reprogramming


Environmental cues can disrupt the cellular functions, including metabolic changes. Transient NRF2 activation as a stress response mediates the cellular programs trying to maintain the homeostasis if the damage caused by the toxic stimuli are reparable. NRF2 affects multiple aspects of metabolism and mitochondrial function, from nutrients uptake, anabolic metabolism, macromolecular biosynthesis to energy metabolism that support cell growth and proliferation [76]. A plethora of evidence supports a key role for NRF2 in the cancer metabolism reprogramming [23]. Most of the evidence came from the Chromatin Immunoprecipitation Sequencing (ChIP-Seq) analysis of NRF2 target genes in cell lines [35,49,50] or in mouse tissues [77] where NRF2 is either activated or deleted to compare with the wild type cells. Those studies identified numerous NRF2 target genes that regulate glycolysis, pentose phosphate pathway (PPP), fatty acid metabolism, glutamine metabolism, and glutathione metabolism (Figure 3). The effects of NRF2 on the metabolism can be non-autonomous. The increased NRF2 activation in the cancer leads to secreted metabolites which can affect the tumor microenvironment [78]. In the brain, NRF2 expression is higher in the astrocytes and microglia than neurons [79]. Crosstalk between astrocytes and neurons couples intermediate metabolism with redox homeostasis and neighboring astrocytes provides neurons with the GSH precursors including glycine, glutamate/glutamine and cysteine, as well as other metabolites to support neurons functioning [80].



4.1. NRF2 Upregulates Aerobic Glycolysis and Glycogen Synthesis, but Inhibits Gluconeogenesis


Constitutive activation of NRF2 has been observed in many human cancers that have poor prognoses and NRF2 contributes to aerobic glycolysis to produce anabolic precursors for the building blocks of tumor growth with much less efficient energy production, a state known as the Warburg effect [23]. NRF2 induces expression of glucose transporter GLUT1 that allows increased glucose import into glycolytic flux [77]. Among the glycolysis pathway, NRF2 induces the expression of several key glycolytic enzymes, including hexokinase 1 and 2 (HK1/2), glucose phosphate isomerase 1 (GPI1), 6-phosphofructo-2-kinase (PFK2), PFK4, fructose-bisphosphate aldolase A (ALDA), enolase 1 (ENO1), ENO4, pyruvate kinase muscle isoform 2 (PKM2) to increase glycolytic flow and maintain pool sizes of glycolytic intermediates for anabolic reactions [77]. Pyruvate kinase (PK) catalyzes the final step in glycolysis, converting phosphoenolpyruvate (PEP) to pyruvate while phosphorylating ADP to ATP. PKM2 is highly expressed in cancer cells that coordinates high energy requirements with high anabolic activities to support cancer cell proliferation [81]. Interestingly, pyruvate kinase liver and red blood cell (PKLR) expression is inhibited in liver-specific Keap1-null mice [82]. A decrease in PK activity would favor buildup of glycolytic intermediates and their channeling into the synthesis of amino acids, nucleic acids, and phospholipids.



Diabetic db/db mice crossed with Keap1 gene hypomorphic knockdown (Keap1flox/−) mice has revealed that genetic activation of NRF2 inhibits gluconeogenesis by suppressing glucose-6-phosphatase (G6PC), fructose-1,6-bisphosphatase 1 (FBP1), phosphoenolpyruvate carboxykinase (PCK1), peroxisome proliferator-activated receptor g coactivator 1-a (PGC1a), and nuclear receptor subfamily 4, group A, member 2 (NR4A2) in the liver, thereby preventing onset of Diabetes Mellitus [83]. Consistent with this study, liver-specific constitutive NRF2 activation also reduces gluconeogenesis-related gene PCK1 and pyruvate dehydrogenase kinase (PDK1) [75].



Glucose-6-phosphate, the first product of glycolysis, can also be converted to glucose-1-phosphate by phosphoglucomutase (PGM) for glycogen synthesis and NRF2 activates the expression of PGM5, 1,4-alpha-glucan branching enzyme 1 (GBE1), phosphorylase kinase regulatory subunit alpha 1 (PHKA1), and glucosidase alpha, acid (GAA) involved in glycogen metabolism [35,77,84]. The liver and skeletal muscle are the two major organs responsible for glycogen synthesis and storage and NRF2 differentially regulates glycogen metabolism in muscle [84]. Constitutive NRF2 activation in mouse liver increases glycogen accumulation that contributes to the maintenance of blood glucose levels during fasting [75,84], while skeletal muscle-specific Keap1-knockout mice show decreased glycogen content in skeletal muscle, accompanied with the improved glucose tolerance [84].




4.2. NRF2 Induces Expression of Genes Encoding Enzymes Involved in the Pentose Phosphate Pathway (PPP)


The first glycolytic intermediate, glucose-6-phosphate, can be diverted to PPP by glucose-6-phosphate dehydrogenase (G6PD) and phosphogluconate dehydrogenase (PGD), the two key enzymes in the oxidative phase of the PPP. Both G6PD and PGD are controlled by NRF2 [35,77]. G6PD and PGD also mediate the generation of NADPH as reducing equivalents, which is required for the biosynthesis of lipids and nucleotides and contributes to the increased cell proliferation in tumors in which NRF2 is upregulated [23,35]. Besides G6PD and PGD, malic enzyme (ME1) and isocitrate dehydrogenase (IDH1) also catalyze the production of NADPH [35,77]. In addition, NRF2 induces expression of genes encoding for transketolase (TKT) and transaldolase 1 (TALDO1), two enzyme for nonoxidative phase of the PPP [35]. NRF2 can directly activate G6PD, PGD, TKT, and TALDO1 by binding to the well-conserved AREs in their promoters, thereby directing carbon flux towards the PPP [35]. However, it was reported that NRF2 can also indirectly regulate G6PD, PGD, and TKT by downregulating the expression of miR-1 and miR-206 [85].




4.3. NRF2 Activates the de Novo Purine Biosynthesis Pathway


Two major products of the PPP, ribose-5-phosphate and erythrose-4-phosphate, are precursors for the biosynthesis of nucleotides and aromatic amino acids, respectively. These metabolites in the nucleotide and amino acid biosynthetic pathways provide continuous flux through the PPP. Ribose-5-phosphate is converted to 5-phospho-ribosyl-a-1-pyrophosphate (PRPP), which then is catalyzed by phosphoribosyl pyrophosphate amidotransferase (PPAT) to generate phosphoribosylamine (5PRA), a rate-limiting step in the de novo purine biosynthetic pathway. Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), a bifunctional enzyme with methylenetetrahydrofolate dehydrogenase and methenyltetrahydrofolate cyclohydrolase activities, provides one-carbon units for purine biosynthesis. Both PPAT and MTHFD2 are direct NRF2 target genes [23,35]. A tracer study using (U-13C6) glucose and dialyzed FBS revealed that the biosynthesis of purine metabolites, such as inosine monophosphate (IMP), AMP, and ATP, is increased in Keap1-knockout MEFs and decreased in their Nfe2l2-knockdown counterparts [35].




4.4. NRF2 Promotes Amino Acid Metabolism


In nonproliferating cells, the glycolysis end product pyruvate enters the tricarboxylic acid (TCA) cycle for maximal ATP production via oxidative phosphorylation. In proliferating cells, besides providing ATP, the TCA cycle serves as an important source of biosynthetic precursors. As a result, TCA cycle intermediates must be replenished via a process called anaplerosis. Glutamine, the most abundant amino acid in human plasma and the obligatory nitrogen donor for the biosynthesis of nucleotides and nonessential amino acids, is a major contributor together with glucose to anaplerotic flux [86]. Glutamine transporter solute carrier family 1 member 5 (SLC1A5) mediates glutamine uptake and it is transcriptionally activated by NRF2 [87]. In addition, two key glutaminolysis enzymes glutaminase (GLS2) and glutamic pyruvate transaminase 2 (GPT2) are activated by NRF2 and they control the production of glutamate, aspartate, alanine, and α-ketoglutarate, which are needed for nucleotides and nonessential amino acids synthesis in cancer cells [77]. Upon conversion to α-ketoglutarate, glutamine is an energy and anaplerotic carbon source that replenishes TCA intermediates. A glutamine tracing study has shown that the carbon flux from glutamine is directed towards GSH synthesis and the TCA cycle in NRF2 activated A549 cells [35].



NRF2 also regulates de novo serine biosynthesis in cooperation with ATF4, leading to synthesis of serine-derived glycine and cysteine via the methionine cycle and one carbon metabolism [23,35,88]. Glutamate, cysteine and glycine are used for glutathione synthesis, catalyzed by GCLC, GCLM, and GSS, which are all NRF2 targets [23]. Glutamate is also an obligate exchange molecule for the NRF2-regulated glutamate–cystine antiporter (xCT) encoded by solute carrier family 7 member 11 (SLC7A11), which controls the intracellular availability of cysteine [77,89]. Activation of NRF2 in cancer cells imposes a glutamine addition that is caused by an increased dependency on exogenous glutamine through increased consumption of glutamate for glutathione synthesis and glutamate secretion by xCT antiporter system, thus limiting glutamate availability for the TCA cycle and other biosynthesis pathway [89].




4.5. NRF2 Regulates Lipid Metabolism


NRF2 regulates triglycerides/phospholipids degradation and synthesis, lipid transport as well as fatty acid oxidation. The lipid metabolism mediated by NRF2 is cell type- and context-dependent [50,77,82]. Nfe2l2-null C57BL/6 mice exhibited a tendency towards higher hepatic triglycerides compared to wild-type mice on a high-fat diet (HFD) feeding and Nfe2l2 deletion dysregulates hepatic expression of gene involved in fatty acid β-oxidation [90]. However, Nfe2l2-null mice on C57BL6;129SV mix background in mice showed decreased adipose tissue mass, formation of small adipocytes, and protected against weight gain and obesity induced by HFD [91]. Liver specific Keap1-null (Alb-Cre:Keap1flox/−) mice exhibit reduced liver free fatty acids and triglycerides [82]. Keap1-knockdown in 3T3-L1 cells enhances adipocyte differentiation [91]. Esophagus of Keap1-null mice shows elevated phospholipids and long chain free fatty acid (FFA) [77]. In addition, constitutive NRF2 activation in hepatocytes results in liver triglyceride accumulation [75]. CHIP-Seq analysis revealed that genes encoding for several key enzymes in lipid metabolism, including elongation of very long chain fatty acids protein 7 (ELOVL7), acyl-CoA synthetase short-chain family member 2 (ACSS2), acyl-CoA thioesterase 7 (ACOT7), fatty acid desaturase 1 (FADS1), acyl-Coenzyme A dehydrogenase family member 10 (ACAD10), and acyl-Coenzyme A dehydrogenase family member 12 (ACAD12) are activated by NRF2 [77]. In addition, NRF2 also activates CD36, the lipid uptake transporter/receptor in different cells to regulate lipid metabolism [92].




4.6. NRF2 Regulates Heme and Iron Metabolism


Heme is a coordination complex consisting of an iron ion coordinated to a porphyrin acting at the center of many mitochondria complexes and cytochrome P-450 enzymes, nitric oxide signaling nitric oxide synthases, oxygen storage protein myoglobin, and oxygen carrier protein hemoglobin. Because iron can promote the formation of damaging oxygen radicals, synthesis and destruction of iron-bound heme are carefully regulated. Ferrochelatase (FECH), a key enzyme that carries out the last step of heme biosynthesis by inserting ferrous iron into protoporphyrin to generate the final heme cofactor, is a direct NRF2 target gene [50]. NRF2 also alters iron homeostasis by increasing iron storage and its flux in and out of the cell. Intracellular iron storage protein ferritin, including ferritin heavy chain (FTH) and ferritin light chain (FTL), sequesters excess free iron in a protein cage that limits iron’s redox switching. Ferroportin 1 (FPN1), the only known mammalian exporter of iron from the cytosol to the extracellular milieu, regulates iron reutilization. NRF2 induces expression of genes encoding both FTL, FTH, and FPN1 [50,93]. Cytosolic heme is catabolized into ferrous iron and biliverdin by HO-1, an NRF2 target gene [54]. Biliverdin is further metabolized to bilirubin, which subsequently serves as an antioxidant free radical scavenger and can be glucuronidated for excretion, by either biliverdin reductase A (BLVRA) or biliverdin reductase B (BLVRB). Expression of both BLVRs depends on NRF2 [94].





5. NRF2 Regulates Unfolded Protein Response (UPR) and Proteostasis


Proteostasis refers to the homeostatic control of synthesis, folding, trafficking, and degradation of proteome. Aberrant aggregation of misfolded or denatured proteins has been observed in many diseases, such as cardiovascular disease, metabolic syndrome, cancer, and neurodegenerative disease [95]. Accumulation of misfolded proteins that lead to ER stress triggers the UPR via activation of three signaling arms coordinated by IRE1-XBP1, PERK-eIF2a-ATF4, and ATF6 [78]. UPR is a highly conserved pathway that has evolved to respond to protein misfolding in the ER. Misfolded protein accumulation and aggregation induce excessive production of ROS from mitochondria, ER, and other sources, which can activate NRF2 [95,96]. In addition, stress-induced PERK phosphorylates NRF2, resulting in dissociation of NRF2/KEAP1 complexes and NRF2 activation [27]. NRF2 is a hub that compiles emergency signals derived from misfolded protein accumulation to facilitate a coordinated transcriptional response. The NRF2 homolog in C. elegans SKN-1 induces several components of the UPR target genes, including XBP1 and ATF6, which induce a UPR program for maintaining ER integrity and protein homeostasis [97], although the induction of its UPR target genes may be through NRF1 [98]. NRF2 activates the transcription of ATF4, which has been linked to amino acid metabolism and resistance to oxidative stress [88,99]. NRF2 and ATF4 form a heterocomplex to induce the target genes expression to survive proteotoxic stress [54]. NRF2 activation in mice liver induces the expression of genes involved in the UPR [75]. In addition, NRF2 activation in zebrafish reduces ER stress induced by a mutation in the phosphomannomutase 2 gene, which results in mild defects in the initial steps of N-glycosylation [100].



Damaged, misfolded, oxidized, or short-lived proteins are degraded by 26S proteasome, which consists of a 20S core and a 19S regulatory subunit. NRF2 regulates the basal and inducible expression of genes of multiple subunits of the 20S proteasome, including PSMA1, PSMA4, PSMB3, PSMB5, and PSMB6, as well as 19S proteasome subunits PSMC1, PSMC3, and PSMD14 [101]. There are several ARE-like motifs in PSMB5 [101]. Interestingly, NRF2 seems to play little role in the expression of immunoproteasome [102]. Regulation of the proteasome by NRF2 is conserved between mice and humans [101,103,104]. In addition, NRF2 binds to the promoter of gene encoding proteasome maturation protein (POMP), which mediates proteasome assembly, and induces its expression [105,106]. Elevated NRF2 activation in cancers is associated with increased proteasome activity and resistance to the proteasome inhibitor bortezomib [107]. In summary, NRF2 increases proteasome activity, together with anti-oxidant expression, and contributes to the stress adaptation.




6. NRF2 Regulates Autophagy


Autophagy is a protein and organelle quality control mechanism that orderly degrades and recycles cellular components, including protein aggregates and old or damaged organelles. Beside ubiquitin proteasome system, oxidative, proteotoxic, and metabolic stresses increase autophagy and help to restore homeostasis [108]. Autophagy requires the coordinated participation of a set of proteins that participate in the formation of autophagosomes and autolysosomes, as well as cargo-selective proteins that recognize specific cargos and direct them to degradation. NRF2 induces the expression of autophagy genes encoding SQSTM1/p62, calcium-binding and coiled-coil domain-containing protein 2 (CALCOCO2/NDP52), unc-51-like kinase 1 (ULK1), autophagy protein 5 (ATG5), and gamma-aminobutyric acid receptor-associated protein-like 1 (GABARAPL1) and enhances autophagy [109]. In the NRF2 activated context, autophagy-targeted therapy could be ineffective. Interestingly, insufficient autophagy leads to accumulation of oxidized proteins or organelles that can lead to NRF2 activation. More importantly, autophagy deficiency leads to accumulation of p62, a multifunctional cargo receptor that can sequester KEAP1 and stabilize NRF2, resulting in NRF2 activation [10]. Thus, p62 and NRF2 create a positive feedback loop to regulate a plethora of cellular functions [9,110].




7. NRF2 Regulates Mitochondrial Physiology and Biogenesis


The mitochondria provide the cell with energy from oxidative phosphorylation, which is intimately linked to the production of ROS. Imbalance in the generation of ROS is a common feature in several diseases, including neurodegeneration disorders, metabolic disorders, cardiovascular disease, and cancer [80]. NRF2 affects multiple aspects of intermediary metabolism, antioxidant response, and mitochondrial function through the regulation of some key metabolic genes or through crosstalk with other transcription factors. NRF2 activation enhances glycolytic flux, PPP, amino acid metabolism, and glutaminolysis, resulting in an increased entry of their substrates and reducing equivalents into the TCA cycle and the mitochondrial respiratory chain. Cells with genetic activation of NRF2 have higher oxygen consumption rates, higher basal mitochondrial membrane potential (ΔΨm), and higher basal ATP levels, while the Nfe2l2-deficient cells have opposite phenotypes [111]. Mitochondrial fatty acid oxidation is impaired in Nfe2l2-null cells and accelerated when NRF2 is constitutively active [112]. High oxidative phosphorylation increases mitochondrial electron leak and thus increases ROS levels. However, NRF2 activation directly upregulates the uncoupling protein 3 (UCP3) that uncouples respiration from oxidative phosphorylation to allow energy to be released as heat, thus decreasing superoxide formation [113]. NRF2 activation also maintains the integrity of mitochondrial DNA (mtDNA), which controls cell death and inflammation [114].



NRF2 stimulates the mitochondrial biogenesis program through activation of nuclear respiratory factor-1 (NRF-1), which transcribes the key mitochondrial biogenesis factors transcription factor A, mitochondrial (TFAM) and transcription factor B2, mitochondrial (TFBM2) [115]. Moderate physical exercise induces NRF2-dependent mitochondrial biogenesis in muscles [116] and in the striatum in the 6-OHDA-induced model of parkinsonism [117]. In addition, NRF2 directly controls expression of transcriptional co-activator peroxisome proliferator activated receptor gamma co-activator 1 alpha (PGC-1a), a master regulator of mitochondrial function and biogenesis [118]. NRF2 and PGC-1a together regulate almost all aspects of mitochondria functions [118].




8. NRF2 Regulates Inflammation and Immunity


NRF2 is ubiquitously expressed although at different levels in different cell types [69]. In blood, monocytes, neutrophils, T cells, and B cells exhibit the high levels of NRF2 [119], suggesting an immunomodulatory effect of the immune system. In addition, in the brain, NRF2 transcripts are higher in microglia, part of the monocyte lineage than neurons and endothelia cells [79]. Inflammation is triggered when innate immune cells detect infection or tissue injury. Inflammation protects the host from infection, illness, or injury by eliminating impending injury or infection and initiates tissue repair. The ROS act as both a signaling molecule and a mediator of inflammation [23]. However, uncontrolled inflammation can lead to cell damage or cellular hyperplasia following ROS overproduction from inflammatory cells, resulting in chronic inflammation. Chronic inflammation underlies many chronic diseases including diabetes, metabolic syndrome, cardiovascular disease, cancer, autoimmune diseases, and respiratory disease [80]. Considering a major role of NRF2 activation in the modulation of redox metabolism that attenuates inflammation-associated ROS, NRF2 is anti-inflammation (Figure 4). Nfe2l2-deficient mice are hypersensitive to septic shock [120], display more severe lung inflammation induced by cigarette smoke [121], are highly susceptible in different liver inflammation models [122]. In addition, Nfe2l2-null mice tend to develop age-dependent autoimmune phenotypes in certain genetic background [123,124]. Genetic or pharmacological activation of NRF2 suppresses acute inflammatory liver injury [125] and neuroinflammation [126]. In addition, NRF2 blocks inflammation by directly inhibiting transcription of the proinflammatory cytokine genes or inhibiting the activity of inflammatory nuclear factor kappa B (NF-κB) signaling [23]. ChIP-seq analysis revealed that NRF2 directly binds to the promoter proximal regions of IL-6 and IL-1β genes to disrupt RNA polymerase II recruitment and blocks gene induction in macrophages [127]. NRF2 can also prevent IL-6 expression by ARE-dependent induction of ATF3 that suppresses IL-6 transcription [128,129]. However, inhibition of pro-inflammatory cytokines by NRF2 is cell type- and context- dependent. In hepatocytes [130] and in persistent polyclonal B cell lymphocytosis B cells [131], NRF2 activation directly induces the transcription of IL-6. Furthermore, NRF2 directly upregulates the expression of MARCO gene, encoding a scavenger receptor required for bacterial phagocytosis, thereby improving bacterial clearance [132].



NRF2 can either suppress or promote host immunity in a cell type- and disease context-dependent manner (Figure 4). Immunological surveillance is a monitoring process of the immune system to detect and destroy virally infected and neoplastically transformed cells in the body. Metabolic reprogramming mediated by NRF2 modulates immune cell functions. NRF2 activation decreases STING expression by destabilizing its mRNA, which leads to decreased type I IFN production, decreased antiviral cytosolic DNA sensing, and increased DNA virus infection in human cells, whereas the silencing of NRF2 decreases virus infectivity [133]. Marburg virus (MARV) hijacks KEAP1-NRF2 signaling by targeting KEAP1, thus activating NRF2, in order to decrease host immune responses [134]. However, NRF2 activation in tumor cells or virally infected cells induces IL-17D and thereby potentiating anti-tumor immunity and antiviral immunity against vaccina virus (VV) and mouse cytomegalovirus (MCMV) [135]. The basis for these different effects on antiviral immunity is not known and further study of mechanism of NRF2 antiviral immunity is warranted.



Anti-tumor immunity is determined by both the tumor microenvironment and tumor cells. Cancers arise through cancer immunoediting to eventually escape the immune system [136]. Anti-tumor immunity is mainly mediated by CD8+ cytotoxic T lymphocytes (CTLs), CD4+ Th1 helper cells, and natural killer (NK) cells [78,137]. Immune suppression in cancer is mainly mediated by regulatory T (Treg) cells and myeloid-derived suppressor cells (MDSCs), which comprise a heterogeneous group of immune cells from the myeloid lineage including tumor-associated macrophages, dendritic cells, and other immature myeloid cells. Constitutive NRF2 activation in MDSCs regulates activation of glycolysis and mitochondrial metabolism that leads to expansion of suppressive MDSCs and acquired tolerance against LPS-induced sepsis [138]. However, Nfe2l2-null MDSCs have higher levels of intracellular ROS that suppress CTLs proliferation and induces T-cell anergy, a state of loss of CTLs antigen recognition, resulting in the increased tumor metastasis in a xenograft model of lung cancer [139,140]. Nfe2l2 deletion in the bone marrow-derived macrophages (BMDM) decreases the levels of GSH by downregulation of GCLM and xCT, which leads to limited the GSH availability to CTLs, thereby inhibiting antigen-induced CTLs proliferation and function [141]. Activated NRF2 in cancer cells can induce IL-17D expression that recruits NK cells, resulting in increased anti-tumor immunity and NK-dependent tumor regression [135]. NRF2 activation in T cells decreases T cell activation and differentiation. Systemic NRF2 activation by Keap1- deficiency and T cell-specific NRF2 activation decreases IFN-γ production by effector Th1 and CTLs in the scurfy mode [142]. NRF2 activation by NRF2 activators decreases IFN-γ production and increases IL-4, IL-5, and IL-13 production in CD4+ T cells and skews them towards Th2 differentiation [143,144]. NRF2 inhibition also alters the phenotype dendritic cells. NRF-deficient dendritic cells have impaired GSH levels, reduced phagocytic activity, augmented expression of MHC class II, and enhanced co-stimulatory receptor expression of CD86 and CD80, thereby enhancing T cells stimulatory capacity [145]. NRF2 activation inhibits the phosphorylation of Th17 transcription factor STAT3 and decreases Th17 differentiation [146], but increases the expansion and activity of Treg cells [147,148]. In human ovarian cancer, weak NRF2-associated antioxidant defense in Treg cells leads to apoptosis induced by high ROS in tumor microenvironment and the apoptotic Treg cells abolish spontaneous and PD-L1-blockade-mediated antitumor T cell immunity, but sustain and amplify antitumor immunity via the adenosine receptor pathway [149]. Activation and expansion of immune cells paradoxically depend not only on ROS, but also on the ability to limit ROS. Considering that many of the above results are derived from the use of whole body Nfe2l2-knockout mice, Keap1-knockout mice, or pharmacological NRF2 activators of questioned specificity, continued research into the function of NRF2 in specific immune cell subsets is highly warranted. Since NRF2 activation in cancer cells is pro-tumorigenic, it is likely that it attenuates anti-tumor immunity. It is premature to conclude a definite role of NRF2 activation in immune cells without considering the disease context.




9. Concluding Remarks and Perspectives


Although NRF2 is best known as an oxidant stress response transcription factor, it is also critical to the regulation of metabolism, inflammation, autophagy, proteostasis, mitochondrial physiology, and immune responses. NRF2-mediated target gene expression is determined by the activating stimulus, the cellular context, the availability of binding partners, interaction with other transcription factors, activators, and repressors, as well as the crosstalk with other signaling pathways. NRF2 lies at the center of a complex regulatory network and most of functions exerted by NRF2 are interconnected that contribute to the initiation and development of many diseases, particularly metabolism- or inflammation-associated diseases. Generally, NRF2 activation plays a protective role in physiological conditions, but it promotes cancer development after cancer is established. In addition, NRF2 is generally anti-inflammation, however, it exhibits opposite roles during different virus infections. Future studies need to address how the NRF2-dependent network changes from a physiological (beneficial) to a pathological (adversary) condition that can provide insights into mechanisms of disease pathogenesis. The key switch between the tumor suppressive role and tumor promoting roles of NRF2 could be due to the active NRF2 protein levels/doses and the duration of NRF2 activation in the crosstalk with specific factors and signaling pathways. In addition, due to the broad action spectrum, understanding more dynamic and integrated NRF2-mediated metabolism and immunity of different cell types in a disease context will facilitate discovery of molecular pathology and new treatment strategies.
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Figure 1. The architecture of Nuclear factor erythroid 2-related factor 2 (NRF2), Kelch-like-ECH-associated protein 1 (KEAP1), and β-transducin repeat-containing protein (βTrCP). (A) NRF2 contains seven conserved NRF2-ECH homology NRF2-ECH homology (Neh) domains, Neh1-Neh7. Neh1 contains a basic leucine zipper (bZip) motif, where the basic region is responsible for DNA binding and the Zip dimerizes with other binding partners such as sMAFs. Neh2 contains ETGE and DLG motifs, which are required for the interaction with KEAP1 and subsequent KEAP1-mediated proteasomal degradation. Neh3, 4 and 5 domains are transactivation domains of NRF2. Neh4 and 5 domains also interact with HRD1 that mediates NRF2 degradation. Neh6 contains two βTrCP degrons DSGIS and DSAPGS that are responsible for the β-TrCP mediated proteasomal degradation. (B) KEAP1 contains five domains, amino terminal region (NTR), a broad complex, tramtrack, bric-a-brac (BTB) domain, an intervening region (IVR), six Kelch domains, and the C-terminal region (CTR). The Kelch domain and CTR mediate the interaction with NRF2, p62, DPP3, WTX, and PALB2 that contains ETGE motifs. The BTB domain homodimerizes with KEAP1 and contributes to the interaction of IVR with Cul3/RBX1 complex. Several functional important cysteine residues (C151, C226, C273 and C278) that sense reactive oxygen species (ROS) and electrophiles and modulate KEAP1-NRF2 interaction. (C) βTrCP has three domains, dimerization domain (D) that forms homo- and heterodimers between βTrCP1 and βTrCP2, the F-box that recruits SKP1 for the binding of CUL1/RBX1 complex, and the WD40 repeat domain that binds βTrCP degrons DSGIS and DSAPGS in NRF2. βTrCP, β-transducing repeat-containing protein; CUL3, Cullin3; RBX1, RING-box protein; WD40, WD Repeat protein 40; RXRα, retinoic X receptor alpha; DPP3, dipeptidyl peptidase 3; WTX, Wilms tumor gene on X chromosome; PALB2, Partner and Localizer of BRCA2; GSK3, Glycogen synthase kinase-3; SKP1, S-phase kinase-associated protein-1. 
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Figure 2. Regulation of NRF2 activity. Under basal conditions, the amount of NRF2 is low due to its continuous sequestration by KEAP1 and subsequent proteasomal degradation. Under stressed condition, the cellular NRF2 amount is temporarily or constitutively increased upon exposure to toxicants and ROS, oncogenic signaling, genetic mutations, autophagy disruption, or metabolic alteration, which disrupt the KEAP1-NRF2 complex and lead to activation of NRF2. Activated NRF2 accumulates in the nucleus, where it interacts with other transcription factors and cofactors to regulate transcription of its target genes, which encoding proteins involved in the antioxidants, detoxification, metabolism, and inflammation. NRF2 also regulates its own NFE2L2 mRNA transcription. Activity of NRF2 is modulated at multiple levels, including transcriptional regulation (NF-κB, AhR-ARNT, ATF4, and other transcription factors, cofactors), post-transcriptional regulation (miRNA, RBPs, alternative splicing), post-translational regulation (ERK, JNK, PKC, CK2, PERK, GSK3, p38), and regulation of NRF2 stability (KEAP1, βTrCP, HRD1, WDR23, CRIF1). AhR, aryl hydrocarbon receptor; ARNT, AHR nuclear translocator; NF-κB, nuclear factor-κB; PI3K, phopshoinositide 3-kinase; PKC, protein kinase C; ERG, extracellular signal-regulated protein kinases; JNK, c-jun N-terminal kinase; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; CK2, casein kinase 2; WDR23, WD40-repeat protein 23; CRIF1, CR6-interacting Factor 1; ATF4, activating transcription factor. 
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Figure 3. NRF2 regulates metabolism. NRF2 upregulates expression of genes involved in the glycolysis, glycogen metabolism, pentose phosphate pathway, one carbon metabolism, amino acid metabolism, nucleotide biosynthesis, glutaminolysis, fatty acid synthesis, heme metabolism, and glutathione synthesis and utilization (colored in red). NRF2 downregulates the expression of genes involved in the gluconeogenesis (colored in blue). Enzyme reactions that produce NADPH are indicated and colored in green. Enzyme abbreviations: ELOVL7, fatty acid elongase 7; FADS1, fatty acid desaturase 1; G6PD, glucose-6-phosphate dehydrogenase; GCLC, glutamate-cysteine ligase, catalytic subunit; GCLM, glutamate-cysteine ligase, modifier subunit; GLS2, glutaminase 2; GPT2, glutamic pyruvate transaminase; GSS, glutathione synthetase; IDH1, isocitrate dehydrogenase 1; ME1, malic enzyme 1; MTFHD2, methylenetetrahydrofolate dehydrogenase 2; PGD, 6-phosphogluconate dehydrogenase; PHGDH, phosphoglycerate dehydrogenase; PPAT, phosphoribosyl pyrophosphate amidotransferase; TALDO, transaldolase; TKT, transketolase; TXN, thioredoxin; SLC7A11, Solute Carrier Family 7 Member 11; SLC1A5, solute carrier family 1, member 5; HK1, hexokinase 1; GPI1 glucose phosphate isomerase 1; PFK2, 6-phosphofructo-2-kinase; ALDA, aldolase A, fructose-bisphosphate; Eno1,4, enolase 1 and enolase 4; PKM, pyruvate kinase, muscle; GR, glutathione reductase; GPx, glutathione peroxidase; SOD1, superoxide dismutase 1; CAT, catalase; HO-1, heme oxygenase-1; FPN1; ferroportin 1; BLVR, biliverdin reductase; FTH, ferritin heavy chain; FTL, ferritin light chain; PDM, phosphoglucomutase; GBE1, glycogen branching enzyme. Metabolite abbreviations: G-6-P, glucose 6-phosphate; G-1-P, glucose 1-phosphate; F-6-P, fructose 6-phosphate; F-1,6-BP, fructose 1,6-bisphosphate; F-2,6-BP, fructose 2,6-bisphosphate; GA-3-P, glyceraldehyde 3-phosphate; 1,3-PG, 1,3-phosphoglycerate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; UDP-G, uracil-diphosphate glucose; 6-P-GL, 6-phosphogluconolactone; 6-PG, 6-phosphogluconate; R-5-P, ribulose 5-phosphate; 5-PRA, phosphoribosylamine; PRPP, 5-phosphoribosyl-α-1-pyrophosphate; THF, tetrahydrofolate; CH2-THF, 5,10-methylene-tetrahydrofolate; CHO-THF, 10-formyl- tetrahydrofolate; IMP, inosine monophosphate; AMP, adenosine monophosphate; GMP, guanosine monophosphate. Gly, glycine; Ala, alanine; Cys, cysteine; Glu, glutamate; Gln, glutamine; aKG, a-ketoglutarate; Y-Glu-Cys, gamma-glutamyl cysteine; Acetyl-CoA, acetyl-coenzyme A; NADPH, Nicotinamide adenine dinucleotide phosphate, reduced. 
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Figure 4. NRF2 regulates inflammation and immunity. The activation of NRF2 may alter the differentiation, expansion, and survival of the immune cells as well as the cytokine release. NRF2 activation shifts Th1/Th2 balance in disease models by impairing Th1-driven response and skews them towards Th2 differentiation. NRF2-mediated antioxidant defense in Treg cells leads to their expansion and survival. Nfe2l2-deficiency leads to elevated oxidative damage that exacerbates the differentiation of Th17 cells. Nfe2l2 deletion in dendritic cells augments expression of MHC class II and the cells surface expression of co-stimulatory molecules CD86 and CD80 to influence the behavior of Th cells. Increased NRF2 expression in leukocytes such as macrophages inhibits the expression of pro-inflammatory genes through down-regulation of the NF-κB pathway. NRF2 activation in MDSCs regulates metabolism that leads to expansion of suppressive MDSCs. However, Nfe2l2-deletion in MDSCs have higher levels of intracellular ROS that suppress CTLs proliferation and induces T-cell anergy. 
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