Nrf2 Signaling Pathway | Encyclopedia.pub

Nrf2 Signaling Pathway

Subjects: Others

Contributor: Sarmistha Saha , Brigitta Buttari , Emiliano Panieri , Elisabetta Profumo , Luciano Saso

Nrf2 and its principal negative regulator, the E3 ligase adaptor Kelch-like ECH- associated protein 1 (Keapl), play
a central role in the maintenance of intracellular redox homeostasis and regulation of inflammation. Interestingly,
Nrf2 is proven to contribute to the regulation of the heme oxygenase-1 (HO-1) axis, which is a potent anti-
inflammatory target. Recent studies showed a connection between the Nrf2/antioxidant response element (ARE)
system and the expression of inflammatory mediators, NF-kB pathway and macrophage metabolism. Thus, Nrf2 is
part of a multilayered network that plays a key role in redox homeostasis as well as in inflammation. This suggests
a new strategy for designing chemical agents as modulators of Nrf2 dependent pathways to target the immune

response.

Nrf2 inflammation Anti-Inflammatory Drugs

| 1. Introduction

Nrf2 (NF-E2-related factor 2), a member of the Cap’n’collar (CNC) transcription factor family, consists of 605 amino
acids and is divided into seven highly conserved functional domains, known as Nehl1l-Neh7 (Figure 1). The N-
terminal domain influences the stability and ubiquitination of Nrf2 by its negative regulator Keapl, while the Neh5
domain is responsible for the cytoplasmic localization of Nrf2 [, The Neh1 domain has a cap ‘n’ collar basic-region
leucine zipper (bZIP) domain, which regulates DNA-binding & and a nuclear localization signal (NLS) that is
responsible for the nuclear translocation of Nrf2 Bl The Neh3, Neh4, and Neh5 are transactivation domains
mediating the interaction of Nrf2 with other coactivators 43, Neh6 domain with serine-rich residues is a negative
regulatory domain which binds to a B-transducin repeat-containing protein (B-TrCP) leading to Nrf2 ubiquitination
€. The Neh7 domain inhibits Nrf2-ARE signaling pathway by promoting the binding of Nrf2 to the retinoic X
receptor a (RXRa) [,
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Figure 1. A surface presentation of the Kelch domain (carton) with peptide from Neh2 domain of Nrf2 (sticks in

mesh) from crystal structures: 2FLU.

The Neh2 domain, an N-terminal regulatory domain, contains seven lysine residues that influence the ubiquitin
conjugation & and two peptide binding motifs (ETGE and DLG) that regulate Nrf2 stability by promoting its binding
to different proteins 2. The ETGE and DLG motifs interact with Keapl, which is a substrate adaptor protein for the
Cullin 3- dependent E3 ubiquitin ligase complex that facilitates Nrf2 ubiquitination and its proteasomal degradation

under normal physiological conditions [0

Keapl, consisting of 624 amino acids, is a cysteine-rich protein, containing 27 cysteine residues in humans 22,
Keapl is divided into five domains, an N-terminal region (NTR), a Tramtrack and Bric-a-Brac (BTB) domain, a
central intervening region (IVR) with a nuclear export signal (NES) mediating the cytoplasmic localization of Keapl
(131 six Kelch repeats, and a C-terminal domain (CTR) (Li et al., 2004). The BTB domain is responsible for Keapl
homodimerization and its binding to the cullin-based (Cul3) E3 ligase, leading to the formation of Keapl-Cul3-
RBX1 (Ring box protein-1) E3 ligase complex 24l whereas Kelch repeats are thought to mediate the binding of
Keapl to Nrf2 and p62 (Figure 2) 151161
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Figure 2. Under normal homeostatic conditions, Keapl homodimerizes through the N-terminal BTB domain and
binds to the cullin-based (Cul3) E3 ligase, forming Keapl-Cul3-RBX1 (Ring box protein-1) E3 ligase complex,
leading to Nrf2 ubiquitination and degradation. Under stress (electrophiles or ROS or endoplasmic reticulum (ER)
stress) conditions, Nrf2 is released from Keapl-Cul3-RBX1 complex and translocates into the nucleus wherein it
heterodimerizes with small Maf proteins (sMaf) and binds to the antioxidant response elements (ARES), leading to
the transcription of ARE-driven genes.

Among the others, the cysteine residues C151, C273, and C288 are highly reactive and susceptible of covalent
modifications by ROS, RNS, H2S and other electrophiles. In this respect, the S-sulfenylation, the S-nitrosylation
and the S-sulfhydration of these critical residues were shown to induce conformational changes of Keapl that
ultimately promote the dissociation of Nrf2 and its stabilization 27181191 Although the exact mechanism of the Nrf2-
Keapl interaction is still unknown, two models were reported in the literature to explain the regulation of Nrf2
stability. The first, also known as the “hinge and latch” model, postulates that Keapl interaction with the ETGE

domain acts as a hinge while a weaker interaction with the DLG motif acts as a latch 22,

When specific thiol residues are modified by electrophiles, the DLG maotif dissociates from Keapl causing a
disruption in the alignment of Nrf2 lysine residues that ultimately prevent its ubiquitination (Figure 2) 721
Consequently, Nrf2 is released from Keapl-Cul3-RBX1 complex and translocates into the nucleus wherein it
heterodimerizes with small Maf proteins (sMaf). After release, Nrf2 binds to EpRE in the presence of small Maf,

and up-regulates electrophile response element (EpRE)-mediated transcription 22, This further activates the
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transcription of a battery of genes containing an antioxidant response element (ARE) within their promoter region
(211 |n addition, the carboxy-terminal domain of Neh3 can interact with the transcription coactivator, CHD6 (chromo-
ATPase/helicase DNA-binding protein) 4 while Neh4 and Neh5 can interact with another transcriptional co-
activator, CBP (CAMP-response- element-binding protein-binding protein) &. Finally, Neh4 and Neh5 can also bind
to the nuclear cofactor RAC3/AIB1/SRC-3, further expanding the list of Nrf2 functional interactors, to promote the
expression of Nrf2-targeted ARE genes 23, Interestingly, as shown by several studies, thiol modifications of
specifically C151 in the BTB domain might represent a stress sensing-mechanism that prevents the Keapl-Cul3

interactions and thus facilitates Nrf2 activation in response to adverse conditions 241,

The second model, also known as Keapl-independent regulation, postulates that in normal conditions, Neh6
domain hinds to the DSGIS and DSAPGS motifs of the B-TrCP (Beta-transducin repeats-containing protein), which
in turn is a substrate receptor for the Skpl-Cull-Rbx1/Rocl ubiquitin ligase complex that drivesNrf2 ubiquitination
(23] The phosphorylation of Nrf2 in the Neh6 domain by glycogen synthase kinase-3 regulates the recognition of
Neh6 domain by B-TrCP (28],

| 2. Nrf2 Dependent Anti-Inflammatory Drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) including traditional non-selective NSAIDS (nsNSAIDs) and cyclo-
oxygenase-2 selective NSAIDs (COXIBs), are one of the most common medication for inflammation 2. The
primary activity of NSAIDs are enacted by blocking prostaglandins (PGs) synthesis through the cyclooxygenase
enzymes (COX-1 and COX-2) inhibition. Aspirin is the most commonly used NSAID with antioxidant activity and
reportedly activate Nrf2-ARE pathway and HO-1 expression in primary human melanocytes 28 as well as in
neuronal apoptosis 29, Similarly, celecoxib up-regulates heme oxygenase-1 (HO-1) expression in macrophages
and vascular smooth muscle cells via redox signaling Y. Treatment of celecoxib demonstrated increases in H-
ferritin and TrxR1 mRNA levels respectively in Nrf2 dependent mechanism B, A widely used NSAID, diclofenac
also activates Nrf2 expression and downstream related genes 22, In choroidal neovascularization, indomethacin or
bromfenac induces translocation of Nrf2 into the nucleus and up-regulates HO-1 expression 2l On the other
hand, pantoprazole, a proton pump inhibitor (PPIs) protected from NSAIDs-induced injury by inducing activation of
Nrf2 through inactivation of Keapl and by increasing expression of HO-1 in human gastric epithelial and
endothelial cells and in animal model of gastric injury (241,

In vitro and in vivo studies on NO-NSAID (nitric oxide-donating NSAID) hybrid drugs such as NCX-4016 (mNO-
ASA, nitric oxide-donating aspirin) and the isomeric NCX-4040, suggest significant potential for activation of Nrf2
through nitrosylation of Keapl [33I381 Moreover, cellular bioactivation of pNO-ASA yields a quinone methide,
therefore, an alternative mechanism of Nrf2 activation by mNO-ASA is via an electrophilic quinone 7. Analogues
of NCX-4016 that are activated to quinone methide and without NO group, also showed covalent modification of
Keapl, and induced Nrf2 translocation to the nucleus (28, Accumulating evidence also suggests that treatment with
small molecules such as 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid- derivatives and sulforaphane induces
Nrf2 activation and subsequently reduces significantly Thl and Thl7 cytokines including IL-6 by inhibiting

recruitment of RNA polymerase I B2, Similarly, pharmacological activation of mycophenolate mofetil, prevented the
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proinflammatory cytokines overexpression in a Nrf2 dependent mechanism 9. In addition, short peptides such as
casein glycomacropeptide hydrolysate were shown to have anti-inflammatory and antioxidant activity by increasing
the Nrf2 nuclear translocation and HO-1 expression in RAW 264.7 macrophages and HepG2 cells 41421 Nrf2
induction by triazole derivatives inhibits pro- inflammatory cytokines release in different models of Huntington
disease including primary mouse microglia, astrocytes, and Drosophila model and in cultured monocytes from

human patients with huntington disease 31441,

Several cell-derived metabolites such as itaconate and fumarate demonstrated anti-inflammatory responses in
LPS- stimulated macrophages 42, A cell-permeable derivative of itaconate, 4-octyl-itaconate (4-Ol) demonstrated
in vivo anti-inflammatory activity by induction of Nrf2 43, Here, the derivative of fumarate, dimethyl fumarate
(DMF), is the only drug approved by US Food and Drug Administration and marketed by Biogen, as an anti-
inflammatory therapeutic agent in multiple sclerosis with the ability to inhibit inflammation via Nrf2 antioxidant
pathway 847 |n vivo studies in rodents had reported that DMF metabolite, monomethyl fumarate, activates Nrf2
by adduct formation at C151 in Keapl in neuroinflammation 8. Other commercial prodrugs of monomethyl
fumarate such as diroximel fumarate is in a phase lll clinical trial for multiple sclerosis and tepilamide fumarate, is
in a phase Il clinical trial for plaque psoriasis “8. V ClinBio developed conjugate of monomethyl fumarate and
eicosapentaenoic acid for simultaneous modulation of Nrf2 and NF-kB in cell lines and animal models of multiple
sclerosis and psoriasis. Preclinical studies by Colby Pharmaceuticals developed a di- substituted hydroxylamine
compound (OT551) which inhibits inflammation and oxidative stress by targeting Keapl (OMEGA/NCT00485394).
An ophthalmic solution of this compound protects from inflammation in retinal pigment epithelium and
photoreceptors (OMEGA/NCT00485394).

| 3. Conclusions

Nrf2-Keapl signaling pathway is the hallmark of redox signaling and controlled inflammation and plays an
important role in cell metabolic flexibility. Here, we reviewed ongoing scientific literature about regulation of Nrf2
signaling pathway in different aspects of inflammation such as cytokines, chemokine releasing factors, MMPs, and
other inflammatory mediators affecting the NF-kB and MAPK networks to control inflammation. However, there are
still some mechanisms such as interactions between Nrf2 and JAK/STAT signaling that needs to be investigated.
Although many pharmaceutical companies are currently targeting Keapl, the prime regulator of Nrf2, it is still
challenging to enhance the targeting of these compounds and their activity against these multifactorial complex
diseases. Natural Nrf2 activators derived from plant sources as well as synthetic anti-inflammatory drugs require
further experimental validation. Research for efficient therapeutic agents promoting Nrf2 activation came up with
some new drugs which have entered clinical trials and will undoubtedly provide advancement in the management
of inflammation in the near future. However, efforts are still ongoing to find new small molecule Nrf2 inducers with

the advantages of oral administration, high target specificity, safe, and high bioavailability.

References

https://encyclopedia.pub/entry/3472 5/9



Nrf2 Signaling Pathway | Encyclopedia.pub

10.

11.

12.

13.

. Krajka-Kuzniak, V.; Paluszczak, J.; Baer-Dubowska, W. The Nrf2-ARE signaling pathway: An

update on its regulation and possible role in cancer prevention and treatment. Pharmacol. Rep.
2017, 69, 393-402.

. Sun, Z.; Chin, Y.E.; Zhang, D.D. Acetylation of Nrf2 by p300/CBP augments promoter-specific

DNA binding of Nrf2 during the antioxidant response. Mol. Cell Biol. 2009, 29, 2658-2672.

. Theodore, M.; Kawali, Y.; Yang, J.; Kleshchenko, Y.; Reddy, S.P.; Villalta, F.; Arinze, 1.J. Multiple

nuclear localization signals function in the nuclear import of the transcription factor Nrf2. J. Biol.
Chem. 2008, 283, 8984—-8994.

. Nioi, P.; Nguyen, T.; Sherratt, P.J.; Pickett, C.B. The carboxy-terminal Neh3 domain of Nrf2 is

required for transcriptional activation. Mol. Cell Biol. 2005, 25, 10895-10906.

. Katoh, Y.; Itoh, K.; Yoshida, E.; Miyagishi, M.; Fukamizu, A.; Yamamoto, M. Two domains of Nrf2

cooperatively bind CBP, a CREB binding protein, and synergistically activate transcription. Genes
Cells 2001, 6, 857—868.

. Rada, P.; Rojo, A.l.; Evrard-Todeschi, N.; Innamorato, N.G.; Cotte, A.; Jaworski, T.; Tobon-

Velasco, J.C.; Devijver, H.; Garcia-Mayoral, M.F.; Van Leuven, F.; et al. Structural and functional
characterization of Nrf2 degradation by the glycogen synthase kinase 3/beta-TrCP axis. Mol. Cell
Biol. 2012, 32, 3486—3499.

. Wang, H.; Liu, K.; Geng, M.; Gao, P.; Wu, X.; Hai, Y.; Li, Y.; Li, Y.; Luo, L.; Hayes, J.D.; et al.

RXRalpha inhibits the NRF2-ARE signaling pathway through a direct interaction with the Neh7
domain of NRF2. Cancer Res. 2013, 73, 3097-3108.

. Jaramillo, M.C.; Zhang, D.D. The emerging role of the Nrf2-Keap1l signaling pathway in cancer.

Genes Dev. 2013, 27, 2179-2191.

. Kansanen, E.; Kuosmanen, S.M.; Leinonen, H.; Levonen, A. The Keapl-Nrf2pathway:

Mechanisms of activation and dysregulation in cancer. Redox Biol. 2013, 1, 45-49.

Furukawa, M.; Xiong, Y. BTB protein Keapl targets antioxidant transcription factor Nrf2 for
ubiquitination by the Cullin 3-Roc1 ligase. Mol. Cell Biol. 2005, 25, 162-171.

Niture, S.K.; Khatri, R.; Jaiswal, A.K. Regulation of Nrf2-an update. Free Radic. Biol. Med. 2014,
66, 36—44.

Kansanen, E.; Kivel, A.M.; Levonen, A.L. Regulation of Nrf2-dependent gene expression by 15-
deoxy-Delta 12,14-prostaglandin J2. Free Radic. Biol. Med. 2009, 47, 1310-1317.

Ogura, T.; Tong, K.l.; Mio, K.; Maruyama, Y.; Kurokawa, H.; Sato, C.; Yamamoto, M. Keapl is a
forked-stem dimer structure with two large spheres enclosing the intervening, double glycine
repeat, and C-terminal domains. Proc. Natl. Acad. Sci. USA 2010, 107, 2842-2847.

https://encyclopedia.pub/entry/3472 6/9



Nrf2 Signaling Pathway | Encyclopedia.pub

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Zipper, L.M.; Mulcahy, R.T. The Keapl BTB/POZ dimerization function is required to sequester
Nrf2 in cytoplasm. J. Biol. Chem. 2002, 277, 36544—-36552.

Hayes, J.D.; McMahon, M. NRF2 and KEAP1 mutations: Permanent activation of an adaptive
response in cancer. Trends Biochem. Sci. 2009, 34, 176-188.

Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.S.; Ueno,
I.; Sakamoto, A.; Tong, K.I.; et al. The selective autophagy substrate p62 activates the stress
responsive transcription factor Nrf2 through inactivation of Keapl. Nat. Cell Biol. 2010, 12, 213~
223.

Taguchi, K.; Motohashi, H.; Yamamoto, M. Molecular mechanisms of the Keap1—Nrf2 pathway in
stress response and cancer evolution. Genes Cell. 2011, 16, 123-140.

Um, H.C.; Jang, J.H.; Kim, D.H.; Lee, C.; Surh, Y.J. Nitric oxide activates Nrf2 through S-
nitrosylation of Keapl in PC12 cells. Nitric Oxide 2011, 25, 161-168.

Yang, G.; Zhao, K.; Ju, Y.; Mani, S.; Cao, Q.; Puukila, S.; Khaper, N.; Wu, L.; Wang, R. Hydrogen
sulfide protects against cellular senescence via S-Sulfhydration of Keapl and activation of Nrf2.
Antioxid. Redox Signal. 2013, 18, 1906—-1919.

Kansanen, E.; Jyrkkanen, H.K.; Levonen, A.L. Activation of stress signaling pathways by
electrophilic oxidized and nitrated lipids. Free Radic. Biol. Med. 2012, 52, 973-982.

Hayes, J.D.; McMahon, M.; Chowdhry, S.; Dinkova-Kostova, A.T. Cancer chemoprevention
mechanisms mediated through the Keapl1-Nrf2 pathway. Antioxid. Redox Signal. 2010, 13, 1713—
1748.

Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, J.D.; Yamamoto, M. Keapl
represses nuclear activation of antioxidant responsive elements by Nrf2 through binding to the
amino-terminal Neh2 domain. Gene Dev. 1999, 13, 76-86.

Kim, J.H.; Yu, S.; Chen, J.D.; Kong, A.N. The nuclear cofactor RAC3/AIB1/SRC-3 enhances Nrf2
signaling by interacting with transactivation domains. Oncogene 2013, 32, 514-527.

Rachakonda, G.; Xiong, Y.; Sekhar, K.R.; Stamer, S.L.; Liebler, D.C.; Freeman, M.L. Covalent
modification at Cys151 dissociates the electrophile sensor Keapl from the ubiquitin ligase CUL3.
Chem. Res. Toxicol. 2008, 21, 705-710.

Chowdhry, S.; Zhang, M.; McMahon, Y.; Sutherland, C.; Cuadrado, A.; Hayes, J.D. Nrf2 is
controlled by two distinct beta-TrCP recognition motifs in its Neh6 domain, one of which can be
modulated by GSK-3 activity. Oncogene 2013, 32, 3765-3781.

Rada, P.; Rojo, A.l.; Chowdhry, S.; McMahon, M.; Hayes, J.D.; Cuadrado, A. SCF/{beta}- TrCP
promotes glycogen synthase kinase 3-dependent degradation of the Nrf2 transcription factor in a
Keapl-independent manner. Mol. Cell. Biol. 2011, 31, 1121-1133.

https://encyclopedia.pub/entry/3472 7/9



Nrf2 Signaling Pathway | Encyclopedia.pub

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Schjerning, A.; McGettigan, P.; Gislason, G. Cardiovascular effects and safety of (non-aspirin)
NSAIDs. Nat. Rev. Cardiol. 2020, 17, 574-584.

Jian, Z.; Tang, L.; Yi, X.; Liu, B.; Zhang, Q.; Zhu, G.; Wang, G.; Gao, T.; Li, C. Aspirin induces
Nrf2-mediated transcriptional activation of haem oxygenase-1 in protection of human melanocytes
from H202-induced oxidative stress. J. Cell Mol. Med. 2016, 20, 1307-1318.

Wang, W.; Chen, S.; Zhou, Z.; Dai, H.; Wang, H.; Li, Y.; Zhou, K.; Shen, Z.; Guo, Y.; Liu, C.; et al.
Aspirin suppresses neuronal apoptosis, reduces tissue inflammation, and restrains astrocyte
activation by activating the Nrf2/HO-1 signaling pathway. Neuroreport 2018, 29, 524-531.

Wang, J.S.; Ho, F.M.; Kang, H.C.; Lin, W.W.; Huang, K.C. Celecoxib induces heme oxygenase-1
expression in macrophages and vascular smooth muscle cells via ROS-dependent signaling
pathway. Naunyn. Schmiedebergs Arch. Pharmacol. 2011, 383, 159-168.

Al-Rashed, F.; Calay, D.; Lang, M.; Thornton, C.C.; Bauer, A.; Kiprianos, A.; Haskard, D.O.;
Seneviratne, A.; Boyle, J.J.; Schonthal, A.H.; et al. Celecoxib exerts protective effects in the
vascular endothelium via COX-2-independent activation of AMPK-CREB-Nrf2 signalling. Sci. Rep.
2018, 8, 6271.

Bao, S.; Nie, X.; Ou, R.; Wang, C.; Ku, P.; Li, K. Effects of diclofenac on the expression of Nrf2
and its downstream target genes in mosquito fish (Gambusia affinis). Aquat. Toxicol. 2017, 188,
43-53.

Yoshinaga, N.; Arimura, N.; Otsuka, H.; Kawahara, K.; Hashiguchi, T.; Maruyama, |.; Sakamoto, T.
NSAIDs inhibit neovascularization of choroid through HO-1-dependent pathway. Lab. Investig.
2011, 91, 1277-1290.

Lee, H.J.; Han, Y.M.; Kim, E.H.; Kim, Y.J.; Hahm, K.B. A possible involvement of Nrf2-mediated
heme oxygenase-1 up-regulation in protective effect of the proton pump inhibitor pantoprazole
against indomethacin-induced gastric damage in rats. BMC Gastroenterol. 2012, 12, 143.

Dunlap, T.; Chandrasena, R.E.; Wang, Z.; Sinha, V.; Thatcher, G.R.J. Quinone formation as a
chemoprevention strategy for hybrid drugs: Balancing cytotoxicity and cytoprotection. Chem. Res.
Toxicol. 2007, 20, 1903-1912.

Gao, J.; Kashfi, K.; Liu, X.; Rigas, B. NO-donating aspirin induces phase Il enzymes in vitro and in
vivo. Carcinogenesis 2006, 27, 803-810.

Hulsman, N.; Medema, J.P.; Bos, C.; Jongejan, A.; Leurs, R.; Smit, M.J.; de Esch, 1.J.; Richel, D.;
Wijtmans, M. Chemical insights in the concept of hybrid drugs: The antitumor effect of nitric oxide-
donating aspirin involves a quinone methide but not nitric oxide nor aspirin. J. Med. Chem. 2007,

50, 2424-2431.

Dunlap, T.; Piyankarage, S.C.; Wijewickrama, G.T.; Abdul-Hay, S.; Vanni, M.; Litosh, V.; Luo, J.;
Thatcher, G.R.J. Quinone-induced activation of Keapl/Nrf2 signaling by aspirin prodrugs

https://encyclopedia.pub/entry/3472 8/9



Nrf2 Signaling Pathway | Encyclopedia.pub

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

masquerading as nitric oxide. Chem. Res. Toxicol. 2012, 25, 2725-2736.
Zhu, H.; Jia, Z.; Li, Y.R. Nrf2 signaling in macrophages. React. Oxy. Sp. (Apex) 2016, 2, 417-420.

Arellano-Buendia, A.S.; Tostado-Gonzélez, M.; Garcia-Arroyo, F.E.; Cristobal-Garcia, M.; Loredo-
Mendoza, M.L.; Tapia, E.; Sanchez-Lozada, L.G.; Osorio-Alonso, H. Anti-Inflammatory therapy
modulates Nrf2-Keapl in kidney from rats with diabetes. Oxid. Med. Cell. Longev. 2016, 2016,
4693801.

Cheng, X.; Gao, D.X.; Song, J.J.; Ren, F.Z.; Mao, X.Y. Casein glycomacropeptide hydrolysate
exerts cytoprotection against H202-induced oxidative stress in RAW 264.7 macrophages via
ROS-dependent heme oxygenase-1 expression. RSC Adv. 2015, 5, 4511-4523.

Li, T.; Chen, B.; Du, M.; Song, J.; Cheng, X.; Wang, X.; Mao, X. Casein Glycomacropeptide
hydrolysates exert cytoprotective effect against cellular oxidative stress by up-regulating HO-1
expression in HepG2 cells. Nutrients 2017, 9, 31.

Quinti, L.; Naidu, S.D.; Trager, U.; Chen, X.; Kegel-Gleason, K.; Lleres, D.; Connolly, C.; Chopra,
V.; Low, C.; Moniot, S.; et al. KEAP1-modifying small molecule reveals muted NRF2 signaling
responses in neural stem cells from Huntington’s disease patients. Proc. Natl Acad. Sci. USA
2017, 114, E4676—E4685.

Quinti, L.; Casale, M.; Moniot, S.; Pais, T.F.; Van Kanegan, M.J.; Kaltenbach, L.S.; Pallos, J.; Lim,
R.G.; Naidu, S.D.; Runne, H.; et al. SIRT2- and NRF2-targeting thiazole- containing compound
with therapeutic activity in Huntington’s disease models. Cell Chem. Biol. 2016, 23, 849-861.

Mills, E.L.; Ryan, D.G.; Prag, H.A.; Dikovskaya, D.; Menon, D.; Zaslona, Z.; Jedrychowski, M.P,;
Costa, A.S.H.; Higgins, M.; Hams, E.; et al. ltaconate is an anti-inflammatory metabolite that
activates Nrf2 via alkylation of KEAP1. Nature 2018, 556, 113-117.

Linker, R.A.; Lee, D.H.; Ryan, S.; van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.;
Buko, A.; Chollate, S.; et al. Fumaric acid esters exert neuroprotective effects in
neuroinflammation via activation of the Nrf2 antioxidant pathway. Brain 2011, 134, 678-692.

Gold, R.; Linker, R.A.; Stangel, M. Fumaric acid and its esters: An emerging treatment for multiple
sclerosis with antioxidative mechanism of action. Clin. Immunol. 2012, 142, 44-48.

Mrowietz, U.; Christophers, E.; Altmeyer, P. Treatment of psoriasis with fumaric acid esters:
Results of a prospective multicentre study. German multicentre study. Br. J. Dermatol. 1998, 138,
456-460.

Retrieved from https://encyclopedia.pub/entry/history/show/10988

https://encyclopedia.pub/entry/3472 9/9



