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ABSTRACT 

 

The transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) is the master regulator 

of the cellular antioxidant response upon exposure to xenobiotics. In addition, NRF2 induces the 

expression of genes involved in drug metabolism, protein homeostasis, anabolic metabolism, 

inflammation, proliferation, and survival. Understanding the molecular mechanisms of xenobiotic-

induced NRF2 activation is crucial to guiding treatments for disease prevention and intervention. 

On the one hand, NRF2 activation using chemopreventive compounds is an effective 

pharmacological strategy to protect against environmental insults, such as exposure to solar 

ultraviolet (UV) radiation or the metalloid arsenic, that cause toxicity and cancer. In the first part 

of this dissertation, the achiote-derived apocarotenoid bixin was characterized as a novel NRF2 

activator. Bixin pre-treatment prevented solar UV-induced photodamage and hair graying in 

several mouse models. These results suggest that using bixin to activate NRF2 is a feasible strategy 

to prevent UV-induced skin alterations. On the other hand, prolonged activation of NRF2 has been 

linked to the pathogenesis of cancer and other diseases. Our laboratory previously described that 

the environmental toxicant and carcinogen arsenic blocked autophagy and caused non-canonical 

activation of NRF2. In the last part of this dissertation, the molecular alterations elicited by acute 

exposure to low levels of arsenic were further explored. It was determined that low-level arsenic 

does not generate reactive oxygen species, a paradigm shifting discovery in the arsenic field. 

Additionally, arsenic blocked autophagy and induced a mild and transient endoplasmic reticulum 

(ER) stress response, indicating that restoring protein homeostasis might be crucial for the 

treatment of arsenic-induced diseases. 
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STATEMENT OF ORIENTATION 

 

This dissertation focuses on molecular studies characterizing different modes of activation of 

NRF2 by diverse xenobiotics (UV, bixin, and arsenic). Chapter 1 provides background information 

on the NRF2 pathway, covering key components and modes of regulation for disease prevention 

(activation by chemopreventive compounds) and intervention (inhibition during prolonged or 

constitutive activation). Chapter 2 reviews the roles of NRF2 in skin biology and summarizes key 

knowledge on the molecular activities of the natural compound bixin. Chapter 3 describes in depth 

the mechanistic studies that identified bixin as a novel NRF2 activator. Furthermore, chapters 3 

and 4 report evidence of the efficacy of using bixin to activate NRF2 and protect against diverse 

UV-induced skin and hair alterations in different animal models. Chapter 5 reports conclusive data 

on the molecular alterations caused by exposure to low doses of arsenic that support the hypothesis 

that the carcinogenic effects of arsenic are due to autophagy-induced prolonged activation of 

NRF2. The information presented in chapters 2-6 has been previously published and the citations 

for each article are presented at the beginning of each chapter. Finally, chapter 6 encompasses the 

conclusions of this research and future directions.   
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CHAPTER 1: INTRODUCTION 

 

1.   The NRF2 pathway 

1.1.   Historical overview 

In just over 20 years, the NRF2 pathway has evolved from a “mere” antioxidant response regulator 

since its discovery in 1994 (3) into a master regulator of key cellular functions, such as anabolic 

metabolism, proliferation, survival, protein homeostasis, and DNA damage response, as well as 

into an attractive pharmacological target for disease prevention and intervention (4).  From a 

historical perspective, the foundations of the field were set in the late 1970s with the discovery 

that phytochemicals and phenolic antioxidants could prevent chemical carcinogenesis (5), a 

concept later designated as chemoprevention (i.e. cancer prevention using natural or synthetic 

compounds) (6). It was later determined that these phenolic chemopreventive agents activated 

phase II drug metabolizing enzymes to increase detoxification and excretion of carcinogens (7, 8). 

This prompted the quest to identify the key components of the signaling pathway involved in this 

cellular antioxidant protection: a sensor (KEAP1), a mediator (NRF2 and the ARE), and an 

effector (NRF2 target genes, including phase 2 enzymes), as well as the stimuli that regulate the 

activation (ROS, electrophiles) or inhibition (ubiquitin proteasome system, ER stress) of the 

pathway. Some of these landmark discoveries are chronologically depicted in Figure 1.1, and the 

key concepts will be further elaborated in the subsequent sections.  
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1.2.   Molecular components of the NRF2 pathway 

1.2.1.   NRF2 

NRF2, encoded by the NFE2L2 gene, is a member of Cap’n’Collar (CNC) basic leucine zip (bZip) 

transcription factor family that includes p45 NF-E2, NRF1, and NRF3 in mammals (3, 9). The 

human NRF2 protein is 605 amino acids long and can be functionally divided into seven domains. 

These domains have been designated as NRF2-ECH homology (Neh) domains due to the high 

homology between the mammalian NRF2 and the chicken ortholog erythroid cell-derived protein 

with CNC homology (ECH) identified by Yamamoto (Figure 1.2) (9). The Neh1 domain is 

essential for the transcriptional activity of NRF2, since it contains the CNC-bZip motif necessary 

for heterodimerization with other transcription factors and DNA binding (9). The N-terminal Neh2 

domain is the most important domain for the negative regulation of NRF2, since it contains the 

KEAP1-dependent degradation motif or degron (10). Here, two motifs that each interact with the 

Kelch domain of KEAP1, the DLG and ETGE motifs, flank seven lysine (K) residues that are 

 
 
Figure 1.1 Historical overview of the main discoveries in NRF2 research. 
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ubiquitylated by the Cullin 3 and RING box protein 1 (CUL3-RBX1) E3 ubiquitin ligase (11). The 

C-terminal Neh3 domain, and the Neh4-Neh5 domains are all important for the transcriptional 

activity of NRF2 (12, 13). Neh3 is highly conserved and interacts with the helicase chromodomain 

helicase DNA binding protein 6 (CHD6) (14). Neh4 and Neh5 contains the CNC motif, and in 

conjunction with Neh4, constitutes the transactivation domain, which binds the coactivators and 

histone acetyltransferases CREB binding protein (CBP) and p300 (13, 15, 16). The Neh6 domain 

contains a KEAP1-independent degron. In here the DSGIS and DSAPGS motifs are 

phosphorylated by glycogen synthase kinase-3β (GSK-3β), thus converting NRF2 to a degradation 

substrate of the SKP1-CUL1-F box protein (SCF) E3 ubiquitin ligase by its interaction with the 

adaptor β-transducin repeat-containing protein (β-TrCP) (17-20). Finally, the Neh7 domain 

interacts with the retinoid X receptor α (RXRα), thereby blocking the Neh4 and Neh5 domains, 

and resulting in inhibition of the transactivation activity of NRF2 (21).   

 

 

 

 

 

 

 

 

1.2.2.   KEAP1 

KEAP1 is the main negative regulator of NRF2 (10) and sensor of electrophilic and oxidative 

intracellular conditions, as well as of pro-inflammatory mediators (22). KEAP1 functions as an 

 
 
Figure 1.2 Structure of NRF2. NRF2 is composed of seven Neh domains. The amino acid motifs involved in its 
degradation are highlighted. The proteins that interact with specific domains of NRF2 are depicted. Adapted from 
(1).   
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adaptor and substrate recognition protein for the CUL3-RBX1 E3 ubiquitin ligase complex, which 

ubiquitylates the substrates and targets them for degradation by the 26 S proteasome (11, 23). The 

human KEAP1 protein has 624 amino acids and contains three domains (Figure 1.3) (10). The 

BTB domain was named after the Drosophila proteins Broad complex, Tram-track, and Bric-à-

brac (24), also known as the poxvirus and zinc finger (POZ) domain; it mediates KEAP1 

homodimerization and interaction with CUL3 (25). The intervening region (IVR) also mediates 

interaction with CUL3 and contains a conserved BACK domain characteristic of BTB domains 

and C-terminal Kelch repeats-containing proteins (26). The Kelch domain, also known as double-

glycine repeat (DGR) domain, contains six Kelch repeats. The Kelch domain and the C-terminal 

region (CTR) form a six-bladed β propeller structure that serves as a substrate-binding domain and 

interacts with NRF2 and other proteins (27, 28).  

 

 

 

 

 

 

Interestingly, KEAP1 contains a higher than average (4% versus 2%) cysteine content (29, 

30). These cysteine residues are the molecular sensors for electrophiles and reactive oxygen 

species. Many of these cysteines exist as thiolate anions (-S-), which behave as stronger 

nucleophiles more susceptible to electrophilic attack than regular thiols (-SH) (31). Cysteine thiols 

can also exist in a number of oxidation states, from disulfides (RSSR), to sulfenic (SOH), sulfinic 

(SO2H), and sulfonic (SO3H) acids, which explains the high sensitivity of KEAP1 to oxidative 

 
 
Figure 1.3 Structure of KEAP1. KEAP1 is composed of three domains, in addition to an NTR and CTR. Cysteine 
151 is highlighted in the BTB domain. Proteins that interact with specific domains of KEAP1 are depicted.  
Adapted from (1). 
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stress (32). In addition, KEAP1 cysteines can be covalently adducted by electrophiles such as 

sulforaphane, bis(2-hydroxybenzylidene)acetone, dimethyl fumarate, and 8-nitro-cGMP, among 

others (33-35). Several studies have determined that different KEAP1 cysteine residues are 

necessary to sense different types of stressors/stimulants in addition to ROS and electrophiles, a 

concept defined as the “cysteine code” (36-38). Among all these cysteines, cysteine 151 (C151) in 

the BTB domain has been determined to be critical for sensing ROS and electrophilic 

chemopreventive compounds (33, 39, 40). Mutation of C151 into alanine or serine renders the 

NRF2 pathway unresponsive to electrophilic inducers such as sulforaphane (SF) or tert-butyl 

hydroquinone (tBHQ) (33). However, mutation of C237 or C288 causes conformational 

modifications and ablates KEAP1-mediated NRF2 ubiquitylation and degradation under 

homeostatic conditions (33, 36, 41), further supporting the concept of the cysteine code. The fate 

of cysteine modified KEAP1 could follow several paths. Covalent modifications (such as 

alkylation) by some NRF2 inducers have been shown to be reversible (42). Studies suggest that 

cysteine oxidation or adduction could be reversed by the combined action of glutathione (GSH) 

and the thioredoxin 1/thioredoxin 1 (TRX1/TRXR1) reductase system, both controlled by NRF2, 

allowing for rapid recovery of KEAP1 function. Even though KEAP1 can be ubiquitylated by 

CUL3-RBX1, studies by our group have demonstrated that it does not undergo proteasomal 

degradation like NRF2 (43). Recent studies have determined that KEAP1 turnover is controlled 

by autophagosomal degradation (44).  

 

1.2.3.   The antioxidant response element 

The cis-acting regulatory element recognized by the NRF2-sMAF heterodimer is the antioxidant 

response element (ARE), also known as the electrophile response element (EpRE) (45-48). The 
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ARE was identified as a distinctive DNA sequence in the promoter of the rat and mouse glutathione 

S-transferase Ya subunit responsive to ROS, phenolic antioxidants (tBHQ), and electrophiles 

(dimethylfumarate, DMF) (45, 46, 49, 50). Similar sequences were later identified in the regulatory 

regions of other drug metabolism genes, such as NAD(P)H quinone dehydrogenase 1 (NQO1) (51, 

52). The core sequence of the ARE is well characterized and is relatively conserved among many 

species, including rat, mouse, and human. The validated consensus core sequence for the human 

ARE is 5’—A/GTGAC/GNNNGCA/T—3’ (48, 53). Regulatory single nucleotide polymorphisms 

(SNPs) in ARE sequences affect NRF2 binding affinity and alter gene transcription (54, 55), 

explaining the differential expression of different NRF2 target genes. Over 200 genes with AREs 

have been described as NRF2 target genes, some of which are listed in Table 1.1 (4, 30). In general 

terms, NRF2 downstream genes regulate drug metabolism (phase I, II, and III), glutathione 

metabolism and redox homeostasis, heme and iron metabolism, NADPH synthesis and 

carbohydrate metabolism, protein degradation and autophagy, survival, proliferation, cell cycle, 

lipid metabolism, amino acid synthesis, purine synthesis, mitochondrial biogenesis and respiration, 

inflammation, and DNA repair.  

The ARE must be bound by an NRF2-small MAF (sMAF) heterodimer to drive gene 

transcription (52). NRF2 recruits CBP/p300 coactivators and protein lysine acetyl transferases, 

and helicases, which presumably recruit other mediator and chromatin remodeling complexes 

which make the chromatin accessible to RNA polymerase II to initiate transcription (56). AREs 

are also recognized by the closely related NRF1 and NRF3 transcription factors (57, 58). 

Importantly, NRF1 and NRF3 do not have redundant functions with NRF2. NRF1 drives gene 

expression of proteasomal subunit genes under ER stress and has been shown to antagonize NRF2, 

while the role of NRF3 remains controversial, with reports of both activation and repression of 
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ARE activities (58-61). It remains to be determined what drives NRF transcription factor 

specificity for AREs.  

Although it is generally recognized that the ARE functions as an enhancer, ARE-driven 

gene expression can be repressed when NRF3-sMAF, sMAF-sMAF, or BTB and CNC homology 

1 and 2 (BACH1/2)-sMAF dimers (60, 62-65). While these are examples of ARE-dependent but 

NRF2-independent gene repression, other gene expression repression mechanisms involving 

NRF2 have also been described. Nuclear receptors like retinoid X receptor alpha (RXRa) and the 

estrogen receptor a (ERa) directly interact with NRF2 and repress gene expression after induction 

with all trans-retinoic acid (ATRA) or estradiol, respectively (21, 66, 67). Estrogen-related 

receptor b (ERRb), an orphan nuclear receptor, directly interacts with NRF2 and represses it in an 

ARE-independent manner (68). The bZIP transcription factor activating transcription factor 3 

(ATF3) directly interacts with NRF2 on AREs and displaces the coactivator CBP, thus preventing 

gene transcription (69). Furthermore, the tumor suppressor p53 can bind directly to the promoter 

regions of NRF2 target genes and repress their expression (70). Collectively, these mechanisms 

suggest that global NRF2/ARE-dependent gene transcription can be indiscriminately repressed. 

This is particularly important when damaged or stressed cells must shut down NRF2 target gene 

expression to proceed to cell death. Thus, a recent report indicates that the tumor suppressor 

alternative reading frame (ARF) directly interacts with NRF2 and prevents its binding to the ARE, 

allowing the cells to die by ferroptosis (71). There are also numerous examples of genes whose 

expression is down-regulated by NRF2/ARE, as shown in Table 1.1, although the exact 

mechanism of repression is not very clear yet.  
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Table 1.1. Select examples of NRF2 target genes. Common protein names are indicated under 
the gene symbol in parenthesis for some genes. Red font indicates gene expression is 
downregulated by NRF2. 
 

Biological 
process 

Gene symbol Gene name Function 

Phase I: 
oxidation, 
reduction, 
hydrolysis 

ADH7 Alcohol dehydrogenase 7 (class IV), 
mu/sigma polypeptide 

Metabolism of ethanol, aliphatic alcohols, 
retinol, hydroxysteroids, and lipid peroxidation 
products. 

AKR1B1 Aldo-keto reductase family 1, 
member B1(aldose reductase) 

Reduction of aldehydes. 

AKR1B10 Aldo-keto reductase family 1, 
member B10 (Retinaldehyde) 

Reduction of aliphatic and aromatic aldehydes. 

AKR1C1 Aldo-keto reductase family 1, 
member C1 (20α-hydroxysteroid 
dehydrogenase, dihydrodiol 
dehydrogenase 1) 

Conversion of aldehydes and ketones to 
alcohols using NAD(P)H as cofactors. 
Conversion of progesterone to the inactive form 
20α-hydroxy-progesterone. Reduction of 4-
hydroxy-2-nonenal.  

AKR1C3 Aldo-keto reductase family 1, 
member C3 (dehydrodiol 
dehydrogenase 3) 

Reduction of prostaglandin (PG) D2, PGH2, 
and phenanthrenequinone (PQ). Oxidation of 
9α,11β-PGF2 to PGD2.   

ALDH1A1 Aldehyde dehydrogenase 1 family, 
member A1 

Liver cytosolic isozyme that catalyzes 
oxidation of aldehydes.  

ALD3A1 Aldehyde dehydrogenase 3 family, 
member A1 

Oxidation of aldehydes formed in the 
metabolism of alcohol, corticosteroids, 
neurotransmitters, biogenic amines and lipid 
peroxidation.  

ALDH7A1 Aldehyde dehydrogenase 7 family, 
member A1 

Oxydation of aldehydes generated in alcohol 
metabolism, lipid peroxidation, and lysine 
catabolism. 

CBR1, CBR3 Carbonyl reductase 1 and 3 NADPH-dependent oxidoreduction of 
quinones, prostaglandins, and other carbonyl-
containing xenobiotics to their corresponding 
alcohols.  

CYP1B1 Cytochrome P450, family 1, 
subfamily B, polypeptide 1 

Metabolism of polycyclic aromatic 
hydrocarbons and 17β-estradiol.  

EPHX1 Epoxide hydrolase 1, microsomal Conversion of epoxides from the degradation of 
aromatic compounds to trans-dihydrodiols.  

PTGR1 
(LTB4DH) 

Prostaglandin reductase 1 
(leukotriene B4 12-
hydroxydehydrogenase) 

Inactivation of the chemotactic factor 
leukotriene B4. 

NQO1 NAD(P)H quinone oxidoreductase 1 Reduction of quinones to hydroquinones, 
preventing the one electron reduction of 
quinones that generate ROS.  

Phase II: 
conjugation 

GSTA1-4 Glutathione S-transferase alpha class 
1, 2, 3, and 4 

Conjugation of glutathione to electrophilic 
compounds and products of oxidative stress. 
Glutathione peroxidase activity. 

GSTM1-4, 6,7 Glutathione S-transferase mu class 1, 
2, 3, 4, 6, 7 

Conjugation of glutathione to electrophilic 
compounds and products of oxidative stress.  

GSTP1, 
GSTP2 

Glutathione S-transferase pi class 1 
and 2 

Conjugation of glutathione to hydrophobic and 
electrophilic compounds.  

MGST1 Microsomal glutathione S-transferase 
1 and 2 

Conjugation of glutathione to electrophiles and 
reduction of lipid hydroperoxides.  

SULT1A1, 
SULT1A2 

Sulfotransferase family 1A, member 
1 and 2 

Conjugation of sulfate to hormones, 
neurotransmitters, and xenobiotic compounds.  

UGT1A1 UDP glucuronosyltransferase family 
1, member A1 

Glucuronidation of small lipophilic molecules 
(steroids, bilirubin, hormones) to generate 
hydrophilic metabolites.  

UGT2B7 UDP glucuronosyltransferase family 
2, member B7 

Glucuronidation of steroid hormones (3,4-
catechol estrogens, estriol, androsterone, 
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epitestosterone), fatty acids, and opiate drugs 
(morphine).  

Phase III: 
transport 

ABCB6 ATP binding cassette, subfamily B 
(MDR/TAP), member 6 

Mitochondrial transporter for heme and 
porphyrin.  

ABCC1 ATP binding cassette, subfamily C 
(CFTR/MRP), member 1 

Organic anion transporter for oxidized 
glutathione, cysteinyl leukotrienes, and 
activated aflatoxin B1, as well as sulfate 
conjugates of steroid hormones and bile salts.  

ABCC2 ATP binding cassette, subfamily C 
(CFTR/MRP), member 2 

Biliary transport, multidrug resistance. 

ABCC3, 
ABCC4 

ATP binding cassette, subfamily C 
(CFTR/MRP), member 3, 4 

Organic anion and biliary transporter.  

ABCC5 ATP binding cassette, subfamily C 
(CFTR/MRP), member 5 

Export of cyclic nucleotides and thiopurine 
anticancer drugs. 

Glutathione 
metabolism and 
redox 
homeostasis 

GCLC Glutamate-cysteine ligase, catalytic 
subunit 

Catalytic subunit of the first and rate-limiting 
enzyme in the synthesis of glutathione, 
glutamate cysteine ligase (gamma-
glutamylcysteine sinthetase) 

GCLM Glutamate-cysteine ligase, modifier 
subunit 

Regulatory subunit of glutamate cysteine 
ligase. 

GGT1 Gamma-glutamyltransferase 1 Transfer of the glutamyl moiety of glutathione 
to amino acids and dipeptide acceptors.  

GLRX Glutaredoxin Reduction of glutathione-protein disulfides.  
GPX2, GPX4 Glutathione peroxidase 2 and 4 Reduction of peroxides with glutathione in a 

selenium-dependent manner.  
GSR Glutathione reductase Reduction of oxidized glutathione disulfide to 

the sulfhydryl form.  
SLC6A9 
(GLYT1) 

Solute carrier family 6, member 9 
(glycine transporter 1) 

Glycine transporter.  

SLC7A11 
(xCT) 

Solute carrier family 7, member 11  Cysteine/glutamate transporter. 

PRDX1, 
PRDX6 

Peroxiredoxin 1 and 6 Reduction of peroxides.  

SRXN1 Sulfiredoxin 1 Reduction of cysteine-sulfinic acid of 
peroxiredoxins. Acts as both a 
phosphotransferase and thioltransferase.  

TXN1 Thioredoxin 1 Reduction of other proteins by cysteine thiol-
disulfide exchange. Electron donor to 
peroxidases.  

TXNRD1 Thioredoxin reductase 1 FAD-dependent reduction of thioredoxins.  
Heme and iron 
metabolism 

BLVRA Biliverdin reductase A NAD(P)H-dependent conversion of biliverdin 
to bilirubin.  

BLVRB Biliverdin reductase B NAD(P)H-dependent conversion of biliverdin 
to bilirubin.  

FECH Ferrochelatase Insertion of ferrous iron into protoporphyrin IX 
to synthesize heme at the mitochondria.  

FTH1 Ferritin, heavy chain 1 Storage of iron.  
HMOX1 Heme oxygenase 1 Catalysis of the first step of heme catabolism, 

generating biliverdin, CO, and free iron.  
NADPH 
synthesis and 
carbohydrate 
metabolism 

G6PD Glucose-6-phosphate dehydrogenase Reduction of NADP+ to NADPH by oxidation 
of glucose-6-phosphate in the pentose 
phosphate pathway to maintain NADPH levels 
for biosynthesis and glutathione generation.  

HKDC1 Hexokinase domain containing 1 Catalysis of the first and rate-limiting step of 
glucose metabolism, phosphorylating glucose 
to glucose-6-phospate. Important for glucose 
metabolism during pregnancy. 

IDH1 Isocitrate dehydrogenase 1 Catalysis of isocitrate to 2-oxoglutarate in an 
NADP(+)-dependent manner.  

ME1 Malic enzyme (malate dehydrogenase 
[decarboxylating]) 

Oxidative decarboxylation of malate to 
pyruvate and CO2 that produces NADH. 
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PGD 6-Phosphogluconate dehydrogenase Decarboxylating reduction of 6-
phosphogluconate to ribulose 5-phosphate, with 
the generation of NADPH, in the pentose 
phosphate pathway.  

TALDO1 Transaldolase  Generation of fructose 6-phosphate in the 
pentose phosphate pathway for the generation 
of NADPH and maintenance of glutathione.  

TKT Transketolase Catalysis of ketol transfer to an aldose receptor 
in the pentose phosphate pathway.   

UGDH UDP-glucose 6-dehydrogenase Conversion of UDP-glucose to UDP-
glucuronate for the synthesis of 
glycosaminoglycans.  

Proteasome 
and protein 
degradation 

KEAP1 Kelch ECH-like associated protein 1 Substrate adaptor for the E3 ubiquitin ligase 
that targets NRF2 and IKKB for proteasomal 
degradation.  

MDM2 Mouse double minute 2 E3 ubiquitin ligase, p53 degradation. 
POMP Proteasomal maturation protein  Chaperone that binds 20S components before 

assembly. 
PSMA1,4 Proteasome subunit alpha 1 and 4 Component of the 20S proteasome core. 
PSMB3,6 Proteasome subunit beta 3 and 6 Component of the 20S proteasome core. 
PSMC1,3 Proteasome 26S ATPase subunit 1 

and 3 
Component of the 26S proteasome. 

PSMD4,14 Proteasome 26S Non-ATPase subunit 
4 and 14 

Component of the 26S proteasome. 

Autophagy ATG5 Autophagy related 5 Autophagy initiation.  
CALCOCO Calcium binding and coiled-coiled 

domain  
Autophagy receptor.   

GABARAPL1 GABA type A receptor associated 
protein-like 1 

Autophagosme maturation.  

SQSTM1 
(p62) 

Sequestosome 1 Cargo adaptor for autophagy degradation 
substrates and ubiquitylated proteins.   

ULK1 Unc-51 like autophagy activating 
kinase 1 

Regulates autophagy activation. 

Transcription 
factors 

AHR Arylhydrocarbon receptor Regulation of genes that contain xenobiotic 
response elements (XRE) upon ligand binding 
(planar aromatic hydrocarbons). 

CEBPB CCAAT/enhancer-binding (C/EBP) 
protein beta 

Regulation of genes involved in inflammatory 
responses. 

MAFG Small musculoaponeurotic 
fibrosarcoma family, protein G 

Regulation of genes that contain MAF response 
element (MARE)/antioxidant response 
elements (ARE). 

NFE2L2 Nuclear factor erythroid 2-related 
factor 2 

Regulation of genes that contain antioxidant 
response elements (ARE). 

PPARA Peroxisome proliferator-activated 
receptor alpha 

Regulation of lipid metabolism.  

PPARG Peroxisome proliferator-activated 
receptor gamma  

Regulation of genes involved in fatty acid 
storage and glucose metabolism.  

RXRA 
(NR2B1) 

Retinoid X receptor alpha (nuclear 
receptor subfamily 2, group B, 
member 1) 

Regulation of gene expression upon binding of 
retinoid acid. Heterodimeric partner for nuclear 
receptors (retinoic acid receptor, RAR; 
PPARA).  

NOTCH1 Notch homolog 1 Regulation of differentiation, proliferation, and 
apoptosis.  

Survival, 
proliferation, 
and cell cycle 

BCL2 B cell CLL/lymphoma 2 Antiapoptotic, binds to BAX and BAK and 
prevents cytochrome c release from the 
mitochondria.  

BCL2L1 
(BCL-xL) 

B cell lymphoma-extra large Antiapoptotic, binds to BAX and BIM and 
prevents cytochrome c release from the 
mitochondria. 

BMPR1A Bone morphogenetic protein receptor, 
type 1A 

Bone remodeling.  
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CDKN1A Cyclin-dependent kinase inhibitor 1A 
(p21/CIP1/WAF1) 

Cell cycle arrest, cyclin D-CDK4 inhibition, 
activation of NRF2 (antioxidant function).  

CDKN2A Cyclin-dependent kinase inhibitor 2A 
(ARF/p16INK4A) 

Cell cycle arrest, CDK4 inhibitor, stabilization 
of p53, tumor suppressor.  

CDKN2B Cyclin-dependent kinase inhibitor 2B 
(p15INK4B) 

Cell cycle arrest, CDK4/6 inhibition.  

HIPK2 Homeodomain interacting protein 
kinase 2 

Regulates transcription factors, antiapoptotic.  

IGF1 Insulin-like growth factor 1 Proliferation, DNA synthesis, glucose transport 
and glycogen synthesis, inhibition of apoptosis.  

ITGB2 Integrin, subunit beta 2 (CD18) Regulation of leukocyte transmigration, 
regulation of immune responses.  

JAG1 Jagged 1 Activation of NOTCH signaling, regulation of 
proliferation and differentiation.  

PDGFC Platelet-derived growth factor C Regulation of proliferation, survival, migration, 
chemotaxis, and embryonic development.  

Lipid 
metabolism 

ACACA 
(ACC1) 

Acetyl-CoA carboxylase1 Catalyzes rate-limiting reaction in the 
biogenesis of long-chain fatty acids. 

ACLY 
(ACL) 

ATP-citrate lyase Synthesis of acetyl-CoA 

ACOT7, 
ACOT8 

Acetyl-CoA thioesterase 7 and 8 Hydrolysis of CoA thioester of long chain fatty 
acids.  

ACOX1 Acetyl-CoA oxidase 1 Desaturation of acyl-CoAs to 2-trans-enoyl-
CoAs in the first step of fatty acid beta-
oxidation.  

ACOX2 Acetyl-CoA oxidase 2 Degradation of long branched fatty acids and 
bile acid intermediates in peroxisomes. 

AWAT1 Acetyl-CoA wax alcohol 
acyltransferase 1 

Esterification of long chain (wax) alcohols with 
acyl-CoA-derived fatty acids.  

CD36 Fatty acid translocase Cell receptor and long-chain fatty acid 
transporter. 

CES1G, 
CES1H 

Carboxyl esterase 1G and 1H Hydrolysis of fatty acid esters. 
Transesterification of xenobiotics and 
endogenous esters or amide bonds.  

CPT1A Carnitine palmitoyltransferase 1A Catalyzes transfer of acyl group of long-chain 
fatty acid-CoA conjugates onto carnitine for 
beta-oxidation.  

ELOVL2,6 Fatty acid elongase 2 and 6 Elongation of long-chain fatty acids. 
FADS1,2 Fatty acid desaturases 1 and 2 Synthesis of highly unsaturated fatty acids.  
FASN Fatty acid synthase Synthesis of long-chain fatty acids from acetyl-

CoA, malonyl-CoA, and NADPH.  
LIPH Lipase H Hydrolysis of phosphatidic acid to 2-acyl 

lysophosphatidic acid to modulate platelet 
aggregation, smooth muscle contraction, 
proliferation and motility. 

PLA2G7 Phospholipase A2, group VII Hydrolysis of phospholipids into fatty acids. 
Degradation of platelet-activating factor to 
inactive products.  

PNPLA2 Patatin-like phospholipase domain 
containing 2 

Hydrolysis of triglycerides in adipose tissue.  

SCD1 Stearoyl CoA desaturase Catalyzes the formation of the monounsaturated 
fatty acids oleate and palmitoleate from 
stearoyl-CoA and palmitoyl-CoA. 

Serine/glycine 
biosynthesis 

PHGDH Phosphoglycerate dehydrogenase Catalyzes first and rate-limiting step in the 
synthesis of serine. 

PSAT1 Phosphoserine aminotransferase Catalyzes conversion of 3-
phosphodydroxypyruvate to phosphoserine. 

PSPH Phosphoserine phosphatase Catalyzes the last step in the synthesis of serine. 
SHMT1,2 Serine hydroxymethyltransferase 1 

and 2 
Catalyzes the interconversion of serine and 
glycine via tetrahydrofolate metabolism. 
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Purine 
biosynthesis 

PPAT Phosphoribosyl pyrophosphate 
amidotransferase 

Catalyzes the rate-limiting step in de novo 
purine synthesis. 

MTHFD2 Methylenetetrahydrofolate 
dehydrogenase 2 

NAD(P)-dependent conversion of methylene, 
methenyl, and formyl derivatives of 
tetrahydrofolate.  

GLS Glutaminase Hydrolysis of glutamine to glutamate and 
ammonia. 

Mitochondrial 
biogenesis and 
respiration 

COX4I1 Cytochrome C oxidase subunit 4, 
isoform 1 

Subunit of the mitochondrial cytochrome C 
oxidase (COX) enzyme of respiratory chain. 

NDUFA4 NADH-ubiquinone dehydrogenase 1 
alpha, subcomplex 4 

Transfers electrons from NADH to the 
respiratory chain.  

PPARGC1B Peroxisome proliferator-activated 
receptor gamma, coactivator 1 beta 

Stimulator of the activity of transcription factors 
and nuclear receptor involved in fat oxidation, 
energy metabolism, and mitochondrial 
biogenesis. 

UCP3 Uncoupling protein 3 Mitochondrial anion carrier protein.  
Inflammation ATF3 Activating transcription factor 3 Negative regulator of inflammatory cytokines. 

IL1B Interleukin 1 beta Proinflammatory cytokine. 
IL6 Interleukin 6 Proinflammatory cytokine.  
IL17D Interleukin 17D Regulatory cytokine, promotes Th17 

differentiation. 
DNA repair OGG1 8-oxo-guanine DNA glycosylase  Removal of 8-oxo-dG oxidative DNA lesions 

through base excision repair. 
TP53BP1 p53 binding protein 1 Promotes non-homologous end joining DNA 

repair.  
 

2.   Regulation of the NRF2 pathway 

2.1.   Transcriptional regulation of NRF2 expression 

The expression of NFE2L2 (hereafter NRF2) is regulated by numerous transcription factors. The 

NRF2 promoter contains xenobiotic response element (XRE)-like sequences that bind aryl 

hydrocarbon receptor (AhR)-AhR nuclear translocator (ARNT) dimers and activate NRF2 gene 

expression in response to polycyclic aromatic hydrocarbons (72, 73). The breast cancer 

susceptibility 1 (BRCA1) protein also mediates NRF2 expression through a mechanism that likely 

involves BRCA1-ARNT interaction (74, 75). A nuclear factor-kB (NF-kB) response element 

drives NRF2 expression upon lipopolysaccharide exposure and other pro-inflammatory stimuli 

(76, 77). The oncogenes KRAS, BRAF, and MYC activate the ERK pathway and induce NRF2 

expression through a TPA response element (TRE) in numerous cancers (78, 79). Other oncogenic 

pathways, such as phosphoinositide 3-kinase (PI3K)-AKT (also known as protein kinase B, PKB) 

(80) and NOTCH1 (81), have also been reported to drive NRF2 transcription. Interestingly, the 
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NRF2 promoter contains several ARE-like sequences, suggesting the existence of a positive-

feedback loop. Moreover, a SNP (rs6721961) located in one of these AREs reduces the expression 

of NRF2 and increases susceptibility to lung cancer (82). 

  

2.2.   Post-transcriptional regulation of NRF2 

Translation of the NRF2 mRNA can be regulated by the activity of microRNAs (miRNAs), which 

are short (20 nucleotides long) non-coding RNAs that inhibit translation or cause degradation of 

their target mRNAs (83). This mode of regulation was discovered in patients with homozygous 

sickle cell disease, where increased expression of miR-144 associated with reduced NRF2 levels, 

decreased GSH production, and sensitivity to oxidative stress (84). Overexpression of miR-27a, 

miR-28, miR-93, miR-142-5p, and miR-153 decreases NRF2 mRNA and protein levels (85-87). 

However, these results have been obtained by forcing overexpression of these miRNAs, so their 

physiological relevance has yet to be confirmed.  

 

2.3.   Post-translational regulation of NRF2 

The expression of NRF2, and thus its activity, is mainly controlled at the post-translational level 

by regulating the protein levels of NRF2. Although post-translational modifications of NRF2 in 

the form of phosphorylation, acetylation, methylation, and SUMOylation have been described (4), 

their overall contribution to NRF2 stability and activity is still not clear. NRF2 is ubiquitously and 

constitutively expressed, but its protein half-life is very low as it is constantly ubiquitylated and 

degraded by the 26S proteasome. Three E3 ubiquitin ligase complexes have been characterized as 

negative regulators of NRF2: KEAP1-CUL3-RBX1, β-TrCP-SCF, and HRD1. Of these, KEAP1-

CUL3-RBX1 is the main degradation pathway, with the other two having very context-dependent 
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activities and a more limited regulatory contribution (Figure 1.4). Moreover, KEAP1-mediated 

degradation can follow a canonical or a non-canonical pathway, as will be next discussed.    

 

 

 

 

 

 

 

 

 

 

 

 

2.3.1.   Canonical pathway  

The canonical pathway is the principal mode of NRF2 regulation; it is KEAP1-dependent and is 

activated upon electrophilic or oxidative stress that is sensed by KEAP1 cysteines, mainly, C151 

(88). This is supported by numerous studies indicating that KEAP1 genetic disruption (i.e. 

knockout mice, knockdown in human cell lines, somatic mutations and promoter hypermethylation 

in cancer cells) is sufficient to increase the protein levels of NRF2 as well as its transcriptional 

activity, as assessed by increased expression of its target genes (89-92). As mentioned above, the 

Neh2 domain of NRF2 interacts with the Kelch domains of two molecules of KEAP1. Under 

homeostatic conditions, this two-site interaction is dynamic and follows the “hinge and latch” 

 
 
Figure 1.4 Post-translational regulation of NRF2. The three main NRF2 E3 ubiquitin ligase complexes (red) 
and their activating stimuli (teal) are depicted. Adapted from (1). 
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model: the high affinity ETGE domain (hinge) remains bound to the Kelch domain while the lower 

affinity DLG motif (latch) cycles between a closed and an open conformation with the other Kelch 

domain (Figure 1.5) (93-95). When the complex is in the closed conformation, the lysine residues 

of NRF2 are polyubiquitylated by the CUL3-RBX1 E3 ubiquitin ligase (11, 95). Next, 

polyubiquitylated NRF2 is extracted from this protein complex by the AAA+ ATPase p97 (also 

known as valosin-containing protein, VCP), which delivers NRF2 to the 26 S proteasome to be 

degraded, as recently described by our group (96). The regenerated KEAP1 dimer then binds to 

newly synthesized NRF2 and the cycle starts again. Therefore, the basal level of NRF2 is kept low 

by constant KEAP1-mediated degradation. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 
 
Figure 1.5 The canonical NRF2 pathway.  
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Upon exposure to ROS or electrophiles that covalently modify C151, a conformational 

change in KEAP1 occurs (97) that presumably locks the complex in a closed conformation that 

does not favor NRF2 ubiquitylation and allows for the accumulation of newly synthesized NRF2 

(Figure 1.5) (95). Free NRF2 translocates via importins to the nucleus, where it activates the 

transcription of its target genes (Figure 1C, 5) (98, 99). Upon restoration of redox homeostasis or 

once chemopreventive compounds are metabolized and removed, NRF2 signaling is terminated 

when KEAP1 travels into the nucleus to retrieve NRF2 back into the cytosol to be degraded (Figure 

1.5) (99, 100). Additionally, NRF2 promotes the transcription of KEAP1, resulting in a negative 

feedback loop (101). Therefore, this tightly regulated mode of NRF2 activation results in transient 

NRF2 signaling. 

 

2.3.2.   Non-canonical pathway 

In 2010, five groups including ours independently identified a second mode of NRF2 regulation 

that was KEAP1-dependent but independent of cysteine modifications. This non-canonical 

pathway involves crosstalk of the NRF2 pathway with autophagy (102-106). Macroautophagy 

(herein autophagy) is an intracellular degradation pathway responsible for the recycling and 

removal of long-lived or damaged proteins and organelles. Autophagy starts with the formation of 

a double-membrane phagophore or isolation membrane that elongates to form a double membrane 

bound autophagosome (Figure 1.6) (107). During elongation, autophagosomes sequester cargo and 

cytosol in bulk, but sequestration of specific cargo can also be achieved by interaction with 

autophagy receptors, such as sequestosome 1 (SQSTM1), also known as p62 (108). p62 is a 

multidomain protein that contains an N-terminal Phox and Bem1 (PB1) domain for 

oligomerization and interaction with other proteins; a ZZ-type zinc finger that mediates interaction 
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with receptor-interacting serine/threonine protein kinase 1 (RIP1); a TRAF6 binding site (TB); a 

microtubule-associated protein 1A/1B-light chain 3 (LC3)-interacting region (LIR); a KEAP1-

interacting region (KIR); and a C-terminal polyubiquitin-binding (UBA) domain (Figure 1.7) 

(109). p62 binds polyubiquitylated proteins via its UBA domain and brings them into the 

autophagosome via its LIR domain, which binds to LC3, a key protein found in the autophagosome 

membrane (108). Autophagosomes then binds to the lysosomes and form an autolysosme and 

degrade the cargo. Both LC3II (a phosphatidylethanolamine-conjugated LC3 associated with the 

autophagosome membrane) and p62 are also degraded along with the cargo, so their protein levels 

can be used as indicators of successful completion (reduction) or blockage (accumulation) of 

autophagy (110, 111).  

 

 

 

 

 

 

 

 

 

  

Crosstalk between the NRF2 pathway and autophagy occurs through the interaction of p62 

with KEAP1 (102-106). The KIR domain in p62 contains a DPSTGE motif, which gets 

phosphorylated in the serine (S) residue by the kinase mammalian target of rapamycin (mTOR); 

 
 
Figure 1.6 The autophagy pathway. Key steps and components of autophagy are depicted.    
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thus the phosphorylated S closely resembles the glutamic acid (E) of the ETGE motif of NRF2 

and increases the affinity of p62 KIR-KEAP1 Kelch binding (112). As a result, KEAP1 is 

sequestered in the autophagosomes and NRF2 accumulates and activates gene expression (Figure 

1.4) (102, 103). The relevance of this pathway is supported by studies indicating that p62 levels 

directly affect the half-life of KEAP1, since knockdown of p62 increases the levels of KEAP1 

while p62 overexpression decreases them (106). Furthermore, NRF2 promotes ARE-dependent 

expression of p62 creating a positive feedback loop (104). Interestingly, the fate of KEAP1 

depends on the state of autophagy. When autophagy is functional KEAP1 gets degraded; however, 

when autophagy is dysregulated either by inhibition of initiation by Atg5 or Atg7 knockout, or by 

blockage of late stage autophagy flux by bafilomycin A1 (BAF, inhibitor of lysosomal 

acidification) or arsenic (inhibitor of autophagosome-lysosome fusion), p62 accumulates and 

sequesters KEAP1 into protein aggregates (102, 113). This non-canonical pathway results in 

prolonged NRF2 activation, since KEAP1 has to be synthesized de novo to turn off the pathway 

and has been shown to contribute to tissue damage and carcinogenesis (44, 114, 115).  

 

 

 

 

 

 

Other ETGE-containing proteins have been reported to bind to KEAP1 and inhibit NRF2 

degradation, and although their effect is smaller than that of p62, it has been suggested these 

proteins might be involved in the basal NRF2 activity seen in unstressed conditions (4, 116). These 

 
Figure 1.7 Structure of p62. The six domains of p62 are shown. The STGE motif is highlighted. Proteins that 
interact with specific domains are depicted.  
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include dipeptidyl peptidase 3 (DPP3) (117), Wilms tumor gene on X chromosome (WTX) (118), 

IkB kinase (IKK)b (119), phosphoglycerate mutase family member 5 (PGAM5) (120), and partner 

and localizer of BRCA2 (PALB2) (121). Only two NRF2 binding proteins, p21 and BRCA1, have 

been described to date (122, 123). While p21 interacts with either the DLG or ETGE motif, 

BRCA1 binds only to the ETGE motif. Interestingly, both proteins are required to maintain 

physiological levels of NRF2 under basal conditions and for full induction after oxidative or 

electrophilic challenge. Importantly, human breast tumors with BRCA1 mutations and sporadic 

basal-like tumors have lower expression of the NRF2 target gene NQO1, confirming the 

importance of this regulatory mechanism (123). Collectively, these studies suggest that 

accumulation of these KEAP1 and NRF2 interacting proteins in cancer or other pathological 

conditions might increase NRF2 signaling in the absence of mutations in NRF2 or KEAP1. 

 

2.3.3.   KEAP1-independent regulation 

In addition to the KEAP1-CUL3-RBX1 E3 ubiquitin ligase complex, two other complexes have 

been described to negatively regulate the abundance of NRF2: the β-TrCP-SKP1-CUL1-RBX1 

and the HRD1 complexes (Figure 1.4). These complexes may be operational when KEAP1 activity 

is compromised or under redox homeostatic conditions (17, 124). Interestingly, these two 

complexes have been described as negative regulators of NRF1 (125). Very recently, a third 

complex has been described but it has yet to be validated functionally in vivo.  

β-TrCP-dependent regulation of NRF2. The identification of a redox-insensitive degron 

in the Neh6 domain of NRF2 eventually led to the identification of a new E3 ubiquitin ligase 

complex for NRF2 degradation (17). The Neh6 domain contains the DSGIS and DSAPGS motifs, 

which are each independently recognized by the WD40 substrate adaptor β-TrCP (18, 20). 
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However, phosphorylation of the DSGIS motif by GSK-3β greatly increases the affinity of β-TrCP 

for NRF2 (18, 126). Through its F-box motif, β-TrCP binds to SKP1-CUL1-RBX1 E3 ubiquitin 

ligase complex and ubiquitylates NRF2 in a KEAP1-independent manner (18, 20). Importantly, 

this mode of NRF2 regulation could be operational both in the cytosol and the nucleus (124). 

Interestingly, the activities of GSK-3β and NRF2 are inversely correlated in neurological diseases, 

cancer, diabetes, and chronic inflammation (19, 124). Consequently, overactivation of GSK-3β 

has been linked to pathologic repression of NRF2 even in the presence of oxidative stress where 

KEAP1 is inactivated (127, 128). Overall, this mode of regulation could integrate signals from 

receptors such as WNT, ion channels, GPCRs, and growth factors, all of which modulate the 

activity of GSK-3β or could influence NRF2 phosphorylation (124). 

HRD1-dependent regulation of NRF2. The protein synoviolin (hereafter HRD1) is an ER 

membrane-associated E3 ubiquitin ligase that was recently identified by our group as a negative 

regulator of NRF2 during cirrhosis (129). Cirrhotic livers are characterized by increased ROS 

production and ER stress, which activates the unfolded protein response (UPR) (130). One arm of 

the UPR response signals through the inositol-requiring protein 1α (IRE1α), an endoribonuclease 

that cleaves the mRNA of XBP1u to yield the spliced and transcriptionally active XBP1s (131). 

XBP1s induces the expression of genes involved in ER-associated degradation (ERAD), such as 

HRD1. Our group identified that HRD1 interacts with the Neh4-5 domains of NRF2 and mediates 

its degradation under ER stress (129). Current investigations in our laboratory aim to identify the 

mechanistic details of this mode of regulation, such as the involvement of p97 for extraction of 

ubiquitylated NRF2 after HRD1-mediated ubiquitylation and to identify other proteins in this E3 

complex.  
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2.3.4.   Regulation of NRF2 subcellular localization 

Even under induced conditions and upon protein accumulation, the activity of NRF2 can be 

compromised if it is sequestered by other proteins and mislocalized. In the premature aging 

Hutchinson-Gilford progeria syndrome (HGPS), a mutation in the LMNA gene gives rise to a short 

lamin A protein known as progerin, which causes a number of nuclear and redox alterations that 

affect primarily mesenchymal stem cell populations (132). Progerin binds to NRF2 and causes 

subnuclear mislocalization, impairing its transcriptional activity (133). Interestingly, increased 

oxidative stress or NRF2 knockdown recapitulate some of the HGPS-associated effects even in the 

absence of progerin (133), highlighting the prominent role of ROS in the induction of premature 

senescence. Conversely, pharmacological NRF2 activation in HGPS fibroblasts reduced ROS, 

stimulated proteasomal and autophagic clearance of progerin, ameliorated progeria-associated 

nuclear defects, and induced proliferation (133, 134). Caveolin-1, an integral membrane protein 

enriched in plasma membrane invaginations called caveolae, has also been shown to bind directly 

to NRF2 under basal conditions and delay its nuclear translocation upon oxidative stress, leading 

to p53-p21-induced senescence (135, 136). However, this mechanism has yet to be confirmed in a 

relevant pathophysiological model.  

 

3.   NRF2 in disease prevention 

As mentioned earlier, NRF2 was recognized as the transcription factor responsible for activating 

the gene expression program for the conversion and excretion of xenobiotics, as well as the 

mediator of cancer chemopreventive compounds. Further evidence was gathered regarding the 

protective roles of NRF2 came from the development of Nrf2-/- mice. These mice develop normally 

and the only obvious phenotypical change they display is teeth discoloration, which results from 
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aberrant iron transport (137). However, Nrf2-/- mice have lower or nearly absent basal and induced 

expression of ARE-containing target genes and lower GSH content compared to wild type mice, 

which makes them more susceptible to acetaminophen (138), tobacco smoke (139), chemical 

carcinogens like benzo[a]pyrene (140), hydroxybutylnitrosamines (141), urethane (142), and 7,12-

dimethylbenz[a]anthracene (143), hyperoxia (144), peroxides (145), LPS-induced inflammation 

(146), among others. Furthermore, the protective effects of chemopreventive compounds that act 

mainly through NRF2 activation are completely lost in Nrf2-/- mice. These results helped establish 

NRF2 as a pharmacological target for disease prevention. Numerous studies have documented the 

effectiveness of pharmacological NRF2 activation in the protection against cirrhosis (130), lung 

pathologies (emphysema, asthma, acute lung injury, fibrosis) (147-150), neurodegenerative 

disorders (Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis) (128, 151, 

152), lupus nephritis (153), diabetes and its complications (nephropathy, impaired wound healing) 

(154-156), skin pathologies (photodamage, dermatitis, psoriasis, hair graying) (157-160), as well 

as for cancer prevention (116).   

 

3.1.   Mechanisms of NRF2-dependent cancer chemoprevention 

Cancer is a major global health burden and the second leading cause of death in the United States 

(161). While the incidence and death have slowly decreased in the past 25 years, much can still be 

improved (161). Between 30-60% of cancers can be attributable to environmental and lifestyle 

factors, mainly tobacco and alcohol consumption, infections, hormonal factors, 

diet/obesity/physical activity, exposure to ultraviolet (UV) and ionizing (IR) radiation, and 

exposure to environmental and occupational carcinogens (162). When these exposures cannot be 

prevented or decreased, activation of NRF2 by chemopreventive compounds has emerged as a 
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feasible strategy to prevent carcinogenesis, as supported by numerous in vivo studies, expertly 

reviewed before (116, 163). The mechanisms by which NRF2 prevents carcinogenesis are the 

following: 

• Induction of antioxidant enzymes. Increased production of GSH by induction of GCLC, 

GCLM, GS, GSR1, and xCT, as well as increased expression of antioxidant enzymatic 

systems such as TXN1/TRXR1, GPX2, SRXN1, and PRDX, enhances the cellular capacity 

to neutralize ROS that could be mutagenic or alter signaling cascades (30).  

• Induction of drug metabolism and disposition enzymes. Phase II enzymes mediate 

conjugation reactions to reduce the reactivity and hydrophobicity of phase I bioactivated 

carcinogens and electrophiles and to promote their excretion by phase III transporters. 

Examples of NRF2 target genes involved in phase I are AKRs, NQO1, EPHX1; phase II 

are GSTs, UGT1A1, and SULT1A1 (4). Transporters induced by NRF2 include members 

of the ABC/MRPs families (4).  

• Increased NADPH production. NADPH is a cofactor used as a donor of reducing 

equivalents used in anabolic metabolism but also in the neutralization of ROS by 

antioxidant enzymes. NRF2 induces the expression of enzymes that produce NADPH, such 

as G6PD, PGD, IDH1, and ME1 (53, 80, 164-166).  

• Maintenance of genome integrity. NRF2 induces the expression of 8-oxoguanine DNA 

glycosylase (OGG1), the enzyme that removes 7,8-dihydroxy-8-oxo-2’-doexyguanosine 

(8-oxo-dG) by base excision repair, the most abundant oxidative DNA lesion in both the 

nucleus and the mitochondria (167-169), as well as the expression of p53 binding protein 

1 (53BP1), a component of non-homologous end joining DNA repair that protects against 

IR-induced chromosomal aberrations (170, 171). Furthermore, RAD51, RAD52, XRCC2, 
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XRCC3, DMC1, RBBP8, and SHFM1 are putatively regulated by NRF2 since their genes 

contain AREs but functional studies are required for their validation (172). 

• Regulation of autophagy. NRF2 induces the expression of p62 and the autophagy initiating 

proteins CALCOCO, ULK1, ATG5, and GABARAPL1 (173) to promote clearance of 

damaged or oxidized proteins and of dysfunctional mitochondria. This maintains 

proteostasis and prevents generation of ROS (174).   

• Reducing inflammation. Cancer is considered a chronic inflammation condition (175). 

Inflammation promotes tumor progression, invasion and metastasis. NRF2 reduces 

inflammation by negatively regulating the expression of pro-inflammatory cytokines, such 

as TNF-α, IL-6, and IL-1β (176). By reducing ROS and increasing GSH production, NRF2 

contributes to CD8+ T cell anti-cancer function (177, 178) and reduces the activity of 

myeloid derived suppressor cells (MDSCs), which are involved in tumor-promoting 

inflammation (179-181).  

Recently, our laboratory dissected the differential effects of activating NRF2 for the 

prevention of chemical-induced (vinyl carbamate in sensitive A/J mice) versus genetically induced 

(KRASG12D activation in Club cells by Cre recombination in C57BL/6J mice) lung cancer (182). 

In the setting of these two models, two treatment schemes (before initiation with chemical 

treatment/KRASG12D expression versus after initiation) were followed with the NRF2 activator SF 

or the NRF2 inhibitor brusatol. Our results indicated that NRF2 activation prevents initiation of 

chemically induced tumors but has no effect on genetically induced tumors. This indicates that 

NRF2 activation is not effective against the tumorigenic effects of strong oncogenes, such as 

KRASG12D, whose mechanisms involve direct modulation of proliferation, survival, and 

inflammation (183). Moreover, even though KRAS induces the mRNA expression of NRF2, we 
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showed that SF could further activate it in tumor tissues. However, NRF2 activation after tumor 

initiation promotes progression of both chemically and genetically induced tumors, an effect 

consistent with the dark side of NRF2. Importantly, inhibition of NRF2 after tumor initiation is 

effective against the progression of both types of tumors.   

 

 

 

 

 

 

 

 

 

 

 

 

3.2.   NRF2-based chemoprevention 

Activation of NRF2 for cancer chemoprevention can be achieved by natural or synthetic 

compounds that can be further classified according to their chemical properties and mechanisms 

of action Figure 1.8 (2). The most characterized NRF2 activators are electrophilic compounds, 

which act mainly by modification of KEAP1 cysteines, as explained above, and can thus be 

considered canonical NRF2 activators. Examples of natural electrophilic NRF2 activators include 

SF, curcumin, epigallocatechin-3-gallate, and garlic organosulfur compounds, among many others 

 
 
Figure 1.8 NRF2-targeted therapeutics. Adapted from (2). 
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that have been extensively reviewed (116, 184, 185). Our lab has identified other natural product-

derived NRF2 activators, such as cinnamic aldehyde (186-188), oridonin (189), tanshinone I (190, 

191), and the curcumin derivative BHBA (192). Interestingly, studies suggest that using pro-

electrophilic compounds would reduce toxicity and increase target-organ specificity; examples of 

this are carnosic acid and carnosol (193-195). Our laboratory has identified the achiote-derived 

apocarotenoid bixin as a natural NRF2 activator which may also function as a prodrug (157, 196), 

although this grants further studies. Some synthetic electrophilic NRF2 activators include oltipraz 

(197), dimethylfumarate (198), tBHQ (199), and bardoxolone (CDDO) (200). A very important 

feature of these canonical NRF2 activators is that they cause a transient response (Figure 1.9), the 

duration of which might be dependent on the time it takes to metabolize and excrete the inducer 

and to restore KEAP1 activity to return NRF2 to basal levels.  

 

 

 

 

 

 

 

 

 There are other classes of NRF2 activators that are not electrophilic and do not work 

through the canonical pathway. These comprise peptides that mimic the ETGE motif (201, 202) 

and small molecules that inhibit the KEAP1-NRF2 interaction (203-206). but more studies are still 

needed to verify their specificity and to develop them into drugs. KEAP1-independent inducers 

 
 
Figure 1.9 Modes of NRF2 activation.  
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have also been recently described. Synthetic GSK-3b inhibitors have been shown to activate NRF2 

in the context of Alzheimer’s disease and to reduce ROS and inflammation in neuronal cell lines 

(128). Overall, more studies are still needed to verify their specificity of these compounds and to 

develop them into drugs. Furthermore, our laboratory discovered that the IRE-1 inhibitor 4µ8C 

and the HRD1 inhibitor LS-102 could restore NRF2 levels in a CCl4-induced liver cirrhosis mouse 

model (129). Considering other possible druggable targets that could activate NRF2, we 

hypothesized that inhibitors of b-TrCP-NRF2 interaction or compounds that enhance p62-KEAP1 

interaction could be developed as NRF2 activators (2). However, it must be ensured that these 

compounds do not cause prolonged activation of NRF2, which could have adverse effects, as will 

be explained next. 

 There is still a current need for potent, specific, and safe NRF2 activators for disease 

prevention. Up to date, only the electrophilic canonical NRF2 activators SF, CDDO, and DMF 

have entered clinical trials in the United States (clinicaltrials.gov). Of these, only DMF has been 

approved by the FDA for the treatment of multiple sclerosis under the brand name Tecfidera (207). 

Understanding these need our lab has devoted many efforts to the development of an NRF2 

activator with the potential to transition from the bench to the bedside. Our strongest candidate is 

bixin, for its efficacy, safety, and the fact that it has been already approved by the FDA as a food 

additive. Chapters 2-4 will focus on bixin studies derived from our laboratory. 

 

4.   NRF2 in disease intervention 

Not long after the characterization of the antioxidant and cytoprotective effects of NRF2 activation 

studies identified that aberrant activation of NRF2 could contribute to the pathogenesis of diseases, 

including cancer. This aberrant activation can be of two types: (i) constitutive activation due to 
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loss or regulatory control, and (ii) prolonged activation due to alterations in the regulatory 

components (Figure 1.9), as will be explained next.  

 

4.1.   Constitutive NRF2 activation in cancer 

In the mid 2000s several groups including ours hypothesized that NRF2 could be involved in 

cancer chemoresistance for its ability to increase drug metabolism and disposition, as well as for 

the induction of antioxidant, antiapoptotic, and repair proteins. Direct evidence of aberrant NRF2 

signaling came from Yamamoto’s group with the identification of KEAP1 mutations in a lung 

cancer patient sample and in two lung cancer cell lines (91). These mutations occurred in the Kelch 

domain and reduced the interaction of KEAP1 with NRF2, resulting in constitutive activation of 

NRF2 and increased expression of NRF2 target genes. This study mentioned for the first time that 

uncontrolled activation of NRF2 could have a role in cancer progression. Next, Biswal’s group 

sequenced KEAP1 in 56 patient samples and 12 lung cancer cell lines and determined that KEAP1 

mutations are somatic events that occur only in cancer cells (208). They identified several 

mutations throughout the IVR and Kelch domains that increased the levels of NRF2 and its 

downstream genes and conferred chemoresistance. Moreover, they found that loss of 

heterozygocity (LOH) is a common event by which cancer cells lose expression of the wild type 

KEAP1 allele and maintain only the mutated allele. Subsequent studies corroborated the high 

frequency of KEAP1 mutations in lung adenocarcinoma (209). The Cancer Genome Atlas (TCGA) 

project characterized the genomic and epigenomic landscape of squamous cell carcinomas and 

reported mutations and copy number alterations for KEAP1 and NRF2, as well as deletions or 

mutations of CUL3, in over 30% of the cases (210). The research led by Lander and Getz 

determined that in lung adenocarcinoma, KEAP1 is as frequently mutated as TP53, whereas in 
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lung squamous carcinoma both KEAP1 and NRF2 are among the most mutated genes (211). 

Interestingly, mutations in NRF2 occur mostly on the DLG or ETGE domains that interact with 

KEAP1, whereas KEAP1 mutations have no clear hotspots (91, 208, 210, 212). The biological 

effect of NRF2 mutations is reduced or impaired interaction with KEAP1, while the KEAP1 

mutations can either reduce its interaction with NRF2 (and thus reduce ubiquitylation) or generate 

“super-binder” KEAP1 with decreased degradation of ubiquitylated NRF2 (91, 208, 212-214). 

Alterations found in CUL3 reduce its expression and abrogate ubiquitylation of NRF2 (215). Thus 

far, somatic mutations, copy number loss, and epigenetic silencing have been described as 

mechanisms that downregulate CUL3 and activate NRF2 signaling (215-217).  RBX1 can be either 

upregulated or downregulated in cancer, but in relation to NRF2 activation, studies have identified 

reduced expression by deletion or promoter hypermethylation (216-218). Other mechanisms that 

constitutively activate NRF2 include KEAP1 promoter hypermethylation, identified in cancers 

with no detectable mutations but low expression of KEAP1 the promoter is hypermethylated in 

CpG islands proximal to the transcriptional start site (92, 217, 219-223);  NRF2 splice variants, 

due to somatic genomic microdeletions that give rise to shorter NRF2 transcripts in which exon 2 

or exons 2/3, which comprise the Neh2 domain, have been deleted (224); and a KEAP1 splice 

variant that yields a smaller, non-functional protein in a prostate cancer cell line (222). 

In addition to these mechanisms that cause constitutive activation of NRF2 signaling, other 

mechanisms contribute to increase the abundance of NRF2 and achieve prolonged activation. 

These include oncogenic activation of NRF2 expression and accumulation of proteins that compete 

with either KEAP1 or NRF2 for binding to each other, as was explained earlier in section 2.3.2. 

These mechanisms would be of relevance in tumors that lack any alterations in components of the 

NRF2 pathway but still display hyperactivation. Another mechanism is mediated by adduction of 
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KEAP1 cysteines by oncometabolites. In hereditary type 2 papillary renal cell carcinoma, the 

tricarboxylic acid cycle (TCA) enzyme fumarate hydratase (FH) is mutated, causing accumulation 

of fumarate (35). Fumarate is an electrophilic metabolite that adducts KEAP1 cysteines in a 

process known as succination and causes NRF2 activation (35, 225). Altogether, constitutive or 

prolonged NRF2 activation results in the activation of a transcriptional program that supports all 

the hallmarks of cancer and thus promote tumor progression (78, 142, 182), metastasis (226), and 

resistance to chemo- and radiotherapy (1, 91, 208) (Figure 1.10). These pro-carcinogenic effects 

of dysregulated NRF2 activation are known as the dark side of NRF2 (Figure 1.9) (227).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.10 NRF2 and the hallmarks of cancer. Adapted from (1). 
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4.2.   NRF2 inhibition for cancer treatment 

The NRF2 transcriptional program contributes to many mechanisms of resistance, such as 

enhanced redox regulation (xCT, TRXR1, PRX1, GCLC, GCLM, NQO1, HO-1) (228-232), 

induction of autophagy (ATG3, p62) (233, 234), DNA repair (53BP1, RAD51) (171, 172), 

blocking apoptosis (BCL-2, BCL-xL, HIPK2) (235-237), and maintaining CSCs (238, 239). 

Specifically for chemoresistance, NRF2 also contributes by inducing the expression of drug 

metabolism and excretion proteins (MRP1, MRP2, MDR1, ABCG2) (231, 238, 240) and the 

formation of new proteasome particles (241). Thus, our laboratory pioneered the quest for NRF2 

inhibitors that could be used to treat cancer and prevent resistance to treatments. An extensive 

screening of a collection of natural product extracts identified brusatol, a quassinoid from the 

Chinese medicinal herb Brucea javanica, as an NRF2 inhibitor (242). Brusatol sensitized several 

cancer cell lines to chemotherapeutic drugs by reducing the protein levels of NRF2 and its target 

genes (242). In combination with cisplatin, brusatol enhanced the response of lung cancer cells in 

a xenograft model (242). Furthermore, using mouse lung cancer models (LSL-KrasG12D/+), we 

demonstrated co-treatment of cisplatin with brusatol reduced tumor burden and improved survival 

of mice. Although two recent publications have determined that brusatol is a global translation 

inhibitor (243, 244), it continues to be an outstanding tool to study NRF2 inhibition in cancer 

chemosensitization since short lived proteins such as NRF2 are most susceptible to protein 

translation inhibition. Nevertheless, the quest to identify specific NRF2 inhibitors (Figure 1.8) is 

current.  

A number of compounds that inhibit NRF2 have been reported. The Schultz lab discovered 

the ARE expression modulator 1 (AEM1), a small molecule inhibitor for which the precise 

mechanism of action has not been determined yet (245). The Biswal lab has identified ML385 as 



 45 

a molecule that binds to the Neh1 domain of NRF2, interfering with its dimerization with MAFG 

and preventing binding to the ARE (246). Interestingly, all these compounds seem to act 

preferentially in cancer cell lines with KEAP1 mutations, which might be due to their “addiction” 

to NRF2 signaling. Other natural products that negatively regulate NRF2 activity without a precise 

mode of action include trigonelline (241), malabaricone A (247), ochratoxin A (248), and wogonin 

(249). Additionally, nuclear receptors can bind directly to NRF2 and inhibit its transactivation 

activity, so some studies have proposed dexamethasone/budesonide (glucocorticoid receptor 

agonists), ATRA (retinoid acid receptor agonist), and 15d-PGJ2 (PPARγ agonists) as NRF2 

inhibitors (250). However, since the primary targets of these compounds are the nuclear receptors 

and not NRF2 specifically, these are unlikely to be developed as NRF2-targeted therapeutics. 

Considering the high frequency of molecular alterations that lead to constitutive activation 

of NRF2 and how this influences tumor progression, metastasis, and resistance to therapy, many 

studies have explored the potential of detecting NRF2 as a biomarker for prognosis and response 

to anti-cancer therapies. High NRF2 expression correlates with higher tumor grade, lymph node 

invasion, and distant metastasis (251-255). Also, high NRF2 expression confers worse prognosis 

because it is associated to shorter overall survival (OS), progression free survival (PFS), and 

disease free survival (DFS), as well as earlier recurrence (217, 252, 256-258). Recently, an NRF2-

associated molecular signature (NAMS) comprising 50 genes was identified (259). This NAMS 

predicts OS and DFS in lung cancer and is independent of traditional clinicopathological variables. 

Another study identified a molecular signature of 27 genes that are significantly upregulated in 

KEAP1 mutant NSCLC cell lines (224). This signature can separate lung adenocarcinomas into 

KEAP1 WT and mutant. The predictive value of high NRF2 expression and therapy resistance has 

been extensively evaluated in cancer cell lines and patient tumor samples (208, 260, 261). Thus, 
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high NRF2 correlates with resistance to fluorouracil (5-FU) (262, 263), carboplatin (208, 264), 

etoposide (208, 227, 265), doxorubicin (227, 266, 267), cisplatin (212, 227, 268), paclitaxel (231, 

269), taxol (239), bortezomib and carfilzomib (270-272). Therefore, the development of a safe, 

specific, and potent NRF2 inhibitor is a pressing issue (2). Also, it will be exciting to see the 

addition of NRF2 as a biomarker in the clinic. 

 

4.3.   Prolonged NRF2 activation in autophagy dysfunction 

The non-canonical pathway, when it arises from autophagy defects, causes prolonged activation 

of NRF2 (Figure 1.9) and can lead to cancer initiation and progression (273). Studies have 

demonstrated that genetically disrupting essential autophagy genes increases the incidence of 

spontaneous cancers. Beclin1+/- mice spontaneously develop B cell and lymphoblastic lymphomas, 

hepatocellular carcinoma (HCC), and lung adenocarcinoma, and causes hyperplasia of mammary 

gland tissues and spleen germinal centers, indicative of higher cellular proliferation rates (274, 

275). Mosaic deletion of Atg5 causes severe hepatomegalia and the appearance of multiple liver 

tumors in autophagy-deficient hepatocytes (276). Similarly, liver-specific Atg7 deletion causes 

tumor formation, but the phenotype was ameliorated by simultaneous deletion of p62 (276). This 

autophagy deficiency is accompanied by mitochondrial dysfunction, genomic instability and 

chronic inflammation (115, 276), all of which are of great importance for tumor initiation. 

Importantly, ATG7-deficient liver tissues contain KEAP1-p62 aggregates and show activation of 

the NRF2 pathway, assessed by increased expression of NQO1, and all these markers were also 

present in HCC samples from human patients (115). Subsequent studies in HCC cell lines revealed 

that cells with high expression of p62 contained KEAP1-p62 aggregates and increased levels of 

NRF2 and NQO1, and deletion of p62 abolished the formation of KEAP1-containing aggregates, 
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downregulated the NRF2 pathway, and impaired anchorage-independent growth (115). To validate 

that p62 accumulation causes liver tumorigenesis through prolonged NRF2 activation, Atg5f/f;Alb-

Cre;Nrf2-/- double knockout mice were generated. These mice had lower p62 expression and 

hepatomegaly, hepatic inflammation, fibrosis, and tumorigenesis were completely abolished, 

compared to mice Atg5-deficient mice. Together, these results demonstrate that prolonged NRF2 

activation through the non-canonical pathway contributes to carcinogenesis and forms part of the 

dark side of NRF2.  

Our group described for the first time that the environmental carcinogen arsenic blocks 

autophagy and thus causes prolonged NRF2 activation through the non-canonical pathway. 

Considering reports that indicated that arsenic induced autophagy (277-279), as seen by an 

increase in the formation of autophagosomes and an accumulation of LC3-II and p62, our lab 

investigated if arsenic could induce NRF2 through the non-canonical mechanism. Indeed, arsenic 

blocked autophagy, causing accumulation of p62 and sequestration of KEAP1 into 

autophagosomes and resulting in prolonged NRF2 activation (113). Recent investigations from 

our lab have determined that arsenic prevents the fusion of the autophagosome with the lysosome 

by disrupting the STX17-SNAP29-VAMP8 SNARE complex that mediates the fusion (280). 

Furthermore, current investigations in our lab are trying to determine if prolonged NRF2 activation 

by arsenic-mediated autophagy blockage plays the same role as the constitutive NRF2 activation 

observed in lung tumors due to genetic mutations in KEAP1 or NRF2, and others. We have also 

recently characterized the cytotoxic mechanisms of arsenic at low environmentally relevant levels 

that could contribute to its carcinogenicity (281), as will be explained in chapter 5. 
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CHAPTER 2: TARGETING NRF2 FOR IMPROVED SKIN BARRIER FUNCTION AND 

PHOTOPROTECTION: FOCUS ON THE ACHIOTE-DERIVED APOCAROTENOID 

BIXIN 

 

Text and figures from: Rojo de la Vega M, Krajisnik A, Zhang DD, Wondrak GT. Nutrients. 

2017;9(12):1371. doi:10.3390/nu9121371 

 

1.   Abstract 

The transcription factor NRF2 (nuclear factor-E2-related factor 2) orchestrates major cellular 

defense mechanisms including phase-II detoxification, inflammatory signaling, DNA repair, and 

antioxidant response. Recent studies strongly suggest a protective role of NRF2-mediated gene 

expression in the suppression of cutaneous photodamage induced by solar UV (ultraviolet) 

radiation. The apocarotenoid bixin, an FDA-approved natural food colorant (referred to as 

'annatto') originates from the seeds of the achiote tree native to tropical America, consumed by 

humans since ancient times. Use of achiote preparations for skin protection against environmental 

insult and for enhanced wound healing has long been documented. We have recently reported that 

(i) bixin is a potent canonical activator of the NRF2-dependent cytoprotective response in human 

skin keratinocytes, that (ii) systemic administration of bixin activates NRF2 with protective effects 

against solar UV-induced skin damage, and that (iii) bixin-induced suppression of photodamage 

is observable in Nrf2+/+ but not in Nrf2-/- SKH-1 mice confirming the NRF2-dependence of bixin-

induced antioxidant and anti-inflammatory effects. In addition, bixin displays molecular activities 

as sacrificial antioxidant, excited state quencher, PPAR (peroxisome proliferator-activated 

receptor) α/γ agonist, and TLR (Toll-like receptor) 4/NFκB (nuclear factor kappa-light-chain-
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enancer of activated B cells) antagonist, all of which might be relevant to the enhancement of skin 

barrier function and environmental stress protection. Potential skin photoprotection and 

photochemoprevention benefits provided by topical application or dietary consumption of this 

ethno-pharmacologically validated phytochemical originating from the Americas deserves further 

preclinical and clinical examination.  

 

2.   Introduction: Solar radiation, photodamage, photoaging, and skin photocarcinogenesis 

Exposure to solar ultraviolet (UV) radiation is a causative factor in acute skin photodamage, 

chronic photoaging, and photocarcinogenesis (282-285). More recently, a causative role of solar 

photons in the visible and infrared spectral range contributing to skin photodamage has been 

substantiated (286-289). Moreover, cutaneous exposure to other environmental stressors including 

combustion pollutants, heavy metals, metalloids, and ozone has been shown to contribute to skin 

damage and carcinogenesis. Remarkably, nonmelanoma skin cancer (NMSC; also referred to as 

keratinocyte cancers (KC)) is the most common malignancy in the United States, and skin cancer 

incidence is increasing rapidly, presenting a public health burden of considerable magnitude (290). 

Even though sunscreen-based photoprotection is an effective component of a sun-safe strategy to 

reduce cumulative lifetime exposure to UV light, much effort has been directed towards the 

development of more effective molecular strategies acting through mechanisms different from (or 

synergistic with) photon absorption (290-293). 

 

3.   NRF2: A master regulator of skin barrier function, cellular defense mechanisms against 

environmental stress, and solar radiation response 

The redox-sensitive transcription factor NRF2 (nuclear factor-E2-related factor 2) orchestrates 
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major cellular defense mechanisms including phase-II detoxification, inflammatory signaling, 

DNA repair, and antioxidant response, and recent experimental evidence supports an important 

role of NRF2 in skin barrier function. NRF2 has therefore emerged as a promising molecular target 

for the pharmacological prevention of human pathologies resulting from exposure to 

environmental toxicants including solar UV-induced damage and carcinogenesis (294-297). 

Moreover, the potential of NRF2 for modulation of skin chronological and photodamage-

associated aging has attracted considerable attention (290, 298, 299).  

 

4.   NRF2: Molecular biology and pharmacological modulation 

NRF2 is ubiquitously expressed in all tissues, including the skin, but its protein levels and 

consequently its activity are tightly regulated (Figure 2.1). Under basal (homeostatic) conditions, 

NRF2 resides in the cytosol, where it binds to its negative regulator Kelch-ECH associated protein 

1 (KEAP1), a substrate adaptor for a cullin 3-RING box protein 1 (CUL3-RBX1) E3 ubiquitin 

ligase complex (23). Thus, NRF2 is ubiquitylated and degraded by the 26 S proteasome (11). 

However, upon exposure to reactive oxygen species (ROS) or to electrophilic compounds, key 

sensor cysteine residues in KEAP1 (cysteine 151 in particular) are chemically modified, causing 

a conformational change in KEAP1 that prevents degradation of NRF2, which remains complexed 

to KEAP1 (33, 95). This allows newly synthesized NRF2 to accumulate and translocate to the 

nucleus, where it heterodimerizes with small MAF (musculoaponeurotic fibrosarcoma) proteins 

and binds to the antioxidant response elements (AREs) in the regulatory regions of its downstream 

genes (52). This mode of canonical NRF2 regulation has been extensively studied in the context 

of skin protection and pathogenesis. In addition, other modes of NRF2 regulation, such as the p62-

dependent non-canonical pathway that activates NRF2 in an autophagy-dependent manner (102, 
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103) or the GSK3-βTrCP degradation pathway (20, 126), have been described. However, the 

involvement of these other modes of NRF2 regulation in skin barrier function and environmental 

stress protection remains to be determined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Many natural chemopreventive compounds that have antioxidant properties exert their 

cytoprotective function through NRF2 activation. Classic examples of NRF2 inducers are 

sulforaphane (from cruciferous vegetables) (295), curcumin (from Curcuma longa) (300), 

 
 
Figure 2.1 The NRF2 pathway with a focus on skin barrier function and environmental stress protection. 
Select skin-relevant NRF2 target genes are displayed according to the cellular function they perform. GPXs, 
glutathione peroxidases; PRDXs, peroxiredoxins; SRXN1, sulfiredoxin 1; TXN, thioredoxin; TXNR1, thioredoxin 
reductase 1; GCLC, glutamate cysteine ligase, catalytic subunit; GCLM, glutamate cysteine ligase, modifier 
subunit; SLC7A11, glutamate/cystine antiporter (xCT); AKRs, aldoketoreductases; NQO1, NAD(P)H:quinone 
oxidoreductase 1; GSTs, glutathione S-transferases; ABCs, ATP-binding cassette family proteins; MRPs, 
multidrug resistance-associated proteins; LCEs, late cornified envelope family members; KRTs, keratins; SPRR, 
small proline rich proteins; OGG1, 8-oxo-guanine glycosylase; TP53BP1, p53 binding protein 1; RAD51, DNA 
repair protein RAD51 homolog 1; ME1, malic enzyme; IDH1, isocitrate dehydrogenase 1; G6PDH, glucose-6-
phosphate dehydrogenase; COX2, cytochrome c oxidase subunit 2; PSM, proteasome subunit proteins; SQSTM1, 
sequestosome 1 (p62); ATG5, autophagy-related gene 5; NOTCH1, Notch homolog 1, translocation-associated; 
EPGN, epigen; IGF, insulin-like growth factor; VEGF, vascular endothelial growth factor; FGF, fibroblast growth 
factor; BCL2, B cell lymphoma 2; CDKN1A, cyclin dependent kinase inhibitor 1A (p21); MiR, microRNAs. 
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cinnamaldehyde (from cinnamon) (156, 186), and tanshinones (from Salvia miltiorrhiza) (191), 

among many others. These compounds are electrophilic molecules that react with cysteine 151 of 

KEAP1, induce NRF2, and confer protection against a number of chemical insults or radiation 

damage (including UV) observable in vitro and in vivo (301-303). Recently, a synthetic 

triterpenoid NRF2 modulator and bardoxolone-derivative, RTA 408, has been tested for topical 

NRF2 activation in rat, murine, and human skin (304, 305), but limited data on skin protection 

properties are available. Taken together, a significant opportunity for the development of 

cutaneous NRF2-dependent skin protection strategies using nutrient-derived molecular entities 

remains to be explored.  

 

5.   NRF2 control of skin barrier structure and function 

Recently, it has been shown that numerous genes encoding skin barrier structural and functional 

components are under NRF2 transcriptional control, including late cornified envelope 1 (LCE1) 

family members (LCE1B, LCE1C, LCE1E, LCE1G, LCE1H, LCE1M), keratins (KRT6A, KRT16, 

KRT17), small proline rich proteins (SPRR2D, SPRR2H), secretory leukocyte protease inhibitor 

(SLPI), and the EGF family member epigen (EPGN), some of which contain a validated ARE 

(306-310). Moreover, a novel role of NRF2 in skin barrier and desmosome function has been 

attributed to transcriptional control of MiR-encoding genes (MIR29AB1 and MIR29B2C) in 

keratinocytes, substantiating a novel NRF2-miR29-DSC2 (desmocollin-2) axis in control of 

desmosome function and cutaneous homeostasis (311). In addition, much research has 

substantiated a role of NRF2 in epidermal redox control, stress response regulation, terminal 

differentiation, and barrier homeostasis, and a crucial role of NRF2 in the control of a 
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cytoprotective glutathione gradient throughout the epidermis has been demonstrated (157, 302, 

307, 308, 312).  

 Additional functional implications of NRF2 relevant to skin barrier maintenance, repair, 

and rejuvenation have recently emerged, including a role in metabolic control and mitochondrial 

homeostasis, proteasomal function and autophagy, and stem cell renewal and pluripotency (313-

315). Moreover, abundant functional crosstalk exists between NRF2 and other cutaneous stress 

response pathways including AhR (arylhydrocarbon receptor) and NFκB (316-318). For example, 

the co-occurrence of ARE- and xenobiotic response element (XRE)-sequences in the promoter 

region of several AhR-controlled genes (including NQO1 (NAD(P)H quinone oxidoreductase 1) 

and GST (glutathione-S-transferase)) indicates mechanistic crosstalk between NRF2 and AhR at 

the gene expression level (72). Likewise, direct AhR binding to XREs located in the NRF2 

promoter region has been confirmed by immunoprecipitation analysis, enabling AhR agonists to 

induce NRF2 expression at the mRNA and protein levels. It has also been demonstrated that 

protease-activated receptor-2 (PAR-2), an important mediator of inflammation and immune 

responses by serine proteinases, activates NQO1 via NRF2 stabilization in keratinocytes, 

suggesting that in addition to induction of inflammation, PAR-2 can play a cytoprotective role that 

depends on NRF2 (319). 

 

6.   NRF2 in skin pathology 

A substantial body of experimental evidence indicates that NRF2 dysregulation, either due to 

insufficient adaptive activation in response to environmental stressors or due to constitutive 

hyperactivation as a result of genetic alterations that may also involve KEAP1, has detrimental 

effects compromising skin barrier function and stress responses. Seminal research has documented 
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that constitutive epidermal NRF2 overactivation through permanent genetic deletion of KEAP1 

caused hyperkeratosis in murine skin (89). It has also been demonstrated that forced constitutive 

NRF2 overactivation causes chloracne-like skin disease characterized by acanthosis, 

hyperkeratosis, and cyst formation in mice (310). Likewise, oncogenic NRF2 mutations have been 

detected in squamous cell carcinomas of the oesophagus and skin (227, 320, 321).  In contrast to 

compromised skin structure and function that may originate from both impaired NRF2 activation 

as well as forced hyperactivation, NRF2 activation in healthy skin is transient and subject to 

extensive feedback regulation and modulatory crosstalk. Pharmacological modulation of NRF2 in 

skin aiming at therapeutic, preventive, or regenerative benefit must therefore be performed without 

causing prolonged hyperactivation of the pathway as has been discussed before (88, 321).  

 Wound healing. Recent research indicates that a glutathione-NRF2-thioredoxin cross-talk 

enables keratinocyte survival and wound repair through modulation of inflammation, apoptosis, 

and oxidative stress (322). Importantly, substantial research has identified an essential role of 

NRF2 in diabetic wound healing, amenable to therapeutic intervention using small molecule NRF2 

activators such as sulforaphane and cinnamaldehyde (155, 156).   

 Psoriasis. In psoriasis, NRF2 is an important driver of keratinocyte proliferation with up-

regulation of keratin 6, keratin 16, and keratin 17 (323). However, NRF2-directed intervention in 

psoriasis is efficacious since the anti-psoriatic drug monomethylfumarate increases NRF2 levels 

and induces aquaporin-3 mRNA and protein expression, important for keratinocyte differentiation 

(159).  

 Allergic dermatitis. NRF2 activation has been identified as a key event triggered by 

common skin sensitizers known to be cysteine-directed electrophiles (324-327). However, 

pharmacological NRF2 activation using ginger-derived 6-shogaol has shown efficacy in 



 55 

allergic dermatitis-like skin lesions through anti-inflammatory redox modulation (328).  

 Atopic dermatitis. Redox dysregulation is an emerging causative factor contributing to 

compromised skin barrier function in atopic dermatitis, and pharmacological intervention targeting 

NRF2 has shown promise targeting atopic dermatitis-like skin lesions in 2,4-dinitrochlorobenzene 

(DNCB)-sensitized and challenged mice (329, 330).  

 Melanocytic dysfunction. It is now understood that NRF2 also plays an essential role in 

the maintenance of melanocyte responses to environmental stressors. NRF2 has been implicated 

in cutaneous pigmentation disorders resulting from redox alterations relevant to vitiligo and stress-

induced and chronological hair greying (331-334). Interestingly, recent evidence suggests that 

NRF2 plays a role in facilitating glutathione-dependent chemoresistance of malignant melanoma 

cells (335). 

 Chronological aging and progeria. Increasing evidence indicates a role of NRF2 in the 

control of chronological cellular aging (336-338). Recently, an unanticipated mechanistic role of 

NRF2 dysfunction as a key contributor to premature aging has been proposed in the genetic 

premature aging disorder Hutchinson-Gilford progeria syndrome (HGPS), attributed to increased 

chronic oxidative stress (133, 339). In HGPS, a de novo LMNA (lamin A/C) gene mutation 

encodes for progerin, a dysfunctional nuclear architectural protein variant of lamin A lacking 50 

amino acids. Progerin formation is also observed during normal cellular aging, and chronic UVA 

exposure has been shown to induce progerin in cultured human dermal fibroblasts (340). Recent 

experimental evidence suggests that progerin sequesters NRF2 and thereby causes its subnuclear 

mislocalization, resulting in impaired NRF2 transcriptional activity and consequently increased 

chronic oxidative stress. Importantly, reactivation of NRF2 activity in HGPS patient cells reverses 

progerin-associated nuclear aging defects, suggesting that progerin-dependent repression of 
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NRF2-mediated antioxidant responses is a key factor underlying HGPS-type premature aging with 

potential relevance to chronological aging and UVA-induced photoaging. 

NRF2 in skin photodamage. Recent studies strongly suggest a protective role of NRF2-

mediated gene expression in the suppression of cutaneous photodamage induced by solar UV 

radiation (as evidenced by suppression of UV-induced apoptosis and inflammatory signaling), and 

NRF2 activation has been shown to protect cutaneous keratinocytes and fibroblasts against the 

cytotoxic effects of UVA and UVB (186, 191, 295, 297, 298, 341-348). Importantly, research 

performed in SKH-1 mice documents that genetic NRF2 activation protects mice against acute 

photodamage and photocarcinogenesis (303, 349). Therefore, pharmacological modulation of 

NRF2 has now attracted considerable attention as a novel approach to skin photoprotection, cancer 

photochemoprevention, and suppression of skin photoaging (157, 191, 301, 346).  Indeed, 

protection of primary human keratinocytes from UVB-induced cell death by novel drug-like NRF2 

activators has been reported, a photoprotective effect attributed in part to NRF2-dependent 

elevation of cellular glutathione levels (307, 347, 350).  

 Our own studies have demonstrated the photoprotective effects of pharmacological NRF2 

activation in cultured human skin cells and reconstructed epidermal skin models (157, 186, 191). 

Topical application of NRF2 inducers, e.g. the synthetic NRF2-activator TBE-31, has shown 

pronounced photoprotective and photochemopreventive activity in murine skin, and suppression 

of solar UV-induced human skin erythema was achieved by topical application of a standardized 

broccoli extract delivering the NRF2 inducer sulforaphane (303). However, little research has 

explored the concept of cutaneous photoprotection and photochemoprevention achievable by 

systemic administration of NRF2 inducers (157, 351).  
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7.   Systemic photoprotection by dietary NRF2 activators: Focus on the apocarotenoid bixin, 

an FDA-approved food colorant and spice native to tropical America  

The dietary origin of numerous photochemopreventive factors suggests the possibility of achieving 

efficient skin delivery through oral systemic administration, an emerging concept referred to as 

'nutritional' or 'systemic photoprotection' (290). Indeed, clinical studies document feasibility of 

human skin photoprotection by dietary intake of lycopene from processed tomato and flavonoid-

rich cocoa (291, 352-354). In an attempt to test for the first time the feasibility of NRF2-dependent 

systemic photoprotection by dietary constituents, we focused our photoprotection studies on the 

apocarotenoid bixin (Figures 2.1 and 2.2), an FDA-approved natural food colorant from the seeds 

of the achiote tree (Bixa orellana) native to tropical America (157, 355, 356). A native spice 

derived from the Americas, annatto is an orange-red condiment and food coloring used to impart 

a yellow or orange color to signature foods of Latin America and the Caribbean.  

 

 

 

 

 

 

 

 

 

 Consumed by human populations in the Americas since ancient times, this apocarotenoid, 

derived from lycopene through oxidative cleavage, is now used worldwide as a spice, food 

 
Figure 2.2 Bixin for improved barrier function and photoprotection. Based on pleiotropic activities including 
direct chemical and NRF2-dependent antioxidant modulation, cis-bixin and its physiologically relevant derivatives 
trans-bixin and nor-bixin enhance skin barrier structure and function with photoprotective and potentially 
photochemopreventive efficacy.  
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colorant, and cosmetic and pharmaceutical ingredient (referred to as ‘annatt’; E160b). Due to its 

unusual (linear/noncyclic) chemical structure, the apocarotenoid bixin displays characteristics 

different from all other carotenoids. Specifically, bixin is water soluble, does not display 

provitamin A activity, and is distinguished by an excellent safety record as well as established 

systemic bioavailability and pharmacokinetic profile upon oral administration as documented 

extensively in mice and humans (357-359). Indeed, bixin is now one of the most consumed food 

colorants in the world distinguished by a long record of dietary and ethno-pharmacological use 

(355, 356, 360). Chemical activities of bixin as sacrificial antioxidant, free radical scavenger, and 

efficient physical quencher of photoexcited states including singlet oxygen (surpassed only by 

lycopene) are documented (361). Topical preparations of annatto extract have been in ethno-

pharmacological use showing therapeutic efficacy for wound healing, mouth ulcers, and other 

pathologies associated with impaired epithelial barrier function (360, 362). It is also interesting 

that translational research documents the efficacy of bixin-loaded polycaprolactone nanofibers as 

an innovative delivery system accelerating wound healing and reducing scar tissue formation in 

diabetic mice (363). Moreover, bixin-based systemic protection against environmental toxicants, 

including methylmercury and carbon tetrachloride, has been documented in vivo (364, 365).  

 In prior studies, bixin has demonstrated antigenotoxic and antioxidant cytoprotective 

activities, and systemic availability of oral bixin and its demethylated metabolite norbixin has been 

documented in rodent studies and healthy human subjects (357, 358, 366, 367).  In long term 

murine feeding experiments, supplementation levels up to 5% (w/w food) were well tolerated. 

Importantly, acceptable daily intake (ADI) over a lifetime without an appreciable health risk 

(http://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx) surpasses that of 

any other carotenoid approved as a food additive [ADI (bixin): 12 mg/kg body weight/day] (368).  
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8.   Bixin for NRF2-dependent systemic skin photoprotection 

Bixin was identified as the result of a screen for diet-derived small molecule NRF2 activators 

targeting oxidative stress and redox dysregulation in epithelial cells (157, 188). Using activity 

guided fractionation and bio-analytical tools for the quantitative detection of bixin and other small 

molecule constituents in annatto extracts, we were able to demonstrate that bixin is the active 

molecular entity in annatto total organic extracts responsible for NRF2 activation. Recently, we 

have reported for the first time that (i) bixin is a potent activator of the NRF2-dependent 

cytoprotective response in cultured human skin keratinocytes, (ii) systemic administration of bixin 

activates cutaneous NRF2 with potent protective effects against solar UV-induced skin damage in 

SKH-1 mice, and (iii) bixin-induced suppression of photodamage is observable in Nrf2+/+ but not 

in Nrf2-/- SKH-1 mice, confirming the NRF2-dependence of bixin-based antioxidant and anti-

inflammatory cutaneous effects (157). Based on its unique status as a FDA-approved food additive 

with an established safety profile and potent NRF2-inducing activity, we also have investigated 

and established efficacy of systemic NRF2 activation using intraperitoneal administration of bixin 

for lung protection against ventilation-induced oxidative stress (196). Importantly, dietary 

carotenoids (including β-carotene, lycopene, lutein, 3,3'-dihydroxyisorenieratene, zeaxanthin, 

astaxanthin) and their biosynthetic precursor molecules (such as phytoene) have been under 

investigation for epithelial chemoprevention and cutaneous photoprotection before (291, 352, 369-

371), and the systemic photoprotective activity of carotenoids, displayed only after dietary uptake 

and cutaneous accumulation, has largely been attributed to their activity as photon absorbers, 

sacrificial antioxidants, and excited state/singlet oxygen quenchers (361, 371, 372). 

 Interestingly, it has been shown that astaxanthin and its analogs (such as adonixanthin) 

activate NRF2, preventing light-induced ocular photoreceptor degeneration (373). Moreover, 
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fucoxanthin, another marine carotenoid from seaweed, has been shown to enhance the level of 

reduced glutathione via NRF2 in human keratinocytes (374). Indeed, prior research has examined 

the specific mechanism of NRF2 activation by carotenoids, and oxidative metabolism leading to 

the generation of electrophilic unsaturated mono- and dialdehydes (such 10,10′-diapocarotene-

10,10′-dial) has been identified as the mechanistic basis underlying upregulated antioxidant 

responses (375-377). The specific structure-activity relationship of NRF2 upregulation by 

carotenoid-derived electrophilic metabolites has been explored before, and it is therefore likely 

that bixin-dependent NRF2 activation requires similar oxidative transformation to electrophilic 

intermediates, a subject of ongoing investigation. However, even though the concept of cutaneous 

photoprotection achieved by systemic administration of specific carotenoids and other 

phytochemicals has been explored in the past (291, 352, 369, 370, 378-380), prior to our own 

investigations, no research had investigated the NRF2-dependence of carotenoid-based systemic 

photoprotection (157). However, the biological effects of prolonged cutaneous NRF2 activation 

as a consequence of oral/systemic delivery of a pharmacological molecular agent that may also 

affect NRF2 regulation in non-cutaneous tissue remain to be elucidated.  

 

9.   Other molecular targets of bixin with relevance to skin barrier function and protection 

Beyond NRF2-directed activities, bixin has been demonstrated to cause specific modulation of the 

following molecular targets potentially relevant to skin barrier function and environmental stress 

responses (Figure 2.2): 

9.1   PPARa and PPARg 

Interestingly, peroxisome proliferator-activated receptors (PPARs) have now been recognized as 

important determinants of keratinocyte responses to skin injury regulating skin homeostasis, 



 61 

epithelial repair, and morphogenesis (381, 382).  Specifically, PPARa is a ligand-activated 

transcription factor that regulates the expression of genes involved in fatty acid oxidation.  

Recently, it has been demonstrated that oral administration of bixin improves obesity-

induced abnormalities of carbohydrate and lipid metabolism in mice, an effect attributed to PPARa 

activation confirmed by luciferase reporter assays (383). Specifically, treatment with bixin and 

norbixin induced PPARa target gene expression upstream of fatty acid oxidation in PPARa-

expressing HepG2 hepatocytes. Likewise, in obese KK-Ay mice, chronic nutritional 

supplementation using bixin suppressed the development of hyperlipidemia and hepatic lipid 

accumulation with improvement of hyperglycemia, hyperinsulinemia, and hypoadiponectinemia.  

This effect is consistent with upregulated mRNA expression levels of adiponectin (ADIPOQ), an 

adipocyte-derived adipokine with multiple beneficial effects such as anti-obesity and anti-insulin 

resistance roles as well as anti-apoptotic, anti-oxidative, and anti-inflammatory activities in skin 

(382). Likewise, experimental evidence suggests that bixin also enhances adipocyte insulin 

sensitivity downstream of PPARg activation (384). It is therefore tempting to speculate that the 

documented beneficial effects of bixin on cutaneous barrier function and wound healing may be 

in part attributable to PPARa/g-directed agonism operative in addition to NRF2 activation as 

discussed above. However, the effects of prolonged pharmacological PPARa- or g-directed 

agonism on skin barrier function remain to be explored.  

 

9.2.   Thioredoxin/thioredoxin reductase 

One of the key cellular antioxidant systems is regulated by the selenoproteins thioredoxin (TRX) 

and thioredoxin reductase (TRXR1), which use NADPH as an electron donor to reduce oxidized 

substrates. TRXR1 contains a very reactive selenocysteine in its active site that is prone to 
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electrophilic or oxidative attack, making it another important sensor of the cellular redox state in 

addition to KEAP1 (385). Thus, electrophilic compounds that typically activate NRF2 by KEAP1 

cysteine modifications will also inhibit TRXR1 (385). The TRX/TRXR1 system is essential for 

keratinocyte survival, UV protection, and wound healing (72). Interestingly, one report indicates 

that at high (200 µM) concentrations bixin generates ROS, inhibiting both TRX and TRXR1 with 

induction of cell death (386). This could be due to an exacerbated redox imbalance caused by the 

inability of TRX/TRXR1 to reduce their substrates, such as peroxiredoxins (PRX), as well as de-

repression of proapoptotic proteins, such as apoptosis signaling kinase 1 (ASK1), apoptosis 

inducing factor (AIF), and caspase 3. Other important substrates of the TRX/TRXR1 system are 

PTEN (phosphatase and tensin homolog), NF-κB, AP1 (activator protein 1), and p53 (tumor 

protein 53), with important implications for the regulation of cell survival in response to 

TRX/TRXR1 dysruption (387). Interestingly, it has been proposed that the TRX/TRXR1 system 

might reduce the oxidized cysteine residues in KEAP1 to restore its functionality (26). Dual 

inactivation of these reactive proteins (KEAP1 and TRX/TRXR1) could contribute to pronounced 

NRF2 activation achieved by bixin. However, since TRX and TRXR1 are NRF2 target genes, 

reduced proteins might be restored by de novo synthesis and GSH synthesis. 

 

9.3.   TLR4/NF-kB 

It has been observed that nutritional bixin attenuates cardiac injury progression through inhibition 

of fibrosis, inflammation, and redox dysregulation, cytoprotective effects that were attributed to 

Toll-like receptor 4/nuclear factor kappa B (TLR4/NF-kB) antagonism in mice (388). Likewise, 

bixin antagonized lipopolysaccharide (LPS)-induced pro-inflammatory cytokine over-expression 

in cultured cardiac muscle cells. Given the emerging importance of TLR4 signaling in skin 
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inflammation and UV-induced photodamage, it is therefore tempting to speculate that nutritional 

bixin regimens may benefit human skin through TLR4 antagonism operative in addition to NRF2 

activation (389, 390).  

 

10.   Conclusions 

The promising concept of achieving cutaneous solar protection through dietary intake of NRF2 

activators remains largely unexplored, representing an innovative molecular strategy that deserves 

further exploration. Building on its excellent safety record as an FDA-approved natural food 

colorant and additive, its systemic availability upon oral administration in humans, and ability to 

activate NRF2 in skin, dietary consumption of bixin, an ethno-pharmacologically validated 

phytochemical originating from the Americas, warrants future preclinical and clinical evaluation 

for improved skin barrier function and photoprotection. 
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CHAPTER 3: SYSTEMIC ADMINISTRATION OF THE APOCAROTENOID BIXIN 

PROTECTS SKIN AGAINST SOLAR UV-INDUCED DAMAGE THROUGH 

ACTIVATION OF NRF2 

 

Text and figures from: Tao S, Park SL, Rojo de la Vega M, Zhang DD, Wondrak GT. Free Radic 

Biol Med. 2015 89:690-700. doi:10.1016/j.freeradbiomed.2015.08.028. 

 

1.   Abstract 

Exposure to solar ultraviolet (UV) radiation is a causative factor in skin photodamage and 

carcinogenesis, and an urgent need exists for improved molecular photoprotective strategies 

different from (or synergistic with) photon absorption. Recent studies suggest a photoprotective 

role of cutaneous gene expression orchestrated by the transcription factor NRF2 (nuclear factor-

E2-related factor 2). Here we have explored the molecular mechanism underlying carotenoid-

based systemic skin photoprotection in SKH-1 mice and provide genetic evidence that 

photoprotection achieved by the FDA-approved apocarotenoid and food additive bixin depends on 

NRF2 activation. Bixin activates NRF2 through the critical Cys-151 sensor residue in KEAP1, 

orchestrating a broad cytoprotective response in cultured human keratinocytes as revealed by 

antioxidant gene expression array analysis. Following dose optimization studies for cutaneous 

NRF2 activation by systemic administration of bixin, feasibility of bixin-based suppression of 

acute cutaneous photodamage from solar UV exposure was investigated in Nrf2+/+ versus Nrf2-/- 

SKH-1 mice. Systemic administration of bixin suppressed skin photodamage, attenuating 

epidermal oxidative DNA damage and inflammatory responses in Nrf2+/+ but not in Nrf2-/- mice, 

confirming the NRF2-dependence of bixin-based cytoprotection. Taken together, these data 



 65 

demonstrate feasibility of achieving NRF2-dependent cutaneous photoprotection by systemic 

administration of the apocarotenoid bixin, a natural food additive consumed worldwide. 

 

2.   Introduction 

Exposure to solar ultraviolet (UV) radiation is a causative factor in skin photodamage and 

carcinogenesis (282-284). Even though sunscreen-based broad-spectrum photoprotection is an 

effective key component of a sun-safe strategy to reduce cumulative lifetime exposure to UV light, 

much effort has been directed towards the development of more effective molecular strategies for 

cutaneous photoprotectants acting through mechanisms different from (or synergistic with) photon 

absorption (290-293). 

The redox-sensitive transcription factor NRF2 (nuclear factor-E2-related factor 2) 

orchestrates major cellular defense mechanisms including phase-II detoxification, inflammatory 

signaling, DNA repair, and antioxidant response, and NRF2 has therefore emerged as a promising 

molecular target for the pharmacological prevention of human pathologies resulting from exposure 

to environmental toxicants including solar UV light (294-297). Recent studies strongly suggest a 

protective role of NRF2-mediated gene expression in the suppression of cutaneous photodamage 

induced by solar UV radiation, and NRF2 activation has been shown to protect cutaneous 

keratinocytes and fibroblasts against the cytotoxic effects of UVA and UVB (186, 191, 295, 297, 

298, 341-347). Importantly, recent research performed in SKH-1 mice documents that constitutive 

genetic NRF2 activation protects mice against acute photodamage and photocarcinogenesis (303). 

Therefore, pharmacological modulation of NRF2 has now attracted considerable attention as a 

novel approach to skin photoprotection (191, 301, 346). Indeed, protection of primary human 

keratinocytes from UVB-induced cell death by novel drug-like NRF2 activators has been reported, 
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a photoprotective effect attributed in part to NRF2-dependent elevation of cellular glutathione 

levels (307, 347, 350). Topical application of NRF2 inducers, e.g. the synthetic NRF2-activator 

TBE-31, has shown pronounced photoprotective and photochemopreventive activity in murine 

skin, and suppression of solar UV-induced human skin erythema was achieved by topical 

application of a standardized broccoli extract delivering the NRF2 inducer sulforaphane (303); 

however, there has been little research exploring the concept of cutaneous photoprotection and 

photochemoprevention achieved by systemic administration of NRF2 inducers (351). 

Dietary carotenoids (including β-carotene, lycopene, lutein, 3,3'-dihydroxyisorenieratene, 

zeaxanthin, astaxanthin) and their biosynthetic precursor molecules (such as phytoene) have been 

under investigation for cutaneous photoprotection, and feasibility of carotenoid-based nutritional 

photoprotection has been demonstrated in murine and human skin (291, 352, 369-371). The 

systemic photoprotective activity of carotenoids, displayed only after dietary uptake and cutaneous 

accumulation, has largely been attributed to their activity as photon absorbers, sacrificial 

antioxidants, and excited state/singlet oxygen quenchers (361, 371, 372). However, the 

mechanistic involvement of NRF2 activation in carotenoid-based systemic photoprotection has 

not been investigated before. 

In an attempt to test the feasibility of NRF2-dependent systemic photoprotection by dietary 

constituents, we focused our photoprotection studies on the apocarotenoid bixin, an FDA-approved 

natural food colorant from the seeds of the achiote tree (Bixa orellana) native to tropical America 

(355, 356). Consumed by humans since pre-Columbian times, this apocarotenoid derived from 

lycopene through oxidative cleavage is now used worldwide as a dietary additive and cosmetic 

ingredient (referred to as 'annato'; E160b) with an excellent safety record and established systemic 

bioavailability and pharmacokinetic profile upon oral administration (357-359). Here, we report 
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for the first time that (i) bixin is a potent activator of the NRF2-dependent cytoprotective response 

in cultured human skin keratinocytes, that (ii) systemic administration of bixin activates cutaneous 

NRF2 with potent protective effects against solar UV-induced skin damage in SKH-1 mice, and 

that (iii) bixin-induced suppression of photodamage is observable in Nrf2+/+ but not in Nrf2-/- SKH-

1 mice confirming the NRF2-dependence of bixin-based antioxidant and anti-inflammatory 

cutaneous effects. 

 

3.   Materials and methods 

3.1.   Chemicals, antibodies, and cell culture 

Bixin was purchased from Spectrum (New Brunswick, NJ); sodium arsenite (As), cycloheximide, 

and MG132 were from Sigma (St. Louis, MO); sulforaphane (SF) was purchased from Santa Cruz 

(Santa Cruz, CA); primary antibodies against NRF2, KEAP1, GCLM, AKR1C1, NQO1, 

AKR1C2, HO-1, TrxR, FTH (heavy), MMP9, Ki67, and GAPDH, as well as horseradish 

peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz. Antibodies 

against p-P65 and P65 were purchased from Cell Signaling. The anti-Thymine Dimer (H3) CPD 

antibody was purchased from Novus (Littleton, CO). The hemagglutinin (HA) epitope antibody 

was purchased from Covance (Branford, CT). The 8-oxo-dG antibody was purchased from 

Trevigen (Gaithersburg, MD). Human immortalized HaCaT keratinocytes were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 

0.1% gentamycin, and primary human epidermal keratinocytes [adult HEKa (C-005-5C)] were 

cultured on collagen matrix protein-coated dishes using Epilife medium (EDGS growth 

supplement; Life Technologies, Carlsbad, CA). 
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3.2.   Irradiation with solar UV light 

Irradiation with solar UV occurred as described before (285, 391, 392). A KW large area light 

source solar simulator, model 91293, from Oriel Corporation (Stratford, CT) was used, equipped 

with a 1000 W Xenon arc lamp power supply, model 68920, and a VIS-IR bandpass blocking filter 

combined with an atmospheric attenuation filter (output 290-400 nm plus residual 650-800 nm). 

At 345 mm from the source, the UV dose was 4.4 J/cm2 UVA + 240 mJ/cm2 UVB radiation. 

 

3.3.   Bixin mass spectrometry and detection in mouse plasma 

Electrospray mass spectrometry of bixin [dissolved in tetrahydrofuran and diluted tenfold in 

acetonitrile/NH4OH (0.1 N); ESI-MS (negative ion mode) m/z 393.21 (M-1)−] was performed 

using a Bruker Apex FT/ICR mass spectrometer. For determination of bixin plasma levels, mouse 

samples were subjected to chloroform extraction followed by analysis using a Thermo Finnigan 

Surveyor HPLC system with photodiode array detector (300-580 nm) using a Luna RP-C18 

column (3 µ; 100 × 4.6 mm; Phenomenex, Torrance, CA) with mobile phase A (water, 0.1 % 

formic acid) and mobile phase B (acetonitrile, 0.1 % formic acid); gradient: 0 min: 20% A; 10 

min: 5% A; 15 min 0% A. 

 

3.4.   Human Oxidative Stress RT2Profiler™ PCR Expression array analysis 

Total cellular RNA was prepared according to a standard procedure using the RNeasy kit (Qiagen, 

Valencia, CA, USA). Reverse transcription was performed using the RT2 First Strand kit 

(SuperArray, Frederick, MD, USA) and 1 µg total RNA. The Human Oxidative Stress 

RT2Profiler™ PCR Expression Array (SuperArray) profiling the expression of 84 stress-related 

genes was employed as described before (393, 394). Gene-specific product was normalized to 
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ACTB and quantified using the comparative (ΔΔCt) Ct method following the ABI Prism 7000 

sequence detection system user guide. Expression values were averaged across three independent 

array experiments followed by statistical analysis. 

 

3.5.   Cell viability 

Bixin cytotoxicity was assessed by flow cytometric analysis of annexinV/PI-stained cells using a 

commercial kit from Sigma (APO-AF, St. Louis, MO) as published before (285, 394). Bixin 

toxicity was also assessed examining functional impairment of mitochondria using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) standard assay (190). 

Approximately 1 × 104 HaCaT cells were seeded in a 96-well plate, and 24 h later the cells were 

treated with the indicated doses of bixin for another 48 h. After treatment, 20 µL of 2 mg/mL MTT 

were directly added to the cells, followed by incubation at 37 °C for 2 h. 100 µL of isopropanol/HCl 

were added to each well and the plate was shaken at room temperature to dissolve the crystals. 

Absorbance was measured at 570 nm using the Synergy 2 Multi-Mode Microplate Reader 

(Biotek). 

 

3.6.   Glutathione assay 

Total intracellular glutathione in cultured cells was analyzed using the luminescent GSH-Glo 

glutathione assay (Promega). Cells were harvested and then counted using a Z2 Coulter counter, 

and GSH was determined per 10,000 viable cells. Data represent relative levels of glutathione 

normalized for cell number (treated versus solvent controls). 
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3.7.   Detection of intracellular oxidative stress by flow cytometric analysis 

Photodynamic induction of intracellular oxidative stress and its suppression by bixin pretreatment 

was analyzed by flow cytometry using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) as 

a sensitive non-fluorescent precursor dye according to a published standard procedure (186). 

HaCaT keratinocytes were pretreated with bixin (1 or 24 h) and then exposed to singlet oxygen 

generated by dye-sensitization as described earlier (186, 395). In brief, toluidine blue O (TB) 

photosensitization was achieved using a ‘Sylvania 15 W Cool White' light tube delivering visible 

light at an irradiance of 4.29 mW/cm2. The irradiance in the visible region (400-700 nm) was 

determined using a spectroradiometer, Model 754 from Optronic Laboratories (Orlando, FL). Cells 

received visible radiation at a distance of 50 mm from the source through the polystyrene lids of 

cell culture dishes. For 1O2 exposure, cells were washed with PBS and immediately exposed to the 

combined action of visible light (0.3 J/cm2) and TB (3.3 µM) in PBS. Following 5 min incubation 

in the dark after irradiation, cells were washed with PBS. Cells were then incubated for 60 min in 

the dark (37 °C, 5% CO2) with culture medium containing DCFH-DA (5 µg/mL final 

concentration). Cells were then washed with PBS, harvested by trypsinization, resuspended in 300 

µL PBS, and analyzed by flow cytometry. 

 

3.8.   Transfection of cDNA and luciferase reporter gene assay 

Transfection of cDNA was performed using Lipofectamine 3000 (Invitrogen) according to the 

manufacturer’s instructions. Activation of NRF2 transcriptional activity was performed as 

previously published (186, 190). Briefly, HaCaT cells were cotransfected with expression vectors 

for either KEAP1 wild type (KEAP1-WT) or KEAP1 with a mutation that generates a protein that 

contains a serine residue instead of a cysteine (KEAP1-C151S), along with NQO1-ARE firefly 
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luciferase and Renilla luciferase reporters. At 24 h post-transfection, cells were left untreated or 

treated with SF (5 µM), As (5 µM), or bixin (40 µM) for 16 h. The cells were then lysed for analysis 

of the reporter gene activity using the Promega dual-luciferase reporter gene assay system. 

 

3.9.   Immunoblot analysis, ubiquitylation assay, and protein half-life 

Experiments were performed according to previously published procedures (190). Cells were 

harvested in sample buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate (SDS), 10% 

glycerol, 100 mM dithiothreitol (DTT), and 0.1% bromophenol blue), boiled and sonicated. Total 

cell lysates were resolved by SDS-PAGE and subjected to immunoblot analyses with the indicated 

antibodies. For the ubiquitination assay, cells were cotransfected with expression vectors for NRF2 

and HA-tagged ubiquitin (HA-Ub). Cells were left untreated or treated with either 5 µM 

sulforaphane (SF) or 40 µM bixin along with 10 µM MG132 for 4 h. Cells were harvested in buffer 

containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM DTT and boiled 

immediately. For immunoprecipitation, 1 µg of NRF2 antibody was incubated with the cell lysates 

at 4 °C overnight with protein A agarose beads (Invitrogen). Immunoprecipitated complexes were 

washed four times with RIPA buffer and eluted in sample buffer by boiling for 5 min. Samples 

were resolved by SDS-PAGE and immunoblotted with HA antibody. To measure the half-life of 

NRF2, HaCaT cells were either left untreated or treated with 5 µM bixin for 4 h, then 50 µM 

cycloheximide was added to block protein synthesis. Total cell lysates were collected at different 

time points and subjected to immunoblot analysis with NRF2 antibody. The relative intensity of 

the bands was quantified using the ChemiDoc CRS gel documentation system and Quantity One 

software (BioRad). 
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3.10.   mRNA extraction and real-time RT-PCR 

Total RNA was extracted from HaCaT cells and mouse skin tissues using TRIzol (Invitrogen). 

Equal amounts of mRNA were used to generate cDNA using the M-MLV Reverse Transcriptase 

synthesis kit according to the manufacturer’s instructions (Promega). RT-PCR and primer 

sequences of NRF2, KEAP1, GCLM, AKR1C1 and GAPDH were described previously to 

evaluate mRNA expression using the LightCycler 480 system (Roche) (190, 191). Quantification 

of cDNA amount for mouse Nrf2, Keap1, Gclm, and Akr1c1 in each skin tissue sample was 

performed using the KAPA SYBR FAST qPCR Kit (Kapa Biosystems). 

All primer sets were designed with Primer 3 online free software (http://www-

genome.wi.mit.edu/genome_software/other/primer3.html) and were synthesized by Sigma as 

follows: 

Nrf2: forward (CTCAGCATGATGGACTTGGA) 

reverse (TCTTGCCTCCAAAGGATGTC); 

Keap1: forward (GATCGGCTGCACTGAACTG) 

reverse (GGCAGTGTGACAGGTTGAAG); 

Akr1c1: forward (GGAGGCCATGGAGAAGTGTA) 

reverse (GCACACAGGCTTGTACCTGA); 

Gclm: forward (TCCCATGCAGTGGAGAAGAT) 

reverse (AGCTGTGCAACTCCAAGGAC); 

IL6: forward (CCGGAGAGGAGACTTCACAG) 

reverse (TCCACGATTTCCCAGAGAAC); 

TNFα: forward (AGCCCCCAGTCTGTATCCTT) 

reverse (GGTCACTGTCCCAGCATCTT); 
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Mmp9: forward (CAATCCTTGCAATGTGGATG) 

reverse (AGTAAGGAAGGGGCCCTGTA); 

β-actin: forward (AAGGCCAACCGTGAAAAGAT) 

reverse (GTGGTACGACCAGAGGCATAC). 

The RT-PCR conditions used were the following: one cycle of initial denaturation (95 °C 

for 3 min), 40 cycles of amplification (95 °C for 10 s, 60 °C for 20 s, and 72 °C for 5 s), melting 

curve (95 °C for 5 s, 65 °C for 1 min, and 97 °C continuous), and a cooling cycle (40 °C for 30 s). 

Mean crossing point (Cp) values and standard deviations (SD) were determined. Cp values were 

normalized to the respective Cp values of the mouse b-actin reference gene. Data are presented as 

a fold change in gene expression compared to the control group. 

 

3.11.   Animals and treatments 

Nrf2+/+ and Nrf2-/- SKH-I mice were obtained by breeding Nrf2 heterozygous mice generated by 

back-crossing Nrf2-/- C57BL/6 mice onto the SKH-1 hairless mouse genetic background for at 

least six generations (JAX® Mice, The Jackson Laboratory) (3). All animals received water and 

food ad libitum and were handled according to the Guide for the Care and Use of Laboratory 

Animals; the protocols were approved by the University of Arizona Institutional Animal Care and 

Use Committee. Eight-week-old Nrf2+/+ and Nrf2-/- mice were randomly allocated into four groups 

(n = 6): (i) control (corn oil); (ii) bixin (200 mg/kg, dissolved in corn oil); (iii) UV; (iv) bixin+UV. 

Bixin was administered through intraperitoneal (i.p.) injection 48 h before UV exposure. 
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3.12.   Skin tissue collection, H&E staining, and IHC 

24 h after UV exposure, the mice were euthanized and back skin was collected and divided into 

two parts: one part was frozen in liquid nitrogen for total RNA extraction and protein analysis; the 

other part was fixed in 10% buffered formalin and embedded in paraffin for histological and 

immunohistochemical analyses. Tissue sections (4 µm) were baked and deparaffinized. 

Hematoxylin and eosin (H&E) staining was performed for pathological examination. Antigen 

retrieval was carried out by boiling the slides with retrieval solution (citric acid monohydrate 2.1 

g/L in H2O pH=6.0) three times for 5 min (190). Tissue sections were then exposed to 3.5 M HCl 

for 15 min at room temperature and washed with PBS. Subsequently, tissue sections were treated 

with 0.3% peroxidase to quench endogenous peroxidase activity. Tissue sections were incubated 

with 5% normal goat serum for 30 min followed by 2 h incubation with primary antibodies at 

1:100 dilution at room temperature. Staining was performed using the EnVision+System-HRP 

(DAB) kit (Dako) according to the manufacturer’s instructions. 

 

3.13.   In situ TUNEL assay 

An in situ cell death detection kit (Roche) was used for detection of apoptotic cell death in skin 

sections according to the manufacturer’s instructions. Briefly, tissue sections were pretreated with 

proteinase K (20 µg/mL) in 10 mM Tris/HCl (pH 7.8) at 37 °C for 30 min. After washing three 

times with PBS, tissue sections were incubated with TUNEL reaction mixture for 1 h at 37 °C in 

the dark. Tissue sections were then stained with Hoechst and analyzed using a fluorescence 

microscope (Zeiss Observer.Zi microscope; slidebook computer program; excitation wavelength: 

450-500 nm; detection wavelength: 515-565 nm). Hoechst stain was visualized under UV light. 
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Figure 3.1. Bixin upregulates NRF2 signaling and antioxidant defenses in epidermal keratinocytes. (A) Gene 
expression analysis of HEKs exposed to bixin (20 µM, 24 h); upper panel: scatter blot of bixin-induced gene 
expression (vs. untreated); cut-off: threefold up- or down-regulation; insert: bixin chemical structure; bottom 
panel: numerical expression changes [n=3, mean ± SD; (p < 0.05)]. (B) Bixin (0-20 µM, 0-24 h) increased the 
protein levels of NRF2 and its target genes in HEKs. (C) Relative luciferase activities of HaCaT cells cotransfected 
with NQO1-ARE firefly luciferase and Renilla luciferase reporters treated with bixin (0-40 µM) for 16 h [n=3, 
mean ± SD (*p < 0.05, ctrl. vs. bixin treated groups)]. (D) Bixin (20 µM; 0-48 h) increased the protein levels of 
NRF2 and its target genes in HaCaT cells. (E) Total glutathione of HaCaT cells treated with bixin (0-40 µM, 24 
h) [n=3; means ± SD (*p < 0.05, ctrl. vs. bixin groups]. (F) Intracellular oxidative stress of HaCaT cells exposed 
to bixin (20 µM; 1 and 24 h exposure time) followed by dye sensitization (generating 1O2) and DCFH-DA assessed 
by flow cytometric determination of DCF fluorescence intensity [means ± SD, n=3; means without a common 
letter differ (p < 0.05)]. (G) Protein expression of HaCaT cells exposed to anti-oxidants [1 h pretreatment: trolox 
(1 mM), tiron (500 µM), N-acetyl-L-cysteine (NAC; 10 mM)] followed by addition of bixin (40 µM; 4 h). 
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3.14.   Statistical analysis 

Results are presented as the mean ± SD of at least three independent experiments performed in 

duplicate or triplicate each. Statistical tests were performed using SPSS 13.0. Unpaired Student’s 

t-tests were used to compare the means of two groups, and selected data sets were analyzed 

employing one-way analysis of variance (ANOVA) with Tukey's post hoc test; differences 

between groups were considered significant at p < 0.05. 

 

4.   Results 

4.1.   Bixin activates NRF2 and NRF2 target gene expression with upregulation of antioxidant 

defenses in human keratinocytes 

First, to comprehensively monitor antioxidant response gene expression induced by bixin (20 µM, 

24 h) in primary human epidermal keratinocytes (HEKs) Oxidative Stress RT2 Profiler™ PCR 

Expression Array analysis was performed (Figure 3.1A). Pronounced upregulation of established 

NRF2 target genes involved in antioxidant protection and redox homeostasis (including AKR1C2, 

GCLC, NQO1, SLC7A11, FTH1, TXNRD1, NCF2, SRXN). Immunoblot analysis confirmed NRF2 

activation in HEKs in response to bixin treatment as evident from increased protein levels of NRF2 

and NRF2 targets including NQO1, AKR1C2, HO-1, TrxR, GCLM, SRXN1, and FTH1 (Figure 

3.1B left: < 20 µM, 24 h; Figure 3.1B right: exposure time < 24 h, bixin 20 µM). 

Next, the molecular mechanism underlying NRF2 activation by bixin was investigated in 

immortalized human HaCaT keratinocytes. Employing a dual luciferase ARE-reporter assay, dose-

dependent induction of NRF2 transcriptional activity was elicited by bixin treatment, observable 

at concentrations (10-40 µM) devoid of cytotoxicity. Time course analysis revealed a rapid 

induction of NRF2 protein levels detectable within 2 h treatment, while no changes in KEAP1 
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protein levels were observed (Figure 3.1D). Moreover, the NRF2 target protein GCLM was 

upregulated in response to bixin treatment, and bixin-based upregulation of NRF2 was sustained 

over the course of the 24 h treatment, whereas upregulation of GCLM persisted over an extended 

period (48h; Figure 3.1D). Consistent with upregulation of glutathione biosynthesis factors 

(GCLM), total cellular glutathione was increased by almost 50% in response to bixin exposure 

(Figure 3.1E). Since it has already been established that bixin displays potent activity as a direct 

physical singlet oxygen (1O2) quencher (361, 371, 372), we examined if bixin pretreatment was 

able to protect HaCaT cells against 1O2-induced photo-oxidative stress (Figure 3.1F). Using flow 

cytometric detection of DCF fluorescence intensity [after 1O2-exposed cells were loaded with 2',7'-

dichlorodihydrofluorescein diacetate (DCFH-DA)], it was observed that bixin (20 µM) 

pretreatment efficiently suppressed the almost fivefold increase in DCF fluorescence elicited by 

1O2 originating from dye sensitization (employing an established toluidine blue/visible light-based 

regimen) (186, 395). Remarkably, only prolonged preincubation (24 h) with bixin (20 µM) 

protected HaCaT cells against oxidative stress originating from dye sensitization. In contrast, 

shorter preincubation periods (1 h) were without protective effects, an observation consistent with 

the mechanistic involvement of bixin-induced upregulation of cellular antioxidant defenses 

underlying cytoprotective effects against photooxidative stress. However, the extent of bixin-

induced cytoprotection did not reach the level of cytoprotective efficacy displayed by the physical 

1O2-quencher NaN3 (10 mM), active only if present during visible light-driven dye sensitization 

(Figure 3.1F). We also observed that exposure to bixin only (1 or 24 h exposure time) did not cause 

an increase in DCF fluorescence (Figure 3.1F). Moreover, bixin-induced upregulation of NRF2 

protein levels was not attenuated by cotreatment with various anti-oxidants [tiron, trolox, N-acetyl-

L-cysteine (NAC); Figure 3.1G] (396). Likewise, 24 h preincubation using NAC did not attenuate 
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bixin-induced NRF2 upregulation (data not shown), indicating that bixin does not cause NRF2 

upregulation through induction of intracellular oxidative stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2. Bixin induces KEAP1-C151-dependent NRF2 upregulation and increases Nrf2 protein half-life 
(t1/2) in human keratinocytes. (A-D) Relative mRNA levels of NRF2 (A), KEAP1 (B), GCLM (C), and AKR1C1 
(D) of HaCaT cells either left untreated (control) or treated with bixin (40 µM, 4 h and 16 h) [n=3, mean ± SD (*p 
< 0.05, control vs. bixin)]. (E) HaCaT cells were either left untreated or treated with bixin (40 µM, 4h). 
Cycloheximide (CHX, 50 µM) was added and cells were lysed at the indicated time points followed by 
immunoblot analysis. Band intensities were quantified and plotted against the time after CHX treatment to obtain 
half-life (t1/2) values. (F) HaCaT cells were cotransfected with plasmids encoding the indicated proteins; 24 h later 
the cells were left untreated or treated with either SF (5 µM) or bixin (40 µM) along with MG132 (10 µM) for 4 
h. Anti-NRF2 immunoprecipitates were analyzed by immunoblotting with anti-HA antibody detecting ubiquitin-
conjugated NRF2. (G) HaCaT cells cotransfected with the plasmids expressing either wild type KEAP1 (KEAP1-
WT) or C151 mutated KEAP1 (KEAP1-C151S) along with NQO1-ARE firefly luciferase and Renilla luciferase 
reporters were left untreated or treated with the indicated compounds (16 h). Dual luciferase activities were 
measured; data are expressed as means ± SD (*p < 0.05, control vs. treated; #p < 0.05, KEAP1-WT vs. KEAP1-
C151S). 
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4.2.   Bixin activates NRF2 in a KEAP1-C151 dependent manner and increases NRF2 protein 

half-life (t1/2) in human keratinocytes 

As indicated already by expression array analysis (Figure 3.1A), it was also observed that bixin 

treatment caused pronounced upregulation of NRF2 target genes at the mRNA level without 

affecting NRF2 or KEAP1 mRNA levels (Figures 3.2A and 3.2D), suggesting that bixin-based 

NRF2 activation occurs at the posttranscriptional level (190). 

Next, the effect of bixin treatment on the half-life (t1/2) of endogenous NRF2 protein was 

determined. Cycloheximide was added to untreated or bixin-treated cells to block de novo protein 

synthesis, and cells were harvested at different time points followed by immunoblot analysis 

(Figure 3.2E, upper panel), and intensity of the NRF2 band was quantified to calculate NRF2 half-

life (Figure 3.2E, bottom panel). It was observed that t1/2 of NRF2 of untreated cells was 20.5 min; 

however, after bixin treatment t1/2 of NRF2 increased to 30.6 min. 

In order to test if bixin-based NRF2 activation occurs through inhibition of KEAP1-

mediated ubiquitination, a cell-based ubiquitination assay was performed in HaCaT cells 

cotransfected with expression vectors for NRF2 and HA-tagged ubiquitin (HA-Ub) (Figure 3.2F) 

(190). To this end, cells were either exposed to bixin (40 µM) or sulforaphane (SF; 5 µM, positive 

control) or left untreated, combined with proteasome inhibition (MG132; 10 µM, 4 h). In response 

to bixin exposure, a dramatic reduction of NRF2-ubiquitination compared to the untreated control 

occurred, a response similar to the established inhibitory effects of SF on NRF2-ubquitination. 

Since it has been shown previously that NRF2 activation by canonical inducers (including 

SF and tBHQ) depends on C (Cys)-151, a critical cysteine residue in KEAP1, we examined the 

mechanistic involvement of KEAP1-C151 bixin-based NRF2 activation (33, 113). HaCaT cells 

were cotransfected with expression vectors for either KEAP1 wild type (KEAP1-WT) or a mutant 
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KEAP1 (KEAP1-C151S; Cys-151 mutated to serine) along with ARE-firefly luciferase and 

Renilla luciferase reporters to assess NRF2 transcriptional activity (Figure 3.2G). After exposure 

to SF (5 µM), As (sodium arsenite; 5 µM), or bixin (40 µM; all 16 h), NRF2 transcriptional activity 

was enhanced by all treatments in KEAP1-WT cells, whereas NRF2 activation by SF or bixin was 

abolished in KEAP1-C151S cells. In contrast, As treatment was equally effective causing NRF2 

transcriptional activation in the KEAP1-C151S cells, an observation consistent with our previous 

report that this compound is a non-canonical NRF2 inducer that operates through a KEAP1-C151-

independent mechanism (33, 113). Taken together, these results demonstrate that bixin is a 

canonical NRF2 inducer acting through the critical Cys-151 sensor residue in KEAP1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.3. Plasma kinetics and cutaneous NRF2 modulation after systemic administration of bixin in 
SKH-1 mice. Bixin analysis in mouse plasma: (A) HPLC chromatogram (10 µg/ml plasma) with photodiode 
array detection, (B) 300-580 nm absorbance; peak absorbance as indicated numerically. (C) Mouse plasma 
(Nrf2+/+ versus Nrf2-/-) was collected at various time points (0, 1, 2, 4, 8, 16, 24, 48, 72h) after compound (200 
mg/kg; i.p.) administration, and bixin plasma levels (µg/ml) were determined (n=3; means ± SD).  (D) At various 
time points (48, 72 h) after bixin systemic administration (up to 200 mg/kg), skin tissue was harvested and lysates 
from Nrf2+/+ mice were subjected to immunoblot analyses (NRF2, KEAP1, AKR1C1, GCLM, and GAPDH; 
n=2, each lane represents an individual mouse). 
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4.3.   Systemic administration of bixin activates cutaneous NRF2 and suppresses UV-induced 

skin photodamage in Nrf2+/+ but not Nrf2-/- mice 

To explore the potential systemic photoprotective activity of bixin in a murine skin sunburn model, 

we first examined feasibility of upregulating cutaneous NRF2 activity by systemic administration. 

It has been reported earlier that efficient cutaneous accumulation of dietary carotenoids requires 

prolonged nutritional supplementation over weeks and that pharmacokinetic parameters of 

cutaneous delivery of dietary carotenoids differ between humans and mice (371). Therefore, in 

order to circumvent the more complex pharmacokinetics associated with dietary supplementation, 

we chose an intraperitoneal (i.p.) route for bixin systemic administration followed by examination 

of cutaneous NRF2 status. After i.p. injection of bixin (200 mg/kg) performed in Nrf2+/+ and Nrf2-

/- mice, plasma was collected at 0, 1, 2, 4, 8, 16, 24, 48 and 72 h after injection followed by HPLC-

photodiode array detection (Figures 3.3A-C). Bixin peak plasma concentrations (Cmax; up to 11.3 

µg/ml) were reached at 2 h post injection before returning to basal levels at about 48 h, and AUC 

('area under the curve' equaling total drug exposure) did not differ significantly between genotypes 

(Figures 3.3). Next, efficacy of various bixin treatment regimens (differing with regard to total 

dose and time after injection) for maximum activation of the NRF2 pathway in murine skin was 

determined (Figures 3.3). It was observed that administration of bixin (200 mg/kg, 72 h after 

injection) was most effective in upregulating cutaneous protein levels of NRF2 and its targets 

(GCLM and AKR1C1) in Nrf2+/+ mice. 

Next, the feasibility of bixin-induced cutaneous protection was studied in a solar UV 

photodamage model. Nrf2+/+ and Nrf2-/- mice were i.p. injected with either corn oil (carrier control) 

or bixin (200 mg/kg) 48 h before solar UV exposure (240 mJ/cm2 UVB; 4.4 J/cm2 UVA) (392). 

24 h after UV exposure back skin tissue was then collected followed by immunohistochemical 
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(IHC) analysis. As expected, bixin treatment dramatically induced the cutaneous NRF2 pathway 

in Nrf2+/+ but not in Nrf2-/- mice, detectable at the protein [NRF2, GCLM, AKR1C1 (Figures 3.4A 

and 3.4B) and mRNA levels (Figures 3.4C and 3.4D). The mRNA levels of Nrf2 did not increase 

in the bixin treatment groups, and bixin had no effects on protein or mRNA levels of Keap1 (Figure 

3.4B and Figure 3.5). Moreover, UV exposure alone activated the NRF2 response in murine skin, 

effects not detectable in Nrf2-/- mice (Figures 3.4 and 3.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4. Systemic administration of bixin activates cutaneous NRF2 and NRF2 targets. Mice (Nrf2+/+ and 
Nrf2-/- mice; n = 6 per group) received bixin treatment (200 mg/kg; i.p.) or carrier control (corn oil), followed by 
solar UV (UVB 240 mJ/cm2) 48 h later. (A) After UV exposure (24 h), IHC analysis (NRF2, GCLM, AKR1C1) 
was performed using skin tissue sections; representative tissue from each group is shown (scale bar: 100 µm). (B) 
Skin tissue lysates from Nrf2+/+ mice were subjected to immunoblot analyses with anti-NRF2, KEAP1, AKR1C1, 
GCLM, and GAPDH antibodies (n=3, each lane represents an individual mouse). (C-D) Skin prepared from mice 
as specified in (A) was processed for determination of mRNA levels [Gclm (C) and Akr1c1 (D)] using quantitative 
RT-PCR; means ± SD (*p < 0.05, control vs. treatment groups). 
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Remarkably, UV exposure caused a pronounced increase in epidermal thickness (Figures 

3.6A and 3.6B), accompanied by the detection of apoptotic (TUNEL-positive) cells located in the 

basal layer of the epidermis (Figures 3.6A and 3.6C), effects that at the chosen dose level and time 

point of analysis-occurred irrespective of SKH-1 Nrf2 genotype. In contrast, systemic 

administration of bixin suppressed UV-induced epidermal thickening and apoptosis, a 

photoprotective effect confined to Nrf2+/+ mice. 

 

4.4.   Bixin attenuates solar UV-induced epidermal oxidative DNA damage and inflammatory 

responses in Nrf2+/+ but not in Nrf2-/- mice 

Next, IHC analysis of cutaneous 8-hydroxy-2’-deoxyguanosine (8-oxo-dG), a hallmark of 

oxidative genomic damage in response to environmental electrophilic insult, revealed that UV-

exposure equally enhanced 8-oxo-dG staining in both Nrf2+/+ and Nrf2-/- mice, an effect 

suppressed by bixin administration (Figure 3.6A). This photoprotective effect occurred in Nrf2+/+ 

but not Nrf2-/- mice suggesting that bixin-based antioxidant photoprotection is strictly NRF2-

dependent. In contrast, cyclobutane pyrimidine dimer (CPD)-lesions, a molecular hallmark of 

 
Figure 3.5 Systemic administration of bixin causes NRF2 activation in SKH-1 murine skin without 
changing Nrf2 or Keap1 mRNA levels. (A-B) mRNA expression of Nrf2 (A) and Keap1 (B) determined using 
quantitative RT-PCR [n=3, mean ± SD (* p < 0.05)]. 
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UVB-induced DNA damage that occurs independent of oxidative pathways, was not antagonized 

by bixin treatment and was equally pronounced in UV-exposed Nrf2+/+ and Nrf2-/- mouse skin 

(Figure 3.6A). Consistent with NRF2-dependent suppression of UV-induced epidermal thickening 

(Figures 3.6A and 3.6B), we also observed the suppression of UV-elicited keratinocyte 

hyperproliferation in bixin-treated Nrf2+/+ mice [as indicated by Ki67 IHC analysis (Figure 3.7A)]. 

Next, bixin-modulation of UV-induced cutaneous inflammation was examined. IHC analysis 

revealed that UV-induced epidermal expression of the inflammatory NF-κB target gene MMP9 

(matrix metallopeptidase 9; gelatinase B), observable equally in Nrf2+/+ and Nrf2-/- mice, was 

significantly antagonized by systemic delivery of bixin in Nrf2+/+ mice only (Figure 3.7B). 

Furthermore, UV-activation of the NF-κB pathway was evident from upregulated p65 

phosphorylation (p-p65) detected in both Nrf2+/+ and Nrf2-/- mice (Figures 3.7C and 3.7D). 

Systemic administration of bixin decreased UV-induced p-p65 accumulation in the skin of Nrf2+/+ 

mice, whereas bixin treatment displayed minimal effects in Nrf2-/- mice, observations consistent 

with prior reports on Nrf2-dependent attenuation of NF-κB (397). 

In order to substantiate the bixin-elicited attenuation of UV-induced activation of the 

cutaneous NF-κB pathway, modulation of NF-κB target gene expression (IL6, TNFa, MMP9) was 

monitored at the mRNA level (Figure 3.7E). As expected, UV-exposure upregulated cutaneous 

mRNA levels of NF-κB target genes in both Nrf2+/+ and Nrf2-/- mice, an observation consistent 

with analogous published experiments examining UV-induced upregulation of IL-6, IL-1β, and 

COX-2 expression in Nrf2+/+ and Nrf2-/- SKH-1 mice [9, 22, 49], whereas bixin-attenuation of 

inflammatory gene expression was observed only in Nrf2+/+ mice. 
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Figure 3.6. Systemic administration of bixin suppresses UV-induced epidermal thickening, apoptosis, and 
oxidative DNA damage in Nrf2+/+ mice but not Nrf2-/- mice. Mice (Nrf2+/+ and Nrf2-/- mice; n = 6 per group) 
received bixin treatment (200 mg/kg; i.p.) or carrier control (corn oil), followed by solar UV (UVB 240 mJ/cm2) 
or mock exposure performed 48 h after bixin. (A) After irradiation (24 h), H&E staining and in situ TUNEL 
analysis visualizing epidermal apoptotic cells were performed [n = 6; representative tissue from each group is 
shown (scale bar: 100 µm)]. In addition, 8-oxo-dG- and CPD-lesions were visualized by IHC; representative 
tissue from each group is shown. (B) Epidermal thickness in H&E-stained sections was measured as the distance 
between the top of the basement membrane and the bottom of the stratum corneum at five randomly selected 
fields from each mouse specimen. (C) Quantification of TUNEL-positive cells (green fluorescent nuclei) in five 
random fields per section; 200 × magnification; [means ± SD (*p < 0.05, control vs. treatment groups; #p < 0.05, 
UV vs. bixin+UV groups)]. 
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Figure 3.7. Systemic administration of bixin attenuates UV-induced cutaneous hyperproliferation and 
inflammation in Nrf2+/+ mice but not Nrf2-/- mice. Mice were treated as detailed in figure 3.6 followed by IHC 
analysis for (A) Ki67 and (B) MMP9 (scale bar: 100 µm). (C-D) Skin tissue lysates from bixin/UV-exposed 
Nrf2+/+ and Nrf2-/- mice were also subjected to immunoblot analyses with anti-p-p65, p65, and GADPH 
antibodies followed by quantification using densitometry (D). (E) mRNA levels of IL6, TNFa and MMP9 were 
determined using quantitative RT-PCR. Results are expressed as means ± SD (*p < 0.05, control vs. treatment 
groups; #p < 0.05, UV vs. bixin+UV groups). 
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5.   Discussion 

Recently, the photochemopreventive effects of constitutive genetic activation of NRF2 have been 

described in a murine photocarcinogenesis model (303), and pharmacological activation of NRF2 

has been envisioned as a novel molecular strategy for cutaneous photoprotection (186, 191, 295, 

342, 343, 346, 350). Here we have explored the specific molecular mechanism underlying 

carotenoid-based systemic skin photoprotection in SKH-1 mice, providing experimental evidence 

that systemic protection against UV-induced skin damage conferred by the dietary apocarotenoid 

and FDA-approved food additive bixin is NRF2 dependent. 

First, we demonstrated that bixin is a canonical KEAP1-C151-dependent activator of the 

NRF2-orchestrated cytoprotective response in cultured human skin keratinocytes (Figures 3.1 and 

3.2). Consistent with upregulation of the NRF2-controlled intracellular antioxidant response, 

including genes involved in glutathione biosynthesis and function (SLC7A11, GCLC, GPX2, 

GSTZ1, GPX3), total glutathione levels were elevated significantly in human keratinocytes 

exposed to bixin. It has been demonstrated earlier that NRF2 establishes a glutathione-mediated 

gradient of UVB-cytoprotection in the epidermis, and upregulation of cellular glutathione levels 

has been identified as a mechanistic determinant of NRF2-dependent photoprotection (347, 350). 

Next, we performed experiments demonstrating that systemic administration of bixin by 

intraperitoneal injection activates cutaneous NRF2 and NRF2 target gene (AKR1C1, GCLM) 

expression (Figure 3.4). It was observed that bixin administration caused pronounced 

photoprotection against acute solar UV exposure, suppressing hyperproliferative skin thickening, 

apoptotic cell death, and oxidative DNA damage (Figure 3.6). In addition, systemic intervention 

using bixin was able to suppress UV-induced inflammatory responses detectable at the mRNA 

(IL6, MMP9, TNFα) and protein (Ki67, MMP9, p-p65) levels (Figure 3.7), data that are consistent 
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with the established attenuation of NFκB-controlled signaling by NRF2 upregulation (295, 397). 

Importantly, it was observed that bixin-induced photoprotective effects were confined to Nrf2+/+ 

mice, since no photoprotective effects of bixin were detectable in Nrf2-/- mice. These observations 

are consistent with earlier reports documenting the suppression of UVB-induced acute 

inflammation and sunburn by topical administration of NRF2 inducers in Nrf2+/+ mice (295, 303, 

397). HPLC-based examination of bixin plasma levels confirmed the close similarity of Cmax and 

AUC between Nrf2+/+ versus Nrf2-/- mice, indicating that differential photoprotective effects could 

not be attributed to genotype-specific differences in bixin pharmacokinetic profiles (Figure 3.3). 

It is important to note that recent genetic evidence indicates that constitutive and persistent 

upregulation of NRF2 (irresponsive to KEAP1-mediated degradation) causes skin pathologies and 

impaired barrier function (307, 310, 320), whereas moderate upregulation of NRF2 activity 

through genetic attenuation of KEAP1 expression displays potent photochemopreventive activity 

in a murine skin photocarcinogenesis model (303). It should also be mentioned that NRF2-

activating mutations have been identified in cutaneous squamous cell carcinomas (320). It 

therefore seems prudent to further explore the potential utility of topical or systemic 

pharmacological NRF2 activators used as standalone or combinatorial photoprotectants of human 

skin in more detail (290, 297). 

The concept of cutaneous photoprotection achieved by systemic administration of specific 

small molecule phytochemicals including carotenoids has been the subject of considerable 

research interest in the past (291, 352, 369, 370, 378-380). However, no prior research has explored 

the NRF2-dependence of carotenoid-based systemic photoprotection as presented in this study. It 

remains to be seen if NRF2-dependence of antioxidant tissue protection achieved by systemic 
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administration of the apocarotenoid bixin, a food additive devoid of provitamin A activity, also 

applies to other carotenoids that display photoprotective activity (291, 352, 369-371). 

Remarkably, bixin is now one of the most consumed food colorants in the world 

distinguished by a long record of dietary and ethnopharmacological use (355, 356). In prior studies, 

bixin has demonstrated antigenotoxic and antioxidant cytoprotective activities, and systemic 

availability of oral bixin and its demethylated metabolite norbixin has been documented in rodent 

studies and healthy human subjects (357, 358, 366, 367). Importantly, acceptable daily intake 

(ADI) over a lifetime without an appreciable health risk (http://apps.who.int/food-additives-

contaminants-jecfa-database/search.aspx) surpasses that of any other carotenoid approved as a 

food additive [ADI (bixin): 12 mg/kg body weight/day] (368). Based on safety record, systemic 

availability, and our experimental evidence demonstrating NRF2-dependent skin photoprotection 

by systemic administration of bixin in a murine UV exposure model, our future preclinical and 

clinical research activities will examine efficacy of bixin-based dietary activation of cutaneous 

NRF2 as a novel strategy for human skin photoprotection. 
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CHAPTER 4: TOPICAL BIXIN CONFERS NRF2-DEPENDENT PROTECTION  

AGAINST PHOTODAMAGE AND HAIR GRAYING IN MOUSE SKIN 

 

Text and figures from: Rojo de la Vega M, Zhang DD, Wondrak GT. Front. Pharmacol. 

2018;9:287. doi: 10.3389/fphar.2018.00287 

 

1.   Abstract 

Environmental exposure to solar ultraviolet (UV) radiation causes acute photodamage, premature 

aging, and skin cancer, attributable to UV-induced genotoxic, oxidative, and inflammatory stress. 

The transcription factor NRF2 is the master regulator of the cellular antioxidant response 

protecting skin against various environmental stressors including UV radiation and electrophilic 

pollutants. NRF2 in epidermal keratinocytes can be activated using natural chemopreventive 

compounds such as the apocarotenoid bixin, an FDA-approved food additive and cosmetic 

ingredient from the seeds of the achiote tree (Bixa orellana). Here, we tested the feasibility of 

topical use of bixin for NRF2-dependent skin photoprotection in two genetically modified mouse 

models [SKH1 and C57BL/6J (Nrf2+/+ versus Nrf2-/-)]. First, we observed that a bixin formulation 

optimized for topical NRF2 activation suppresses acute UV-induced photodamage in Nrf2+/+ but 

not Nrf2-/- SKH1 mice, a photoprotective effect indicated by reduced epidermal hyperproliferation 

and oxidative DNA damage. Secondly, it was demonstrated that topical bixin suppresses PUVA 

(psoralen+UVA)-induced hair graying in Nrf2+/+ but not Nrf2-/- C57BL/6J mice. Collectively, this 

research provides first in vivo evidence that topical application of bixin can protect against UV-

induced photodamage and PUVA-induced loss of hair pigmentation through NRF2 activation. 
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Topical NRF2 activation using bixin may represent a novel strategy for human skin 

photoprotection potentially complementing conventional sunscreen-based approaches.  

 

2.   Introduction  

Environmental exposure to solar ultraviolet (UV) radiation causes acute photodamage, premature 

aging, and skin cancer, all of which may originate from UV-induced genotoxic, oxidative, 

neuroendocrine, and inflammatory stress (282, 283, 292, 398-401). In response to environmental 

stressors, the redox-sensitive transcription factor NRF2 [nuclear factor erythroid-(E2)-related 

factor 2] orchestrates major cellular defense mechanisms including phase II detoxification, 

inflammatory signaling, DNA repair, antioxidant response, and autophagy activation, all of which 

might be involved in the maintenance of skin barrier function (30, 307, 402, 403).  NRF2 is 

expressed in all skin cell types (297), but its levels are typically low in the absence of oxidative or 

electrophilic stress as a result of its interaction with kelch ECH-associated protein 1 (KEAP1), a 

substrate adaptor for an E3 ubiquitin ligase complex that constantly ubiquitylates NRF2, 

promoting its proteasomal degradation (11). Oxidative or electrophilic insults cause a 

conformational change in KEAP1 that prevents NRF2 ubiquitylation (33, 95, 404), causing the 

accumulation of newly synthesized NRF2 that translocates to the nucleus to activate the expression 

of target genes containing an antioxidant response element (ARE) in their regulatory regions (52). 

Numerous studies strongly suggest a protective role of NRF2-mediated gene expression against 

cutaneous photodamage induced by solar UV radiation as evidenced by suppression of UV-

induced apoptosis and inflammatory signaling (186, 295, 341, 342, 347), and research performed 

in SKH1 mice documents that genetic NRF2 activation protects against acute photodamage and 

photocarcinogenesis (303, 349). Our own studies have demonstrated the photoprotective effects 
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of pharmacological NRF2 activation in cultured human skin cells and reconstructed epidermal skin 

models (157, 186, 191). In addition, based on the role of NRF2 in the control of melanocyte 

responses to environmental stressors, NRF2 has been implicated in cutaneous pigmentation 

disorders associated with redox alterations relevant to vitiligo and stress-induced hair graying (331, 

333, 334). Consequently, pharmacological modulation of NRF2 has now attracted considerable 

attention as a novel approach to skin photoprotection, cancer photochemoprevention, and 

suppression of radiation dermatitis and stress-induced hair graying (158, 191, 301, 305, 346). 

Recently, we have demonstrated the feasibility of NRF2-dependent systemic 

photoprotection by dietary constituents focusing on the apocarotenoid bixin (157), an FDA-

approved natural food colorant from the seeds of the achiote tree (Bixa orellana) native to tropical 

America (355, 356). Our research revealed that systemic administration of bixin activates 

epidermal NRF2 with potent protective effects against acute solar UV-induced skin damage in 

SKH1 mice (157). Importantly, in addition to NRF2-dependent indirect antioxidant cellular 

effects, bixin displays molecular activities as free radical scavenger and excited state quencher 

(372), PPAR (peroxisome proliferator-activated receptor) α/γ agonist (383, 384), and TLR (Toll-

like receptor) 4/NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells) antagonist 

(388), potentially contributing to protection of skin barrier function against environmental stress. 

         In this follow-up study, we have for the first time explored the feasibility of NRF2-

dependent skin photoprotection employing topical bixin in two genetically modified mouse models 

[SKH1 and C57BL/6J (Nrf2+/+ versus Nrf2-/-)] in order to distinguish between NRF2-dependent 

and -independent photoprotective effects. First, we observed that a bixin formulation optimized 

for topical NRF2 activation suppresses acute UV-induced photodamage in Nrf2+/+ but not Nrf2-/- 

SKH1 mice. Likewise, topical bixin can suppress stress-induced hair graying in an established 
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PUVA (psoralen+UVA) regimen in Nrf2+/+ but not Nrf2-/- C57BL/6J mice, confirming the NRF2-

dependence of photoprotection achievable by topical application of this ethno-pharmacological 

skin protectant used throughout the Americas since ancient times. 

 

3.   Materials and Methods 

 3.1.   Chemicals and antibodies 

Analytical grade cis-bixin (9-cis-6,6'-diapo-ψ,ψ-carotenedioic acid, 6-methyl ester) was purchased 

from Spectrum (CAS number: 6983-79-5). LC/MS confirmation of purity (>98% by weight) was 

performed using electrospray mass spectrometry of bixin [dissolved in tetrahydrofuran and diluted 

tenfold in acetonitrile/NH4OH (0.1 N); ESI-MS (negative ion mode) m/z 393.21 (M-1)−] 

employing a Bruker Apex FT/ICR mass spectrometer, as specified before (157). Polyethylene 

glycol 400 (PEG400) was from EMD Millipore. Xanthotoxin (8-methoxypsoralen, 8-MOP), and 

hydrogen peroxide (H2O2) were from Sigma. Primary antibodies against NRF2, KEAP1, TRXR1, 

GCLM, NQO1, HO1, OGG1, GAPDH, and actin were purchased from Santa Cruz Biotechnology. 

Primary antibody against p62 was from Abnova. Secondary antibodies conjugated with 

horseradish peroxidase (HRP) were purchased from Sigma. Antibody against 8-oxo-dG was from 

Trevigen.  

 

3.2.   Cell culture 

Primary human melanocytes, neonatal, low pigmented (HEMnLP) were cultivated in medium 254 

supplemented with 0.08 mM CaCl2, 1X human melanocyte growth supplement (HMGS), and 1X 

gentamicin/amphotericin, all purchased from Gibco. Cells were maintained in a humidified 

incubator with 5% CO2 at 37 °C. 
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3.3.   UV irradiation 

Mice were UV irradiated utilizing a KW large area solar simulator, model 91293, from Oriel 

Corporation, equipped with a 1000 W Xenon arc lamp power supply, model 68920 (157, 285, 391, 

392). The output was quantified using a dosimeter from International Light Inc. For simulated 

solar UV irradiation (“UV”, consisting of UVA+UVB), a VIS-IR bandpass-blocking filter 

combined with an atmospheric attenuation filter (output 290-400 nm plus residual 650-800 nm) 

was used. At 345 mm from the source, the UV dose was 4.4 J/cm2 UVA + 240 mJ/cm2 UVB. For 

UVA irradiation (“UVA”), a VIS-IR bandpass-blocking filter combined with a UVB/C blocking 

filter (output 320-400 nm plus residual 650-800 nm) was used. At 345 mm from the source, the 

UVA dose was 5.39 mJ/cm2 with a residual UVB dose of 3.16 µJ/cm2. Total dose of UVA for 

PUVA model was 1.32 J/cm2 and 0.33 J/cm2 for cells.  

 

3.4.   Mouse models  

This study was carried out in accordance with the recommendations of the Guide for the Care and 

Use of Laboratory Animals. All protocols were approved by the University of Arizona Institutional 

Animal Care and Use Committee. For the experiments, mice between 8-12 weeks old were used. 

Pilot project: SKH1 Nrf2+/+ mice (n=4) were applied PEG400 (vehicle control) on one half of the 

dorsal skin and 1% bixin in PEG400 (w/w) on the other half. Skin tissues were collected 24 h later. 

Acute photodamage: SKH1 Nrf2+/+ and Nrf2-/- mice (n=6/group) were randomly allocated to one 

of the treatment groups: control (Ctrl: topical PEG400, no UV), UV (UV: topical PEG400, UV), 

bixin (Bix: 1% bixin in PEG400, no UV), bixin and UV (Bix+UV: 1% bixin in PEG400, UV). 

PUVA-induced hair graying: C57BL/6J Nrf2+/+ and Nrf2-/- mice were depilated using Nair cream 
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for ~1 min. Three days after depilation, mice (n=6/group) were randomly allocated to one of the 

treatment groups: control (Ctrl: topical PEG400, no UVA), bixin (Bix: 1% bixin in PEG400, no 

UVA), photosensitizer and UVA (PUVA: PEG400, 50 µL 0.5 mg/mL 8-MOP, UVA), bixin and 

PUVA (Bix+PUVA: 1% bixin in PEG400, 50 µL 0.5 mg/mL 8-MOP, UVA). See figures 2, 4, and 

5 for more detailed experimental time points.   

 

3.5.   Immunoblotting 

Cell lysates were collected in 1X sample buffer (50 mM Tris-HCl pH 6.8, 2% sodium dodecyl 

sulfate [SDS], 10% glycerol, 100 mM dithiothreitol [DTT], and 0.1% bromophenol blue). Snap 

frozen skin tissue sections were homogenized in 2X sample buffer without bromophenol blue. 

Samples were boiled, sonicated, resolved by SDS-PAGE, and subjected to immunoblot analyses 

with the indicated antibodies. Images were obtained with an Azure c600 chemiluminescence 

imager.  

 

3.6.   Histological analyses 

Skin tissues were fixed in 10% buffered formalin and embedded in paraffin. Sections (5 µm) were 

baked and deparaffinized for histological staining. Hematoxylin and eosin (H&E) staining was 

performed for pathological examination. For immunohistochemical analyses, antigen retrieval was 

done by boiling the tissue slides in citrate buffer (pH 6.0) or EDTA buffer (pH 8.0). Endogenous 

peroxidase was blocked with 10% hydrogen peroxide and 5% normal goat serum was used for 

blocking. Tissue sections were incubated overnight with the indicated antibodies and staining was 

performed using the EnVision+System-HRP diaminobenzidine (DAB) kit from Dako, according 

to the manufacturer’s instructions. For detection of oxidative DNA damage, 8-oxo-dG staining 
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was performed according to the manufacturer’s instructions (Trevigen). Images were obtained 

with a Nikon Eclipse 50i microscope and the Nikon NIS Elements F 4.0 software.  

 

3.7.   Image analyses and quantification 

Immunoblot, immunohistochemistry, and whole mouse images were analyzed using ImageJ. 

Briefly, band intensities and staining intensities were measured for equal areas as mean pixel 

intensity. Results were normalized and expressed as fold-change compared to controls.  

 

3.8.   Statistical analyses 

Results are presented as means ± SEM. Paired Student’s t-tests were used to compare the means 

of groups. A p < 0.05 was deemed significant. Experiments were performed in triplicate unless 

otherwise indicated.  

 

4.   Results 

4.1.   Topical bixin activates NRF2 in SKH1 mouse skin 

In preparation of murine photoprotection experiments, we first conducted a pilot study to test the 

feasibility of epidermal NRF2 activation using a topical bixin formulation (Figure 4.1).  To this 

end, SKH1 hairless mice were treated with PEG400 vehicle control (Ctrl) on half of their dorsal 

skin or 1% (w/w) bixin (Bix) on the other half. Skin tissues were then collected 24 h after a single 

application to assess NRF2 activation. As shown by immunoblot analysis, bixin treatment 

upregulates NRF2 levels (1.8-fold maximum induction) with induction of NRF2 target gene 

expression (p62, TRXR1, GCLM; 3.8-fold maximum induction), an effect that occurs without 

modulation of KEAP1 protein levels (Figure 4.1A). Similar changes were observed by 
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immunohistochemical analyses, indicating epidermal upregulation of NRF2 and GCLM (Figure 

4.1B). Taken together, these results indicate that a topical bixin formulation efficiently activates 

NRF2 in SKH1 mouse skin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.1. Topical bixin activates NRF2 in SKH1 mouse skin. SKH1 Nrf2+/+ mice were treated with PEG400 
vehicle control (-) on half of their dorsal skin and 1% bixin (+) on the other half. Skin tissues were collected one 
day later. (A) Protein expression of NRF2 and its downstream genes in skin tissue lysates as assessed by 
immunoblot analyses in four individual mice. Protein expression was quantified, normalized, and represented as 
fold change compared to controls. (B) Histological analyses by H&E and immunohistochemical staining for 
NRF2 and its target gene GCLM. Images representative of specific treatment groups are shown. Scale bar: 10 
µm. *, p < 0.05 compared to Ctrl. 
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4.2.   Topical bixin confers protection against UV-induced skin damage in Nrf2+/+ but not 

Nrf2-/- SKH1 hairless mice 

Next, the protective effect of bixin-mediated NRF2 upregulation was tested in an acute skin 

photodamage in vivo model comparing Nrf2+/+ and Nrf2-/- SKH1 hairless mice in order to 

substantiate the involvement of NRF2 in photoprotection. Since a single topical application of 

 
Figure 4.2. Topical bixin and UV modulate the expression of NRF2 pathway proteins in SKH1 mouse 
skin. (A) Treatment scheme of acute photodamage study. SKH1 Nrf2+/+ and Nrf2-/- mice were treated with 
vehicle control (Ctrl) or 1% bixin (Bix), alone or in combination with solar UV (UVB 240 mJ/cm2) (UV, 
Bix+UV). Skin tissues were collected for analysis one day after exposures. (B) Protein expression of NRF2 and 
its downstream genes in skin tissue lysates as assessed by immunoblot analyses. Protein expression was 
quantified, normalized, and represented as fold change compared to controls. Blots of three representative 
samples for each group are shown. p < 0.05: * compared to Ctrl, # compared to UV, $ compared to Bix.   
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bixin caused only moderate NRF2 upregulation (Figure 4.1), two consecutive applications (24 h 

each) for enhanced NRF2 upregulation were employed, as specified in scheme 1 (Figure 4.2A; ‘2-

day topical bixin regimen’). Twenty-four hours after the second topical application, mice were 

irradiated with UV and skin tissues were analyzed a day later for effects on acute photodamage. 

As expected, topical bixin induced the NRF2 pathway, as evidenced by immunoblot detection of 

increased expression of NRF2 (6.8-fold induction) and its target genes (TRXR1, NQO1, HO1, 

GCLM, OGG1, p62; 4-fold maximum induction) in Nrf2+/+ mice (Figure 4.2B). Likewise, UV 

treatment caused upregulation of NRF2 (twofold), consistent with earlier observations in SKH1 

mice (157). Similar results were obtained using immunohistochemical analyses indicating 

increased epidermal staining for NRF2 and GCLM observable in response to UV, bixin, and 

bixin+UV treatment (Figure 4.3A). In contrast, modulation of NRF2 target gene expression in 

Nrf2-/- mice was much attenuated, a finding consistent with both the complete absence of NRF2 

and the partial involvement of other stress response pathways regulating expression of general 

stress response proteins, such as HO1 (2.8-fold induction) (Figure 4.2B). 

Next, we determined that topical bixin confers NRF2-dependent protection against UV-

induced epidermal hyperproliferation and oxidative DNA damage. Histological analysis 

employing H&E staining confirmed that UV irradiation caused epidermal thickening observable 

in both Nrf2+/+ (3.2-fold) and Nrf2-/- (3.5 fold) mice (Figure 4.3B). Strikingly, in bixin pre-treated 

Nrf2+/+ mice (1.4-fold), epidermal thickening was greatly reduced, an effect absent from Nrf2-/- 

mice (3.8-fold). Importantly, UV exposure also increased epidermal occurrence of the oxidative 

DNA lesion 8-oxo-dG (8-oxo-deoxyguanosine), detected by immunohistochemical analysis 

(Figure 4.3C). Again, occurrence of 8-oxo-dG lesions was greatly diminished by bixin pre-

treatment in Nrf2+/+ mice only (1.2-fold; Figure 4.3C), a protective effect consistent with the 
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upregulation of the NRF2 target gene OGG1, encoding an 8-oxo-dG-directed repair glycosylase 

(Figure 4.2B). In contrast, in Nrf2-/- mice UV-induced 8-oxo-dG lesions were extensive and 

persisted irrespective of bixin treatment (1.9-fold for UV and Bix+UV).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.3. Topical bixin protects SKH1 mouse skin against acute photodamage in an NRF2-dependent 
manner. Histological analyses were performed on skin tissue sections collected from the SKH1 Nrf2+/+ and 
Nrf2-/- mice from the study depicted on scheme 2 (Fig. 2A). (A) IHC staining of NRF2 and GCLM epidermal 
expression. (B) H&E staining. (C) Staining of the oxidative DNA damage marker 8-oxo-deoxyguanosine (8-
oxo-dG). Representative images are shown. Scale bar: 10 µm. Staining intensity was quantified, normalized, 
and represented as fold change compared to controls. p < 0.05: * compared to Ctrl, # compared to Nrf2+/+. 
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4.3.   Topical bixin activates NRF2 in C57BL/6J mouse skin exposed to PUVA (psoralen + 

UVA) photodamage  

Recent evidence indicates a role of NRF2 in protection of hair follicles and melanocytes against 

oxidative stress (331, 333). Therefore, after demonstrating skin photoprotection by topical bixin 

 
 
Figure 4.4. Bixin activates NRF2 in primary human melanocytes and protects from H2O2-induced 
senescence. (A) HEMnLP primary melanocytes were treated with bixin (20 and 40 µM) for 4 h, to detect maximal 
NRF2 activation, and for 16 h, to detect maximal expression of NRF2 downstream genes. Protein expression 
from total cell lysates is shown. Protein expression was quantified, normalized, and represented as fold change 
compared to controls. (B) Cell viability assay. Cells were treated every other day for six weeks with DMSO 
(control, Ctrl), 20 µM bixin only (Bix), 100 µM hydrogen peroxide only (H2O2), or bixin (pre-treatment) and 
hydrogen peroxide (Bix+H2O2). After six weeks the cells were fixed and viable cells on dish were quantified. 
Scale bar: 10 µm. p < 0.05: * compared to Ctrl, $ compared to Bix, # compared to H2O2. 
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in SKH1 mice, we also explored the feasibility of bixin-dependent suppression of stress-induced 

loss of hair pigmentation in C57BL/6J Nrf2+/+ versus Nrf2-/- mice. To this end, we utilized an 

established mouse model employing topical PUVA (psoralen+UVA) for phototherapy-induced 

hair graying that occurs downstream of skin oxidative stress (405, 406).  

Before initiating the animal model, we examined bixin effects on human primary epidermal 

melanocytes (Figure 4.4), experiments performed in analogy to our previously published studies 

on primary human keratinocytes (157). To this end, HEMnLP were treated with bixin followed by 

analyses of NRF2 activation. A robust induction of NRF2 protein levels was observed at 4 h (1.8-

fold for 20 µM and 2.5 for 40 µM), and NRF2 levels went back to basal values at 16 h (Figure 

4.4A, top panel), consistent with the notion that bixin is a canonical NRF2 activator. Consistently, 

increased expression of NRF2 target genes (TRXR1, NQO1, p62, HO1; average twofold increase, 

sixfold for HO1) was detected by immunoblot analysis (Figure 4.4A, bottom panel). Moreover, 

bixin pre-treatment protected melanocytes against hydrogen peroxide (H2O2)-induced loss of 

viability, observable in a chronic exposure model of oxidative stress (Figure 4.4B). These results 

suggest that bixin effectively activates NRF2 in primary melanocytes and that bixin treatment can 

protect against oxidative stress-induced loss of viability. 

Next, following our pilot experiment in SKH1 mice, we analyzed the acute effects of 

topical bixin used with or without PUVA on C57BL/6J Nrf2+/+ mouse skin. As indicated in scheme 

2 (Figure 4.5A), mice were depilated and skin was allowed to recover for two days before topical 

application of vehicle control or 1% bixin. One day after the second topical treatment, mouse skin 

received the topical 8-MOP for 30 min, followed by UVA exposure. One day after PUVA, mouse 

skin was harvested and subjected to immunoblot analysis, demonstrating that topical bixin induces 

a twofold increase in cutaneous NRF2 and expression of NRF2 target genes (TRXR1, p62, NQO1, 
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HO1, GCLM, OGG1) in C57BL/6J Nrf2+/+ mice (Figure 4.5B), an effect similar to what had been 

observed in SKH1 mice (Figures 4.1 and 4.2). Interestingly, PUVA treatment caused pronounced 

NRF2 activation, an effect attenuated by bixin pre-treatment (>4-fold for PUVA versus twofold 

for Bix+PUVA).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5. Topical bixin activates NRF2 and prevents acute PUVA-induced damage in C57BL/6J mouse 
skin.  (A) Treatment scheme for acute PUVA study in C57BL/6J Nrf2+/+ mice. (B) Protein expression of NRF2 
and its downstream genes in skin tissue lysates as assessed by immunoblot analyses. Protein expression was 
quantified, normalized, and represented as fold change compared to controls. Blots of three representative 
samples for each group are shown. p < 0.05: * compared to Ctrl, # compared to PUVA, $ compared to Bix. 
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Figure 4.6. Topical bixin prevents PUVA-induced hair graying in C57BL/6J mouse skin. (A) Treatment 
scheme for PUVA-induced hair graying study in C57BL/6J Nrf2+/+ and Nrf2-/- mice. (B) Representative images 
of PUVA-induced hair graying. The yellow lines delineate the area originally depilated and treated. Mean pixel 
intensity (whiteness) was calculated per treatment area, normalized, and expressed as fold-change to Nrf2+/+ 
PUVA values. p < 0.05: * compared to Nrf2+/+ PUVA, # compared to Nrf2+/+ Bix+PUVA. 
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4.4.   Topical bixin confers protection against PUVA-induced hair graying in Nrf2+/+ but not 

Nrf2-/- C57BL/6J mice 

After substantiating NRF2 activation in C57BL/6J mouse skin, we tested the ability of topical 

bixin to suppress PUVA-induced hair graying as a function of NRF2 expression. To this end, we 

performed an experiment as described in scheme 3 (Figure 4.6A), in which C57BL/6J Nrf2+/+ and 

Nrf2-/- mice were first depilated, followed by topical bixin and subsequent PUVA exposure. After 

one more cycle of depilation and hair regrowth over a period of 50 days, hair color was inspected 

in the back skin area that had undergone PUVA exposure with or without bixin pre-treatment. 

PUVA exposure caused pronounced hair graying in both Nrf2+/+ and Nrf2-/- C57BL/6J mice 

(Figure 4.6B), an effect on hair pigmentation consistent with the published literature (406). 

Strikingly, topical bixin pre-treatment greatly prevented the occurrence of this photodamage-

induced phenotype, an effect observed only in Nrf2+/+ mice (Figure 4.6B). Paradoxically, bixin 

pre-treated Nrf2-/- C57BL/6J mice displayed an increased occurrence of PUVA-induced gray hair 

(1.6-fold), an NRF2-independent effect of this pleiotropic agent that remains to be explored 

mechanistically (400). Taken together, these results indicate that upregulation of cutaneous NRF2 

using topical bixin can antagonize phototherapy-induced hair graying in C57BL/6J mice.  

 

5.   Discussion  

Sunscreen-based photoprotection is an effective strategy to reduce skin exposure to solar UV light, 

and the development of more effective or synergistic molecular strategies acting through 

mechanisms different from photon absorption has recently attracted much attention (400). 

Cumulative evidence demonstrates that activation of the NRF2 pathway is essential for the 

maintenance of skin integrity and function in response to solar UV and other environmental 
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stressors (297, 333, 400). Importantly, topical application of NRF2 inducers, e.g., the synthetic 

NRF2-activator TBE-31, has shown pronounced photoprotective and photochemopreventive 

activity in murine skin, and suppression of solar UV-induced human skin erythema was achieved 

by topical application of a standardized broccoli extract delivering the NRF2 inducer sulforaphane 

(303, 346, 400).  

Here, we provide in vivo evidence demonstrating for the first time that topical application 

of bixin can protect skin against UV-induced acute photodamage and PUVA-induced loss of hair 

pigmentation in an NRF2-dependent manner in SKH1 and C57BL/6 mice, respectively. First, we 

demonstrated that a topical bixin formulation activates the NRF2 pathway in SKH1 mouse skin 

(Figure 4.1). Next, we demonstrated that topical bixin protects skin against UV-induced oxidative 

stress and epidermal hyperproliferation by modulation of the expression of NRF2 target genes 

(Figures 4.2 and 4.3), in agreement with our previous observations that systemic bixin 

administration activates NRF2 signaling in epidermal keratinocytes and protects mouse skin 

against acute UV photodamage and oxidative DNA lesions (157). Bixin-dependent NRF2 

activation could protect from UV-induced damage by detoxifying ROS via upregulation of 

glutathione synthesis (GCLM) and antioxidant enzymatic systems (TRXR1, NQO1, HO1), 

promoting clearance of oxidized or damaged proteins or lipids through autophagy activation (p62), 

and promoting DNA repair (OGG1). Even though bixin has been reported to enhance skin barrier 

function by activation of PPARα/γ signaling and to inhibit TLR4/NFκB signaling, the in vivo 

experiments presented here indicate that the photoprotective effects achieved by topical bixin 

application depend largely on NRF2 activation, since the protection is lost in Nrf2-/- mice. 

To test bixin-dependent NRF2 protective effects on hair graying in vivo, we adapted an 

animal model of oxidative stress-induced hair graying employing PUVA in C57BL/6J mice (406). 
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First, we observed that bixin induces the NRF2 pathway in primary human melanocytes and 

preserves viability upon oxidative stress insults (Figure 4.4). Next, it was observed that topical 

bixin activates NRF2 in C57BL/6J Nrf2+/+ mice (Figure 4.5). Furthermore, topical bixin confers 

protection against PUVA-induced hair graying (Figure 4.6), an NRF2-dependent photoprotective 

effect not observed in Nrf2-/- mice. Previous research has shown that PUVA-induced hair graying 

can be antagonized by topical pre-treatment with superoxide dismutase (406), and direct-acting 

antioxidants protect dermal fibroblasts from PUVA-induced oxidative stress and premature 

senescence (407). It is therefore feasible that bixin protection against PUVA-induced hair graying 

is a result of NRF2-dependent modulation of antioxidant responses that might also involve 

cytoprotective paracrine interactions between keratinocytes and melanocytes, as recently 

described (333, 408, 409). It should also be mentioned that melatonin and its metabolites protect 

melanocytes against UVB-induced damage through NRF2-mediated pathways, a cytoprotective 

mechanism that might suppress skin environmental stress (410-412). Apart from upregulation of 

cytoprotective antioxidant and repair pathways in the cellular components of the hair follicle 

pigmentary unit, NRF2 regulation of hair follicle stem cells and improved cellular regeneration 

and wound healing may also contribute to maintenance of hair pigmentation under stress 

conditions (333, 401).  

Based on the favorable toxicity profile of this FDA-approved apocarotenoid used 

worldwide as a food additive and topical cosmetic ingredient devoid of provitamin A activity, 

cutaneous NRF2 activation by bixin may have therapeutic potential for pharmacological protection 

of skin barrier function against environmental insults. Ethno-pharmacological uses of topical bixin 

preparations are well documented both for cosmetic and therapeutic use as recently reviewed 

(400). Indeed, NRF2-dependent pharmacological improvement of diabeting wound healing has 
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been demonstrated (156). Moreover, a potential therapeutic benefit of topical bixin might also be 

relevant to NRF2-dependent amelioration of psoriatic impairment of skin barrier function as well 

as radiation-induced dermatitis, based on cutaneous modulation of NRF2 in the absence of 

systemic changes that would protect tumor tissue against radiotherapy (158, 159, 305, 413). Future 

experiments will examine if topical NRF2 activation by bixin may represent a novel molecular 

strategy for human skin photoprotection, potentially complementing conventional sunscreen-

based approaches.  
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CHAPTER 5: ENVIRONMENTALLY RELEVANT LEVELS OF ARSENIC CAUSE 

PROTEOTOXIC STRESS AND NOT OXIDATIVE STRESS 

 

Text and figures from: Dodson M, Rojo de la Vega M, Harder B, Castro-Portuguez R, Rodrigues 

SD, Wong PK, Chapman E, Zhang DD. Toxicol. Appl. Pharmacol. 2018;341:106-113. doi: 

10.1016/j.taap.2018.01.014. 

 

1.   Abstract 

Prolonged exposure to arsenic has been shown to increase the risk of developing a number of 

diseases, including cancer and type II diabetes. Arsenic is present throughout the environment in 

its inorganic forms, and the level of exposure varies greatly by geographical location. The current 

recommended maximum level of arsenic exposure by the EPA is 10 µg/L, but levels >50 - 1000 

µg/L have been detected in some parts of Asia, the Middle East, and the Southwestern United 

States. One of the most important steps in developing treatment options for arsenic-linked 

pathologies is to understand the cellular pathways affected by low levels of arsenic. Here, we show 

that acute exposure to non-lethal, low-level sodium arsenite, an environmentally relevant arsenical, 

inhibits the autophagy pathway. Furthermore, arsenite-induced autophagy inhibition initiates a 

transient, but moderate ER stress response. Significantly, low-level arsenite exposure does not 

exhibit an increase in oxidative stress. These findings indicate that compromised autophagy, and 

not enhanced oxidative stress, occurs early during arsenite exposure, and that restoring the 

autophagy pathway and proper proteostasis could be a viable option for treating arsenic-linked 

diseases. As such, our study challenges the existing paradigm that oxidative stress is the main 

underlying cause of pathologies associated with environmental arsenic exposure.
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2.   Introduction 

Arsenic is a metalloid found ubiquitously in the environment. Exposure to unsafe levels of arsenic 

typically occurs as a result of consuming contaminated food or drinking water, particularly over a 

prolonged period of time. The current World Health Organization (WHO) and Environmental 

Protection Agency (EPA) recommended limit for arsenic levels in the drinking water is 10 µg/L 

(10 ppb); however, many countries including Bangladesh, India, Mexico, Chile, Taiwan, China, 

and even some parts of the United States and Canada, have reported concentrations that 

significantly exceed this limit, ranging anywhere from 50 to >1,000 ppb (µg/L) (414-421). 

Furthermore, populations chronically exposed to arsenic in this range are at an increased risk of 

developing a number of diseases, including skin, lung, and bladder cancer, cardiovascular, 

respiratory, and kidney disease, as well as type II diabetes (422-428). 

The carcinogenic potential of arsenic has been well established in both epidemiological 

studies, as well as in a host of experimental models (429-433). Arsenic is classified as a Group 1 

human carcinogen by the International Agency for Research on Cancer (IARC), and currently 

ranks number 1 on the substance priority list put forth by the Agency for Toxic Substance and 

Disease Registry (ATSDR). The toxic effects associated with arsenic exposure depend on the 

arsenical species, as well as the concentration and time of exposure. Intracellularly, arsenic can 

exist in its inorganic forms, arsenate [As(V)] and arsenite [As(III)], as well as in its methylated 

forms, methylarsonic acid/methylarsonous acid [MMA(V/III)] or dimethylarsinic 

acid/dimethylarsinous acid [DMA(V/III)]. Most in vitro and in vivo studies utilize either sodium 

arsenite (NaAsO2) or arsenic trioxide (As2O3), producing As(III) which can be oxidized to form 

As(V), or further metabolized by arsenite 3-methyl transferase into MMA or DMA inside the cell 
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(434). As such, the pleiotropic effects attributed to arsenic toxicity are a result of the diversity of 

arsenical species and their subsequent effects on a variety of intracellular targets.  

Interestingly, many of the studies investigating the pathogenic effects of arsenic exposure 

use concentrations of arsenite in the >5 µM micromolar range [375-750 ppb As(III)], reflecting 

concentrations that might be observed only in the most severely affected areas. Many of the 

observed effects in this range, such as increased reactive oxygen species (ROS) production (435-

437), DNA damage (438-440), mitochondrial dysfunction (441), glutathione depletion (442), and 

protein modifications (443), might not occur at lower, more environmentally relevant 

concentrations. Furthermore, the compound, cell type, and time of treatment matters, with As2O3 

exhibiting a more consistent increase in ROS production at acute time points (444-446), whereas 

chronic NaAsO2 treatment (i.e. 8-24 weeks) has been shown to increase or decrease ROS levels 

depending on the cell type and length of exposure (447, 448). It is important to note that As2O3 is 

not a common environmental contaminant, and is mainly utilized as a cancer treatment, making it 

not suitable for determining the cellular pathways affected by environmental exposure to more 

common arsenicals.  

To gain a better understanding of the pathological effects associated with environmentally 

relevant arsenic concentrations, we examined the immediate cellular stress responses to low levels 

of arsenic exposure [sodium arsenite in the 0.5 – 2 µM, which is equivalent to 37.5 – 150 ppb 

As(III)]. ROS production, autophagosome accumulation, and activation of the ER stress response, 

at early time points (0.5-4 h), as well as cell viability (24 to 48 h), were measured in a variety of 

mouse and human cell lines. Interestingly, low dose arsenite treatment up to 72 h did not result in 

any detectable levels of ROS as measured by electron paramagnetic resonance spectroscopy (EPR) 

using the 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) spin probe. 



 112 

Instead, acute arsenite treatment results in inhibition of the autophagy pathway, as we reported 

previously (113), as well as a transient moderate ER stress response. No toxicity was observed at 

any dose of arsenite up to 48 h in all four of the cell types tested. These results demonstrate that 

lower concentrations of arsenite significantly alter proteostasis without inducing oxidative stress, 

at least at early time points, challenging the existing paradigm that ROS are the main underlying 

cause of pathologies associated with environmental arsenic exposure.   

 

3.   Materials and Methods 

3.1.   Chemicals, antibodies, reagents, and cell culture conditions 

Sodium arsenite (S7400), 2’,7’-dichlorofluorescein diacetate (H2DCFDA; D6883), MTT [3-4,5-

dimethyl-2-thiazo-yl)-2,5-diphenyl-2H-tetrazolium bromide; M5655], bafilomycin A1 (B1793), 

and the primary antibody against LC3 (L7543) were purchased from Sigma. 1-hydroxy-3-

methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH; NOX-0.2) and Krebs-HEPES buffer 

(NOX-07.6.1) were purchased from Noxygen.  Primary antibodies against GAPDH (sc-32233), as 

well as horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-rabbit, sc-2004; 

goat anti-mouse, sc-2005) were from Santa Cruz. The primary antibody against SQSTM1 (89-015-

843) was obtained from Abnova. The primary antibodies against EIF2S1 (9722), phosphorylated 

EIF2S1 (9721), and XBP1s (12782) were from Cell Signaling Technologies. The antibody against 

ATF6 (ab122897) was from Abcam. NIH 3T3, HeLa, and HEK 293 cell lines were purchased 

from the American Type Culture Collection (ATCC). NIH 3T3 and HeLa cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Corning, MT10014CV) supplemented with 10% 

fetal bovine serum (FBS; Atlanta Biological, S11150H), 1% L-glutamine (Gibco, 25030081), and 

1% penicillin-streptomycin (15140722). HEK 293 cells were cultured in minimum essential 
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medium (MEM; Corning, 10-010-CV) supplemented with 10% FBS, 1% L-glutamine, 0.1 mM 

nonessential amino acids (Hyclone, SH30238.01), 0.1 mM sodium pyruvate (Gibco, 11360070), 

and 0.01% gentamicin (Omega Scientific, 1350). HEMn-LP were purchased from Thermo Fisher 

Scientific and were cultured in medium 254 supplemented with 0.06 mM calcium chloride (Gibco, 

M254CF500), 1X human melanocyte growth supplement (HMGS; Thermo Fisher Scientific, 

S0025), and 1X gentamicin/amphotericin (Thermo Fisher Scientific, R01510). All cells were 

incubated at 37 °C in a humidified incubator with 5% CO2.  

 

3.2.   Transfection and live cell fluorescent imaging 

For imaging, 7.5×104 NIH 3T3 cells were seeded in quad chamber glass bottom 35 mm dishes. 

Cells were transfected with 1 µg RFP-GFP-LC3 using Lipofectamine 3000 (Thermo Fisher 

Scientific, L3000075) according to the manufacturer’s instructions. 24 h later, cells were either 

left untreated, treated with sodium arsenite (0.25, 0.5, 1, or 2 µM) or bafilomycin (0.1 µM), or 

starved with Hank’s balanced salt solution (HBSS, 1X, Hyclone, SH30268.01) for the indicated 

time points. Prior to imaging, cells were gently washed with 1X phosphate buffered saline (PBS) 

and DMEM without phenol red was added. Images were taken with a Zeiss Observer.Z1 

microscope using the Slidebook 4.2.0.11 software (Intelligent Imaging Innovations, Inc.).  

 

3.3.   Immunoblot analysis 

To detect protein expression, 3×105 cells were seeded in 12-well plates, and 24 h later were either 

left untreated, treated with sodium arsenite or bafilomycin, or starved in HBSS for the indicated 

time points. Cells were washed in 1X PBS, harvested in 1X Laemmli or 1X NuPAGE LDS Sample 

Buffer with 1X NuPAGE Reducing Agent (Thermo Fisher Scientific, NP0007), and boiled for 5 
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min. Cell lysates were resolved by SDS-polyacrylamide gel electrophoresis and subjected to 

immunoblot analysis with the indicated antibodies.   

 

3.4.   Cell toxicity assay 

To measure cell toxicity, 1×104 cells were seeded in 96-well plates, and 24 h later were either left 

untreated or treated with sodium arsenite for 24 and 48 h.  20 µL of MTT (2 mg/mL) were added 

to each well and the plates were incubated for 2 h at 37 °C. Medium was removed and formazan 

salts were diluted by adding 100 µL of isopropanol/HCl. The plates were shaken at room 

temperature for 10 min and absorbance was measured at 570 nm using a BioTek plate reader. Cells 

were seeded in quadruplicate.  

 

3.5.   Reactive oxygen species measurements 

To measure the generation of reactive oxygen species using EPR, 7.5×104 cells were seeded in 24-

well plates, and 24 h later were either left untreated, or treated with sodium arsenite (0.5, 1, 2 or 

10 µM), or with 250 - 500 µM hydrogen peroxide (H2O2), or 25-50 FCCP for the indicated time 

points. Following treatment, cells were incubated in 20 mM Krebs-HEPES buffer (ph 7.4) 

containing 200 µM CMH for 30 min. Buffer was then collected, and changes in CMH oxidation 

were measured for 15 min using the e-scanM Multipurpose Bench-top EPR system (Noxygen 

Science and Transfer Diagnostics GmbH). Cells were lysed in RIPA buffer (50mM Tris (pH 7.8), 

150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS) containing 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and a protease inhibitor cocktail, and total protein was 

quantified using the Pierce BCA protein assay (ThermoFisher). CMH signal was determined as 

nM/min/mg of protein, and all treatment groups were normalized to control.  
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To determine ROS production using DCF fluorescence, 3×105 cells were seeded in 35 mm 

dishes and 24 h later were either left untreated or treated with sodium arsenite (0.25, 0.5, 1, or 2 

µM) for 4 h, or with 100 µM hydrogen peroxide (H2O2) for 1 h. Media was removed and replaced 

by fresh media containing 10 µg/mL H2DCFDA and cells were incubated at 37 °C for 1 h. Next, 

cells were washed trypsinized, washed again, and resuspended in PBS. Fluorescence was analyzed 

by flow cytometry with a FACSCanto II (BD Biosciences) at the University of Arizona Flow 

Cytometry Core.  

 

3.6   Statistics 

Results were expressed as mean ± SEM of three independent replicates. Two-way analysis of 

variance (ANOVA) followed by Fisher’s post hoc test was performed for cell viability using 

GraphPad Prism 7. 

 

4.   Results 

4.1.   Low concentrations of arsenite do not increase ROS production 

To test if low concentrations of sodium arsenite generate ROS, four cell lines (mouse embryonic 

fibroblast, NIH 3T3; human cervical carcinoma, HeLa; human embryonic kidney, HEK 293; and 

primary human neonatal epidermal melanocytes, low pigmented, HEMn-LP) were left untreated, 

or treated with low-dose sodium arsenite (0.5, 1, or 2 µM), a high dose (10 µM) of sodium arsenite, 

or 250-500 µM hydrogen peroxide (H2O2) as a positive control, and ROS production was measured 

at 2 and 4 h using electron paramagnetic resonance spectroscopy (EPR), and the 1-hydroxy-3-

methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) spin probe. Oxidation of CMH results in 

a signal increase that can be measured over time to indicate increased production of ROS. While 
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H2O2 resulted in significant oxidation of the CMH probe in NIH 3T3, HEK 293, and HEMn-LP 

cells at 4 h, as well as HEMn-LP cells at 2 h, indicating increased endogenous ROS production, 

arsenite-treated cell ROS levels were comparable to control (Figure 5.1A). Interestingly, HeLa 

cells were resistant to H2O2 treatment at 2 and 4 h; however, exposure to 25 and 50 µM FCCP, a 

mitochondrial uncoupler, for 2 h resulted in a significant increase in ROS levels. Importantly, 

treatment with arsenite also not generate any ROS in this cell line at either time point (Figure 

5.1A). To determine if longer-term exposure to arsenite increased ROS, NIH 3T3 cells were treated 

with 2 µM sodium arsenite for 24, 48, or 72 h, and oxidation of CMH was measured. Similar to 

the 2 and 4 h results, arsenite did not result in increased oxidation of CMH compared to control, 

indicating that exposure to low-level sodium arsenite up to 72 h does not enhance ROS formation 

(Figure 5.1C). 

These results were further confirmed using 2',7'-dichlorofluorescein (DCF) fluorescence 

and flow cytometry (Figure 5.1B). Oxidation of the non-fluorescent 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA) into its fluorescent derivative DCF results in a 

fluorescence intensity peak shift that can be measured and quantified by flow cytometry. Cells 

were left untreated, or treated with sodium arsenite (0.25, 0.5, 1, or 2 µM) for 4 h, or with 100 µM 

hydrogen peroxide (H2O2) as a positive control, and DCF signal was determined using flow 

cytometry. While treatment with H2O2 resulted in the expected peak shift in NIH 3T3, HEK 293, 

and HEMn-LP cells, HeLa cells did not show any shift, similar to the EPR results (Figures 5.1A 

and 5.1B). On the other hand, none of the tested doses of sodium arsenite cause a significant 

fluorescence intensity peak shift in all four cell lines tested, confirming that low levels of sodium 

arsenite that reflect environmental concentrations do not generate ROS at acute time points. 
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4.2.   Low-level sodium arsenite blocks autophagy in multiple cell types 

Our lab has previously reported that low doses of sodium arsenite inhibit late stage autophagy flux 

in BEAS-2B cells, human bronchial epithelial (HBE) cells, as well as the mouse fibroblast NIH 

3T3 cell line (113). Due to a lack of ROS production at lower concentrations of arsenic, we believe 

the pathogenesis associated with early exposure to low concentrations of arsenic can instead be 

attributed to autophagic dysfunction and altered proteostasis. Thus, to determine if sodium arsenite 

blocks autophagy at concentrations that do not increase ROS production, NIH 3T3, HeLa, HEK 

 
Figure 5.1. ROS are not generated by low-level sodium arsenite. Changes in ROS production were measured 
via EPR using the CMH spin probe (A), or DCF fluorescence and flow cytometry (B) in NIH 3T3, HeLa, HEK 
293, or HEMn-LP cells treated with the indicated concentrations of sodium arsenite for 2 or 4 h. Treatment with 
100-500 µM hydrogen peroxide (H2O2) or 25-50 µM FCCP for the indicated times was used as a positive control. 
(C) NIH 3T3 cells were left untreated, or treated with 2 µM sodium arsenite for 24, 43, or 72 h. Treatment with 
250 µM hydrogen peroxide (H2O2) for 4 h was used as a positive control. Data = mean ± SEM, n = 3. * p < 0.05 
compared to control. Student’s paired t-test. 
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293, and HEMn-LP cells were treated with sodium arsenite (0, 0.25, 0.5, 1, or 2 µM) for 0.5, 1, 2 

or 4 h, using 0.1 µM bafilomycin (BAF; autophagy inhibitor) and starvation (HBSS (St); 

autophagy activator) as controls, and the protein levels of SQSTM1, LC3-I, and LC3-II were 

analyzed by immunoblot analysis (Figure 5.2). Sodium arsenite caused a concentration- and time-

dependent increase in SQSTM1 and LC3-II protein levels, similar to what was observed for BAF, 

across the four cell lines (Figure 5.2). While the level of autophagy inhibition varied among the 

different cell types, as well as across the arsenite concentrations and time points, arsenite 

consistently resulted in autophagy inhibition. 

Another useful tool to ensure arsenite is inhibiting autophagic flux is the RFP-GFP-LC3 

tandem fluorescent protein, which allows for the monitoring of the progression from 

autophagosome to autolysosome in live cells (449). When autophagy is activated, LC3 localizes 

to the autophagosome membrane, where yellow puncta are observed due to the overlap of the RFP 

and GFP signals. Once fusion with the lysosome to form the autolysosome occurs, the acidic 

environment quenches the GFP signal, and only a red signal is observed, indicating formation of 

the autolysosome and completion of autophagy. To ensure that the observed increase in SQSTM1 

and LC3-II were a result of decreased autophagic flux, NIH 3T3 cells were transfected with RFP-

GFP-LC3 for 24 h, and then left untreated (0 µM), or treated with sodium arsenite (0.25, 0.5, 1, or 

2 µM) for 2 or 4 h prior to imaging.  BAF (0.1 µM) and St were again used as positive controls for 

autophagy inhibition and activation, respectively. Autophagy levels in untreated cells were low, 

since few small puncta were observed, and autophagy flux was not compromised, since both 

yellow (autophagosomes) and red (autolysosomes) puncta were present (Figure 5.3). Sodium 

arsenite treatment increased the number and size of yellow puncta compared to the untreated 

group, and very few autolysosomes (red puncta) were observed at any time point or concentration. 
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BAF treated cells also displayed yellow puncta, but these were smaller, and a few red puncta were 

also observed. In contrast, starved cells had predominantly red puncta, consistent with autophagy 

activation (Figure 5.3). These results indicate that sodium arsenite inhibits the late stage of 

autophagy rapidly and at low concentrations.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2. Sodium arsenite inhibits autophagy in multiple cell types. (A-D) Immunoblot analysis of changes 
in LC3-I, LC3-II, and SQSTM1 protein levels following treatment with the indicated concentrations of sodium 
arsenite in NIH 3T3 (A), HeLa (B), HEK 293 (C), or HEMn-LP (D) cells at 2 and 4 h. Starvation (HBSS) or 0.1 
µM BAF for 2 or 4 h were used as controls. GAPDH was used as an internal loading control.  
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4.3.   Arsenite-induced autophagy inhibition causes a transient increase in ER stress 

Since sodium arsenite has been shown to cause ER stress in certain cell types (450, 451), we next 

analyzed the three major ER stress response pathways (ATF6, IRE1, and PERK) to determine if 

sodium arsenite blockage of autophagy was associated with increased ER stress. We treated NIH 

3T3, HeLa, HEK 293, and HEMn-LP cells with sodium arsenite (0, 0.25, 0.5, 1, or 2 µM) for 0.5, 

1, 2, or 4 h, and measured ATF6 cleavage, an indicator of activation of the ATF6 arm, XBP1s 

levels, an indicator of activation of the IRE1 arm, and phosphorylation of EIF2S1/eIF2α, an 

 
 
Figure 5.3. RFP-GFP-LC3 imaging of sodium arsenite-mediated autophagy inhibition. (A-B) NIH 3T3 cells 
were transfected with the RFP-GFP-LC3 construct for 24 h, then left untreated or treated with the indicated 
concentrations of sodium arsenite, BAF, or HBSS (St) for 2 h (A) or 4 h (B). Yellow puncta = autophagosome, 
red puncta = autolysosomes. Scale bar = 10 µm.  
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indicator of activation of the PERK arm, by immunoblot analysis (Figure 5.4). ATF6 cleavage was 

not observed in any of the arsenite treated cell lines (Figure 5.4). Expression levels were very low 

for XBP1s in all four of the cell lines tested; however, arsenite did cause a slight cncentration-

dependent increase in XBP1s levels at 1 and 2 h in 3T3 cells (Figure 5.4A), 0.5, 1, 2, and 4 h in 

HeLa cells (Figure 5.4B), and 2 h in 293 cells (Figure 5.4C). HEMn-LP cells showed no significant 

changes in XBP1s levels at any time or concentration of sodium arsenite (Figure 5.4D). 

Phosphorylation of EIF2S1 also occurred in a concentration-dependent manner at 0.5, 1, and 2 h 

in NIH 3T3, HeLa, and HEMn-LP cells, and 0.5 and 2 h in 293 cells (Figure 5.4). Thus, while 

sodium arsenite does not induce ROS, it does cause a slight increase in ER stress at early time 

points, typically returning to basal levels by 4 h.  

    

4.4.   Sodium arsenite blocks autophagy without causing significant cell death 

Since higher (micromolar) doses of sodium arsenite cause toxicity (452), we tested the effects of 

low doses of sodium arsenite on cell viability. We treated NIH 3T3, HeLa, HEK 293, and HEMn-

LP cells with sodium arsenite (0, 0.25, 0.5, 1, 2, or 5 µM) for 24 and 48 h, and determined cell 

viability using an MTT assay (Figure 5.5). Minimal toxicity was observed across the different cell 

lines for 0.25-2 µM sodium arsenite. In NIH 3T3 and HEMn-LP cells, sodium arsenite slightly 

induced proliferation (Figures 5.5A and 5.5D), consistent with previous reports (431, 453). Only 

5 µM sodium arsenite, a concentration 2.5-20X higher than our effective doses, caused ~40% cell 

death in HeLa cells and ~20% cell death in HEK 293 cells at 48 h (Figure 5.5B and 5.5C), 

indicating that acute, low-level exposure of sodium arsenite alter proteostasis without affecting 

ROS production or cell viability.   
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5.   Discussion 

Due to the increased correlation between chronic arsenic exposure and the incidence of a number 

of diseases, it is important to determine the intracellular targets affected by arsenic at 

environmentally relevant concentrations. Furthermore, defining the pathways affected by arsenic 

during both the onset/early stages of disease, as well as at the later stages of disease progression, 

will be integral in developing treatments to prevent or mitigate arsenic-linked disease progression. 

As mentioned above, arsenite and its metabolites have been shown to have a number of deleterious 

effects depending on the concentration, time of exposure, or tissue/cell type tested. Two major 

stresses that are initiated by both acute and chronic arsenic exposure are increased oxidative 

 
Figure 5.4. Low-level sodium arsenite causes transient ER stress. (A-D) Immunoblot analysis of changes in 
cleaved ATF6, XBP1s, phosphorylated EIF2S1 (p-EIF2S1), and total EIF2S1 protein levels following treatment 
with the indicated time points and concentrations of sodium arsenite in NIH 3T3 (A), HeLa (B), HEK 293 (C), or 
HEMn-LP (D) cells. Starvation (HBSS) or 0.1 µM BAF for 2 or 4 h were used as controls. GAPDH was used as 
an internal loading control. 
 

Figure 3 
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damage and proteotoxic stress. However, many of the studies demonstrating increased oxidative 

damage or enhanced proteotoxicity utilize concentrations of NaAsO2 or As2O3 in the >5 µM 

micromolar range (375-750 ppb As(III)). As such, determining the acute cellular response to low-

level arsenite will greatly enhance our understanding of the early stages of disease progression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Here, we show that low, environmentally relevant concentrations of arsenite do not cause 

oxidative stress at acute time points in NIH 3T3, HeLa, HEK 293, and HEMn-LP primary 

melanocytes, ad that no significant ROS production was observed at 24, 48, or 72 h in low-level 

arsenite treated NIH 3T3 cells (Figure 5.1). However, low-level arsenite does inhibit autophagy 

 
 
Figure 5.5. Low-level sodium arsenite does not cause cell death. (A-D) MTT cell viability assay of NIH 3T3 
(A), HeLa (B), HEK 293 (C), or HEMn-LP (D) cells treated with the indicated doses of sodium arsenite for 24 
or 48 h. Data = mean ± SEM, n = 4. * p < 0.05 compared to 24 h untreated control; # p < 0.05 compared to 5 µM 
24 h treatment. Two-way ANOVA. 

Figure 4 
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(Figures 5.2 and 5.3) and initiates a transient ER stress response up to 4 h of exposure (Figure 5.4) 

without causing toxicity up to 48 h post-exposure (Figure 5.5). These results indicate that lower 

concentrations of arsenite at early time points do not increase oxidative stress, and instead can 

significantly alter proteostasis through autophagy inhibition and rapid, but manageable, initiation 

of ER stress response pathways. 

Elucidating the mechanisms by which low concentrations of arsenic affect homeostasis at 

acute time points is of particular importance in designing therapeutics to treat arsenic-linked 

diseases. While increased oxidative damage is observed at higher concentrations or chronic 

treatments with arsenic, early time points are associated with ER stress and autophagy inhibition, 

without displaying any signs of increased ROS production. It will be interesting in future studies 

to determine how the balance between proteostasis and redox homeostasis is affected by repetitive 

exposure to environmentally relevant concentrations of arsenite. It is also important to note that 

autophagy and metabolism are intimately linked (454), and that prolonged autophagic dysfunction 

could also contribute to changes in redox homeostasis and overall cellular metabolism during the 

progression of arsenic-linked pathologies. Therefore, therapeutic regimes designed to treat arsenic 

exposure in moderately affected areas, or early during exposure, should focus on restoring proper 

proteostasis, as opposed to preventing oxidative stress.  
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS 

 

1.   Conclusion 

NRF2 is a pleiotropic transcription factor that controls crucial cellular processes involved in basal 

cell physiology and stress responses. It is considered an attractive pharmacological target and most 

of the current research in the field focuses on developing NRF2-targeted therapeutics for disease 

prevention and treatment. Chemoprevention strategies aim to induce canonical, controlled, and 

intermittent activation of NRF2 to prime the cells and prepare them for the upcoming 

environmental insults and prevent toxicity and malignant transformation, or to restore proper 

expression and activity of NRF2 under pathological settings. Conversely, NRF2 inhibition aims to 

decrease the expression of the NRF2 transcriptome to sensitize cancer cells to chemo and 

radiotherapy, as well as to decrease reductive stress. Thus, a clear understanding of the context-

dependent mechanisms of NRF2 activation (i.e. transient, prolonged, or constitutive) has the 

potential to dictate the type of pharmacological intervention for the prevention or treatment of 

diseases.  

 
1.1.   Bixin-based NRF2 activation for photoprotection 

Pharmacological activation of NRF2 for disease prevention is a feasible chemopreventive strategy 

supported by numerous studies highlighted in chapters 1 and 2. Particularly, NRF2 activation is 

efficacious for skin protection and the prevention of solar UV-induced acute (sunburn) and chronic 

(skin cancers) photodamage. In this dissertation, the achiote-derived apocarotenoid bixin was 

characterized as a novel NRF2 activator (chapters 3 and 4). First, it was determined that bixin 

induced the expression of NRF2 target genes in keratinocytes and melanocytes, the two most 

prevalent skin cell types. Next, the mechanism of NRF2 activation by bixin was determined as 



 126 

canonical (KEAP1-C151-dependent). However, it is important to mention that bixin is not 

electrophilic in itself, so it is feasible to speculate that it might get bioactivated in the cell into a 

cysteine-reactive compound. Additionally, it is also possible that bixin indirectly activates NRF2 

by inhibition of the TRX/TRXR1 system (26), as one study proposed (386). This might account 

for the slightly longer activation of NRF2, as assessed by increased NRF2 protein levels (up to 48 

h compared to <16 h by SF or tBHQ) observed after bixin treatment. This area certainly grants 

future research to unequivocally determine the mechanism of action of bixin.  

Next, the effectiveness and NRF2-dependency of bixin treatment for the protection against 

UV-induced acute photodamage and hair graying was demonstrated in mouse models. Hairless 

SKH-1 mice are an excellent tool for dermatologic research involving UV exposure, assessment 

of dermatologic responses, and topical delivery of compounds (455). pre-treated with bixin were 

protected from sunburn by activation of the NRF2 pathway and consequent reduction of UV-

induced oxidative stress, oxidative DNA damage, inflammation, and epidermal cell apoptosis. 

These chemopreventive effects of bixin were first tested by systemic administration of bixin (i.p. 

injections, chapter 3) but were later confirmed after topical administration (chapter 4), 

demonstrating the feasibility of bixin-based dietary and cosmetic chemoprevention. These 

beneficial effects of bixin were observed only in wild type mice, and no protection was seen in 

Nrf2-/- mice.  

Furthermore, to test the protective effects of bixin and NRF2 on pigmentation. Studies have 

shown that graying hair follicles have decreased numbers of melanocytes, and that these 

melanocytes often display signs of oxidative damage (8-oxo-dG) and low expression of the anti-

apoptotic protein and NRF2 target gene BCL-2 (408). PUVA phototherapy causes melanocyte 

ablation (apoptosis) or impairment (senescence) by generating ROS, and this effect can be 



 127 

attenuated by antioxidant supplementation (405, 407). High (milimolar) H2O2 concentrations can 

impair tyrosinase, a key enzyme in melanogenesis (456). In this dissertation, C57BL/6J (black) 

mice were employed in a PUVA-induce hair graying model (chapter 4). In this model, the psoralen 

acts as a photosensitizer that upon UVA exposure generates ROS (singlet oxygen, superoxide), 

which cause melanocyte and fibroblast apoptosis and senescence (406, 407). As expected, topical 

bixin activated cutaneous NRF2 in C57BL/6J mice and prevented PUVA-induced hair graying, 

demonstrating melanocyte and pigmentation protection, an effect absent in Nrf2-/- mice. Future 

studies should determine the mechanistic details of this protection and the target cells affected by 

PUVA (keratinocytes, melanocytes, and/or fibroblasts). Furthermore, NRF2 activation by topical 

bixin could be explored as a pharmacological strategy against oxidative stress-induced hair graying 

and possibly against other oxidative-stress induced melanocyte disorders, such as vitiligo. 

Since chronic exposure to solar UV is a major cause of skin photoaging and 

photocarcinogenesis, current investigations in our laboratory aim to determine if continuous 

dietary administration of bixin can prevent alteration in the skin structure linked to the appearance 

of wrinkles and if it can prevent malignant transformation leading to skin cancers. Bixin was 

elected for these studies based on its efficacy, tolerability, and NRF2-dependency, as demonstrated 

in this dissertation and supported by our publications. Because UV-dependent ROS production is 

a key event leading to the oxidation of cellular components, alteration of signaling pathways, and 

an imbalance of proliferation/apoptosis, prophylactic activation of NRF2 has the potential to 

inhibit or decrease photoaging and photocarcinogenesis.  Furthermore, according to the oxidative 

stress theory of aging, increased ROS production is also central in chronological aging. 

Interestingly, NRF2 expression has been shown to decrease with age, but pharmacological 

activation of NRF2 has the potential to restore redox homeostasis and improve the physiology of 
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aged cells (457). Therefore, it is plausible to conceive that bixin-mediated NRF2 activation might 

also prevent chronological skin aging and hair graying, and other skin pathologies where ROS 

generation is central, such as radiation-induced dermatitis.   

 

1.2.   Arsenic-mediated molecular alterations and the potential for NRF2-based interventions 

Chronic exposure to inorganic arsenic is a worldwide public health problem that has been 

associated to increased risks of developing cancers of the lung, skin, and bladder. Despite many 

years of research and the severity of the health effects associated to its exposure, the precise 

carcinogenic mechanism of arsenic has not yet been fully elucidated. Our laboratory previously 

reported that low environmentally relevant levels of arsenic block autophagy and activate NRF2 

through the non-canonical pathway (113, 458). However, there remained the question of what 

other molecular alterations underlie the carcinogenic effect of low-level arsenic exposure. In this 

dissertation, the effects of low-level arsenic treatment on diverse cell types, ranging from primary 

human cells, normal and tumor-derived human cell lines, and a mouse normal cell line, were tested. 

It was determined that nanomolar to low micromolar concentrations of arsenic at acute time points 

do not affect cell viability or induce ROS generation. These are two paradigm-shifting discoveries 

in the arsenic field that are also consistent with the observation that low-level arsenic activates 

NRF2. Additionally, arsenic caused a mild and transient activation of ER stress response, also 

consistent with our observation that autophagy is disrupted, and thus, proteostasis is altered.  

 Early studies from our laboratory determined that NRF2 is essential to protect cells from 

arsenic exposure, and that canonical activation with SF or tBHQ could prevent acute arsenic 

toxicity (459). However, future studies should determine if this holds true for chronic arsenic 

exposure, as dietary supplementation with NRF2 activators could be used in populations exposed 
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to the metalloid. It is also imperative to determine if chronic autophagy blockage and prolonged 

NRF2 activation are the key events mediating arsenic-induced malignant transformation. Current 

investigations in our laboratory are exploring if genetically disrupting autophagy at the same level 

as arsenic exposure does (i.e., deletion of SNARE proteins to prevent autophagosome-lysosome 

fusion) phenocopies chronic low dose arsenic exposure. NRF2 is not considered an oncogene, 

although it has some oncogenic properties that aid in tumor progression, metastasis, and resistance 

to therapies. Therefore, it should be determined at which point during transformation NRF2 

switches to the dark side. Importantly, future studies should also determine if the NRF2 

transcriptome induced by the canonical pathway differs from that of non-canonical or constitutive 

NRF2 activation in order to identify biomarkers and tailor therapeutic interventions.  
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APPENDIX A: ABBREVIATIONS 

 

β-TrCP: β-transducin repeat-containing protein  

53BP1: p53 binding protein 1 

8-MOP: 8-methoxypsoralen 

8-oxo-dG: 8-oxo-deoxyguanosine 

ABC: ATP-binding cassette 

AEM1: ARE expression modulator 1 

AhR: aryl hydrocarbon receptor 

AKR: aldoketoreductase 

AKT: protein kinase B, PKB 

ARE: antioxidant response element 

ARF: alternative reading frame 

ARNT: AhR nuclear translocator 

As: arsenic 

As(III): arsenite 

As(V): arsenate 

ATF3: activating transcription factor 3 

ATF6: activating transcription factor 6 

BACH1: BTB and CNC homology 1 

BACH2: BTB and CNC homology 2 

BACK: BTB domains and C-terminal Kelch repeats 

BAF: bafilomycin A1 
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BIX: bixin 

BRCA1: breast cancer gene 1 

BRCA2: breast cancer gene 2 

BTB: Broad complex, Tram-track, and Bric-à-brac 

bZIP: basic leucine zipper 

CBP: CREB binding protein 

CDDO: bardoxolone 

CHD6: chromodomain helicase DNA binding protein 6 

CHX: cycloheximide 

CMH: 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine 

CNC: cap’n’collar 

CREB: cAMP-response element binding protein 

CTR: C-terminal region 

Ctrl: control 

CUL1: Cullin 1 

CUL3: Cullin 3 

DAB: 3,3’-diaminobenzidine 

DCF: 2',7'-dichlorofluorescein 

DFS: disease free survival 

DMF: dimethylfumarate 

DPP3: dipeptidyl peptidase 3 

DTT: dithiothreitol 

ECH: erythroid cell-derived protein with CNC homology 
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EDTA: ethylene-diamine-tetraacetic acid 

EIF2S1/eIF2α: eukaryotic initiation factor 2, subunit 1 alpha 

EPA: Environmental Protection Agency 

EPHX1: epoxide hydrolase 1 

EPR: electron paramagnetic resonance spectroscopy 

EpRE: electrophile response element 

ER: endoplasmic reticulum 

ERa: estrogen receptor alpha 

ERRb: estrogen-related receptor beta 

FDA: Food and Drug Administration 

FCCP: carbonyl cynide p-trifluoromethoxyphenylhydrazone 

FH: fumarate hidratase 

G6PD: glucose-6-phosphate dehydrogenase 

GCLC: glutamate-cysteine ligase, catalytic subunit 

GCLM: glutamate-cysteine ligase, modifier subunit 

GFP: green fluorescent protein 

GPX2: glutathione peroxidase 2 

GS: glutathione synthase 

GSH: glutathione 

GSK-3β: glycogen synthase kinase-3 

GST: glutathione S-transferase 

H2DCFDA: 2',7'-dichlorodihydrofluorescein diacetate 

HEMnLP: human epidermal melanocytes, neonatal, low pigmented 
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HBSS: Hanks balanced salt solution 

HCC: hepatocellular carcinoma 

HGPS: Hutchinson-Gilford progeria syndrome 

HO-1: hemeoxygenase 1 

HRD1: synoviolin 1 

IARC: International Agency for Research on Cancer 

IDH1: isocitrate dehydrogenase 1 

IKKb: IkB kinase  

IR: ionizing radiation 

IRE1α: inositol-requiring protein 1α 

IVR: intervening region 

KEAP1: kelch ECH-associated protein 1 

KIR: KEAP1-interacting region 

LC3: microtubule-associated protein 1A/1B-light chain 3, also known as MAP1LC3A/B 

LIR: LC3-interacting region 

LMNA: lamin A 

ME1: malic enzyme 1 

miRNA: microRNA 

MRP: multidrug resistance protein 

mTOR: mammalian target of rapamycin 

MTT: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide  

NAMS: NRF2-associated molecular signature 

NF-E2: nuclear factor erythroid 2 
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NF-kB: nuclear factor-kB 

NQO1: NAD(P)H quinone dehydrogenase 1 

NOTCH1: Notch homolog 1 

NRF1: nuclear factor erythroid 2-related factor 1 

NRF2: nuclear factor erythroid 2-related factor 2, encoded by NFE2L2 

NRF3: nuclear factor erythroid 2-related factor 3 

NTR: N-terminal region 

OGG1: 8-oxoguanine DNA glycosylase 

OS: overall survival 

PAGE: polyacrylamide gel electrophoresis 

PALB2: partner and localizer of BRCA2 

PB1: Phox and Bem1 domain 

PEG400: polyethylene glycol 400 

PERK: eukaryotic translation initiation factor 2 alpha kinase 3 

PFS: progression free surrvival 

PGAM5: phosphoglycerate mutase family member 5 

PGD: phosphogluconate dehydrogenase 

PI3K: phosphoinositide 3-kinase 

PMSF: phenylmethylsulfonyl fluoride 

POZ: poxvirus and zinc finger  

PPAR: peroxisome proliferator-activated receptor 

ppb: parts per billion 

PUVA: photosensitizer + UVA 
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RBX1: RING box protein 1 

RFP: red fluorescent protein 

RING: really interesting new gene 

RIP1: receptor-interacting serine/threonine protein kinase 1 

RIPA: radioimmunoprecipitation assay buffer 

ROS: reactive oxygen species 

RXRα: retinoid X receptor α 

SCF: SKP1-CUL1-F box protein 

SD: standard deviation 

SDS: sodium dodecyl sulfate 

SEM: standard error mean 

SF: sulforaphane 

SKP1: S-phase kinase-associated protein 1 

SNP: single nucleotide polymorphism 

SQSTM1: sequestosome 1 or p62 

SRXN: sulfiredoxin 1 

SULT1A1: sulfotransferase 1A member 1 

TB: TRAF6 binding site 

tBHQ: tert-butylhydroquinone 

TCA: tricarboxylic acid cycle 

TLR: Toll-like receptor 

TRX1: thioredoxin 1 

TRXR1: thioredoxin reductase 1 
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TXN: thioredoxin 

UBA: ubiquitin-binding domain 

UGT: UDP glucuronosyltransferase 1, polypeptide A1 

UV: ultraviolet radiation 

VCP: valosin-containing protein or p97 

WHO: World Health Organization 

WTX: Wilms tumor gene on X chromosome 

XBP1s: X-box-binding protein 1, spliced 

xCT: glutamate-cystine antiporter 

XRE: xenobiotic response element 
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