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Cells evolved robust homeostatic mechanisms to protect against oxidation or alkylation by 

electrophilic species. Antioxidant signaling responses under control of the Kelch ECH associating 

protein 1 (Keap1)/nuclear factor erythroid 2-related factor 2(Nrf2) transcription factor were 

studied.  

Glutathione (GSH) is the most abundant intracellular thiol and acts as the chief intracellular 

reduction-oxidation couple through oxidation to glutathione disulfide (GSSG) and subsequent 

enzymatic reduction back to GSH by glutathione reductase (GR). The fundamental effects of 

electrophilic Nrf2 activators on the GSH/GSSG antioxidant couple were studied in RAW264.7 

macrophages. Electrophiles increased intracellular GSH through Nrf2-dependent transcription of 

GSH biosynthetic enzymes, yet paradoxically reduced the ratio of GSH to GSSG, which is 

commonly used as an index of oxidative stress.   

GSH was found to regulate GR activity via product inhibition in an oxidative stress-

independent manner, as determined by biochemistry studies, cell biology experiments, and kinetic 

modeling approaches. Additionally, inhibition of GR by electrophilic nitrated fatty acid (NO2-FA) 

by covalent modification of Cys61 at the catalytic site was observed. Together, these results 

demonstrate that electrophiles differentially modulate the GSH/GSSG couple through two 

independent mechanisms, and electrophile-mediated increases in GSSG promote S-

glutathionylation of cellular proteins. 
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Pharmacologic activators of Nrf2 are in preclinical and clinical development for treatment 

of a broad spectrum of renal disorders. To characterize the effects of this pathway on renal 

physiology a murine model of pharmacomimetic Nrf2 activation and primary human renal cortical 

epithelial cells in culture were studied.  Nrf2 signaling was found to be constitutively high in the 

proximal tubule of the nephron and inducible in the distal convoluted tubule and collecting duct. 

Hyperactivation of Nrf2 was found to protect against polydipsia in lithium-induced nephrogenic 

diabetes insipidus (Li-NDI) without improving the urine concentrating defect due to down-

regulation of aquaporin 2 (Aqp2).  Nitric oxide-independent changes in vascular tone were 

observed in isolated resistance arteries as well as in conscious ambulatory animals. These effects 

were attributed to Nrf2-dependent downregulation of the vasodilatory autocoids prostacyclin and 

kynurenine. Together these findings suggest that Nrf2 protects against Li-NDI through alteration 

of tubuloglomerular feedback, and may offer a novel therapeutic approach for treatment of this 

condition.   
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1.0  INTRODUCTION 

1.1 CELLULAR OXIDATIVE STRESS 

Life in an oxidizing world began ~3 billion years ago with the evolution of photosynthetic 

prokaryotes, which oxygenated the atmosphere(1). Aerobic eukaryotes evolved to exploit 

chemical energy stored in carbon-carbon bonds, harnessing molecular oxygen as the terminal 

electron acceptor for mitochondrial electron transport. While controlled oxidation is a metabolic 

necessity for all aerobic organisms, the properties which make oxygen a favorable terminal 

electron acceptor, namely high electronegativity and large positive standard reduction potential, 

create unique challenges through off-target oxidation of cellular constituents by partially reduced 

oxygen species. Oxidation of cellular macromolecules can lead to deleterious loss- or gain-of 

function and compromise viability. Numerous complementary mechanisms have developed to 

maintain a reducing intracellular milieu and prevent oxidative damage. These mechanisms include 

low-molecular weight redox buffers, enzyme-catalyzed detoxification of reactive species, enzyme-

mediated reduction of oxidized cellular macromolecules, and genetic programs that sense and 

respond to changes in oxidant exposure.   The redox-sensitive thiol proteome translates oxidizing 

or alkylating signals into specific transcriptional responses, which are discussed in detail in the 

following sections.  
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1.2 KEAP1/NRF2 SIGNALING 

1.2.1 The Redox-Sensitive Thiol Proteome 

The redox-sensitive thiol proteome has evolved as a mechanism by which cells (1) detoxify ROS, 

(2) set in motion diverse compensatory programs, and (3) sense and respond to the metabolic and 

inflammatory status at the cellular, tissue, and organism level(2). The Kelch ECH associating 

protein 1 (Keap1) / nuclear factor erythroid 2-related factor 2 (NF2L2; Nrf2) complex is the chief 

apparatus which senses oxidizing or alkylating signals and translates them into cytoprotective 

signaling responses(3).  

1.2.2 Nrf2 

Nrf2 is basic leucine zipper (bZIP) transcription factor consisting of 605AA (human) or 

597AA (mouse). Despite a predicted molecular weight of 68kDa, on electrophoresis the protein is 

detected at a 95-110kDa(4) due to the abundance of basic amino acids comprising the leucine 

zipper.   The human and mouse proteins are 80.9% homologous.  Nrf2 has 6 conserved functional 

Nrf2−ECH homology (Neh) domains, Neh1-7 (5–9). Neh1 contains the basic leucine zipper which 

mediates dimerization with small Maf chaperone proteins and facilitates DNA binding. Neh2 

contains ETGE and DLG motifs, which are binding sites for the Nrf2 repressor Keap1. Hydrophilic 

lysine residues in Neh2 are the targets of Keap1/ Cullin 3 (Cul3)–RING (really interesting new 

gene)-box protein 1 (Rbx1) mediated ubiquitinylation(10). Neh3 is a C-terminal region that 

interacts with the helicase necessary for unwinding target DNA(11). Neh4-5 are transactivation 

domains located in the middle of the sequence. Neh6 is a degron required for removal of Nrf2 after 



 3 

it has fulfilled its function in the nucleus. In concert with small musculoaponeurotic fibrosarcoma 

(Maf) proteins, nuclear Nrf2 binds to the antioxidant response element (ARE) as a dimer and 

induces transcription of specific target genes. Nrf2 is responsible for maintenance of redox 

homeostasis or phase II detoxification.  Canonical Nrf2 targets include phase II enzymes 

responsible for detoxification such as heme oxygenase 1 (HO-1) and NAD(P)H-quinone 

dehydrogenase 1 (NQO1), xenobiotic exporters including multidrug resistance-associated protein 

(MRP) family members, and glutathione biosynthesis including cysteine import and catalytic and 

modulatory subunits of the rate limiting gamma-glutamyl-cysteinyl ligase (GCLC/GCLM) (12–

18).  A complete tabular summary of the genes positively regulated by Nrf2 in mouse and human 

is provided by Hayes et al(9).   

1.2.3 Keap1 

The broad spectrum of cytoprotective genetic programs initiated by Nrf2 likely makes its 

activation energetically expensive, and provides strong impetus for existence of an effective 

repressor system.  Under non-stressed conditions Nrf2 is sequestered to the cytosol by Keap1 and 

targeted for rapid Cul3-Rbx1-mediated ubiquitin tagging and subsequent proteosomal degradation. 

In the presence of Keap1, the half-life of Nrf2 is approximately 20 min(19). The functional 

importance of Keap1 is validated by seminal studies showing that its genetic ablation result in Nrf2 

hyperactivation in mouse and human cells(20, 21). Keap1 is a Broad complex, Tramtrack, and 

Bric-à-brac (BTB)-Kelch protein that functions as a dimer(10). The crystal structure of the Keap1 

Kelch domain was recently solved, revealing a hexameric β-propeller(22).  Binding of the Keap1 

Kelch propeller to the Nrf2 Neh2 ETGE site occurs with high specificity and is followed 

sequentially by binding of the DLG (low-affinity) motifs of Nrf2. This process results in the Keap1 
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dimer shifting from an “open” to a “closed” conformation and promotes Cul3-Rbx1 association 

with the complex. The end result is sequestration of Nrf2 to the cytosol via interaction of the 

complex with actin cytoskeleton  and ubiquitylation followed by proteosomal degradation of 

Nrf2(23). Human and mouse Keap1 have 27 and 25 cysteine residues, respectively, and these Cys 

residues are sensitive to oxidation and/or alkylation. Post-translational modification at Cys151, 

Cys273, or Cys288 play an important role in Nrf2 activation(24).  Oxidation or alkylation of Keap1 

cysteine residues stabilize the Keap1/Nrf2 protein complex, sequestering Keap1 and allowing 

newly synthesized Nrf2 to accumulate and translocate to the nucleus to activate transcription of 

hundreds of cytoprotective genes(3, 25, 26).  

1.2.4 Murine models of genetic inhibition or activation of Nrf2 

1.2.4.1 Knockout of Nrf2 inhibits antioxidant responses and sensitizes animals to tissue 

injury 

To evaluate the physiologic significance of Keap1/Nrf2 signaling, several murine models have 

been developed. Knock-out of Nrf2 has been used to study the function of cytoprotective 

mechanisms under control of the ARE. Initial characterization of Nrf2-/- mice found them to be 

viable and showed no defects in erythropoiesis or development (27), however upon exposure to 

oxidative challenge in the form of dietary butylated hydroxyanisole, these animals demonstrated 

reduced Nrf2 target gene expression as compared to control mice(28). Further studies as well as 

our unpublished observations confirm reduced constitutive expression of phase 2 and 

cytoprotective enzymes under ARE control(29). Knockout of both Nrf1 and Nrf2 results in early 

embryonic lethality in mice and extensive oxidative stress with elevated ROS in cells(30). 
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Surprisingly, knockout of Nrf1 alone, but not Nrf2 alone, also results in embryonic lethality 

suggesting that Nrf2 is not functionally required but acts as a fine-tuning mechanism.  

Multiple disease models reveal exacerbated pathology in Nrf2-/- mice. Aged Nrf2-/- mice 

display anemia with abnormal red cell morphology, splenomegaly, elevation of circulating 

immunoglobulins (Ig) and reduction in total serum GSH(31). Female  Nrf2-/- mice developed 

symptoms of lupus nephritis as a consequence of aging, with vascular deposits of IgG, IgM, and 

complement C3 (32). Clinically, Nrf2 polymorphism predisposes to lupus nephritis in humans(33). 

Knockout of Nrf2 has also been shown to accelerate renal injury in models of streptozotocin-

induced diabetes(34, 35). In a murine model of hepatic ischemia/reperfusion injury, Nrf2-/- mice 

displayed more severe liver pathology than wild-type counterparts (36). In experimental models 

of sepsis, Nrf2 was found to exacerbate endotoxin- and cecal puncture-induced septic shock(37). 

Ablation of Nrf2 sensitizes animals to DNA damage and chemical carcinogenesis(38, 39).  Nrf2 

has also been found to play a role in carcinogenesis and cancer chemoprevention, as reviewed in 

detail by Yu and Kensler(40).   

1.2.4.2 Genetic ablation of Keap1 hyperactivates Nrf2 and provides tissue protection 

Complete knockout of Keap1 causes post-natal lethality due to esophageal keratosis 

resulting in severe malnutrition(20).  Keap1flox/- mice have hypomorphic expression of Keap1 and 

show Nrf2 activation without lethality, and are protected against acetaminophen (APAP) 

hepatotoxicity(41) as well as concanavalin A induced T cell-mediated acute liver injury(42) . 

Consistent with increased I/R injury in Nrf2-/- kidneys, I/R injury in a model of orthotopic liver 

transplant was reduced when donor livers had hepatocyte-specific knockout of Keap1(43).   Keap1 

inhibition reduces glomerulosclerosis in a NEP25/immunotoxin model(44)  as well as tubular 

damage in an ischemia reperfusion model(45).  Significantly, hyperactivation of Nrf2 in Keap1 
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hypomorphic mice also reduced adverse renal remodeling and fibrosis occurring 10 days after 

acute ischemic or obstructive injury(46).  Until recently, studies of Keap1 knockout and 

hypomorphic animals focused on tissue protection in setting of disease processes characterized by 

oxidative stress. These important studies supported the preclinical development of pharmacologic 

Nrf2 activators.  

1.2.4.3 Nrf2 hyperactivation may have deleterious renal effects 

Genetic manipulation of the Keap1/Nrf2 signaling pathway has uncovered physiologic in 

addition to therapeutic effects.  Mice with constitutive Nrf2 activation due to kidney epithelium-

specific or whole-animal Keap1 knock-out displayed polyuria, hyposthenuria, and 

hydronephrosis(47, 48). While mechanistic insights remain sparse, in these studies Nrf2 

hyperactivation appears to impair renal water reabsorption through down-regulation of Aqp2 at 

baseline, and abolish upregulation in response to vasopressin signaling. Interestingly, mice with 

kidney epithelium-specific deficiency in the E3 ubiquitin ligase Cullin 3 (Cul3) displayed not only 

hyperkalemic hypertension due to impaired kelch-like 3 (KLHL3)-mediated WNK kinase 

degradation and consequent hyperactivation of NCC and NKCC2, but also repression of Aqp2 and 

resultant polyuria (49).  De-repression of Nrf2 by pharmacologic or genetic inhibition of the 

auxiliary Nrf2 chaperone glycogen synthase kinase 3 beta (GSK3β) was likewise found to impair 

urinary concentrating function after water deprivation or administration of the synthetic 

vasopressin analog dDAVP(50).  These findings suggest that pharmacologic Nrf2 activation may 

have physiologic effects in addition to antioxidant, anti-inflammatory, and anti-fibrotic properties, 

and they may complement or synergize with diuretics to reduce circulating volume. However, 

studies designed to test this hypothesis explicitly have not been carried out. 
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1.3 ELECTROPHILES 

Chemical (ie. non-biologic) therapeutics can be broadly divided into two classes based on 

mechanism of interaction with their targets. The majority of drug molecules interact with their 

targets via van der Waals and hydrogen bond interactions in the context of a sterically favorable 

binding pocket. This view encompasses the classical (albeit now defunct) lock-and-key paradigm 

postulated by Fisher, as well as the more contemporary idea of induced fit and electrostatic 

interactions within a conformationally constrained yet subtly mutable binding pocket.  By contrast, 

other compounds can bind covalently to their targets.  Electrophile comes from the Latin electrum, 

derived from the Greek ḗlektron, the amber resin which accumulates static charge when rubbed, 

and the Greek phílos, meaning dear or beloved. In strictly chemical terms, electrophiles are 

moieties (functional groups or compounds) that are attracted to and accept electrons from donors. 

The corresponding donors, termed nucleophiles, are electron-rich species attracted to centers of 

positive charge or electronegativity. In this section, the chemical basis of reactivity, endogenous 

formation, and signaling mechanisms of electrophiles will be discussed. 

1.3.1 Electrophiles react with cellular constituents via Michael Addition 

 Electrophile/nucleophile interactions drive many different types of reactivity. The 

preferential reactivity of certain compounds can be partially explained by Pearson’s qualitative 

hard/soft acid/base (HSAB) theory(51). In the conceptual framework of HSAB, hard acids and 

bases are small, have high oxidation states, low polarizability, and have an affinity for ionic 

bonding. Soft acids and bases by contrast are large, have low oxidation states, are highly 

polarizable, and preferentially undergo covalent bonding.  In Michael addition, soft electrophiles 
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react with soft nucleophiles: the delocalized charge of alkene pi systems of electrophilic Michael 

acceptors (eg. α,β-unsaturated carbonyl compounds such as nitroalkenes) renders the β carbon 

electron-deficient and susceptible to nucleophilic attack by a Michael donor (eg. thiolate 

anions)(52). The pKa of free cysteine is high (~8.5), indicating that only a low percentage exists 

as the thiolate anion at physiologic pH (~7.2). However, reactivity can be increased by 

incorporation into proteins with neighboring basic lysine or arginine residues that stabilize the 

thiolate and confer selectivity(53). Thiol reactivity is further detailed in section 1.4.1.  Soft Michael 

acceptors are emerging as effective endogenous signaling mediators and a promising category of 

therapeutic drug candidates due to their ability to engage specific cellular pathways encompassing 

redox homeostasis and inflammation, including activation of Nrf2. Comparison of pharmacologic 

and genetic activation of Nrf2 has revealed overlapping yet distinct gene expression profiles(54).  

Three specific families of these electrophiles, which are relevant to the experimental work 

performed for this thesis, are described below.  

1.3.2 Nitrated fatty acids are endogenous electrophilic alkene derivatives 

Nitrated fatty acids (NO2-FA) are a family of endogenously-produced bioactive 

electrophiles formed by the nitration of dietary lipids during gastric digestion, or accompanying 

inflammatory processes(55, 56). Nitrogen dioxide (•NO2) has for decades been known to react with 

unsaturated fatty acids(57). In biological systems •NO2 is produced via multiple parallel 

mechanisms including nitric oxide (•NO) autooxidation, oxidation of nitrite (NO2
-), 

disproportionation of HNO2, and peroxynitrite (ONOO-) homolysis. Lipids are preferential targets 

for biological nitration reactions, as •NO and O2 partition into hydrophobic lipid-containing 

membranes, resulting in a membrane-lens effect(58). Conjugated fatty acids (eg. conjugated 
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linoleic acid) are the main substrates of lipid nitration reactions, although other polyunsaturated 

fatty acids may also be nitrated. NO2-FA are also present in plants and plant oils (eg. olive oil) and 

thus may be the active compounds conferring health benefits in the Mediterranean diet(59).   

The biological activity of NO2-FA is driven by their soft electrophilic nature. The -NO2 

functional group is the strongest electron-withdrawing moiety in biological systems. In unsaturated 

FA such as nitrated conjugated linoleic acid (NO2-cLA), charge delocalizes across one or multiple 

pi-systems, rendering β or δ carbons with respect to the NO2 electrophilic and targets for Michael 

addition. These properties make NO2-FA activators of Nrf2 signaling through reaction with 

specific Keap1 cysteines. The reactivity and signaling activities of NO2-FA are discussed in the 

following section.     

Nitrated fatty acids have been identified in vivo in rodents (55, 60–62), and dietary 

supplementation with the substrates 15N-labeled nitrite and conjugated linoleic acid (cLA) have 

been shown to increase formation of the 15NO2-FA NO2-cLA above basal levels(56, 63). In plasma 

from healthy humans, NO2-FA are detected as free and esterified forms. Early studies suggested 

plasma levels of 1-500nM(64–67) however further study after with technical advances in the field 

has suggested that the actual values are closer to ~1nM for NO2-oleic acid(68) and 1-3nM for NO2-

cLA(56, 63).  NO2-cLA formation can be increased to ~10nM by administration of the FA 

substrate conjugated linoleic acid (cLA) and nitrite/nitrate(63).   

Excretion of electrophilic NO2-FA is strikingly different from elimination of the parent 

fatty acid or non-electrophilic NO2-FA. Fatty acids in plasma bind to albumin and fatty-acid 

binding proteins through hydrophobic and van der Waals interactions, and as such are not filtered 

at the glomerulus. By contrast, electrophilic NO2-FA are capable of forming reversible covalent 

Michael adducts with low-molecular weight thiols such as GSH, N-acetylcysteine and cysteine, 
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yielding compounds that are significantly more hydrophilic than the parent fatty acid. Electrophilic 

NO2-FA cysteine adducts, β-oxidation products, and derived dicarboxylates are detected in the 

urine of healthy human volunteers(63, 69, 70). It is not definitively known whether urinary NO2-

FA, its conjugates, and its metabolites are derived primarily from filtration or tubular secretion.  

However, other oxidized lipid mediators such as leukotrienes and prostaglandins are secreted into 

the tubular lumen as hydrophilic conjugates following Phase II metabolism(71, 72).  These results 

suggest that NO2-FA and NO2-FA adducts may reach target cells in the kidney either from the 

apical or basolateral aspects. 

1.3.2.1 Nitro-oleic acid 

Nitro-oleic acid (NO2-OA) is a promising therapeutic NO2-FA consisting of an 18-carbon 

oleic acid nitrated at the 9 or 10 position. Like other NO2-FA, NO2-OA post-translationally 

modifies protein thiols through reversible Michael addition, exerting potent effects in diverse 

disease models(55, 73–77). While the precise mechanism of action remains unknown, NO2-OA 

exerts anti-inflammatory actions by reducing LPS-induced pro-inflammatory cytokine secretion 

and tumor necrosis factor-α (TNF-α)-stimulated leukocyte margination and extravasation(60, 78). 

Recently, NO2-OA was also found to inhibit LPS-TLR-4 induced leukocyte recruitment to 

vascular endothelium and downstream NF-kB driven inflammation(75, 79). In addition to its anti-

inflammatory effects, NO2-OA engages cytoprotective cellular mechanisms via activation of Nrf2. 

At the molecular level, specific NO2-OA binding to Cys273/288 of the Nrf2-binding partner Keap1 

via Michael addition stabilizes the Nrf2-Keap1 interaction, thus bypassing proteosomal 

degradation of Nrf2 and inducing transcription of antioxidant genes(80–83).  
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1.3.3 Triterpenoid electrophiles: targeted drug design meets traditional Chinese medicine 

Oleanolic acid, a member of the saponin family of compounds which also encompasses cholesterol 

and phytosterols, has been used in traditional Chinese medicine(84).  Electrophilic synthetic 

triterpenoid derivatives of oleanolic acid CDDO (2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic 

acid) and CDDO-imidazolide (1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole) 

were first synthesized and characterized as potent inhibitors of nitric oxide production, and found 

to also have anti-inflammatory and anti-proliferative effects (85, 86). At low micromolar 

concentrations, CDDO-Im was demonstrated to be thiol-reactive, depleting the mitochondrial 

GSH pool to induce apoptosis in a pancreatic cancer cell model (87). Surprisingly, potent induction 

of Nrf2/ARE signaling was a later discovery, but was demonstrated to be mediated by specific 

interaction between Nrf2 and the ARE, as mutation of the ARE prevented target gene 

activation(88). CDDO compounds are soft electrophile and react with Keap1 Cys151 in the BTB 

domain to inhibit recruitment of Cul3(89). Models of genetic Nrf2 activation caused by 

hypomorphism of Keap1 may be considered pharmacomimetic models for the CDDO-family of 

compounds. However differences in gene expression profiles do exist between genetic and CDDO-

induced activation, likely due to pleiotropic effects of CDDO derivatives on other pathways 

including heat shock proteins, NFkB, and others(54, 90). CDDO and its derivatives have been 

studied in numerous chronic disease models, based on the premise that upregulation of Nrf2 

activity may protect healthy cells from oxidative injury.   In fact, the methyl ester CDDO-Me (trade 

name Bardoxolone) rapidly progressed from preclinical to clinical development for treatment of 

chronic kidney disease (CKD), as increases in glomerular filtration rate (GFR) were observed in 

rodent models(91). Clinical trials revealed increases in GFR in stage 4 CKD patients, but also 

unexpected increase in mortality due to adverse cardiovascular events, halting the trials (92–95). 
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Recently, a new clinical trial is investigating the efficacy of the drug in Alport syndrome, a genetic 

basement membrane disorder causing CKD in childhood or early adolescence (NIH 

ClinicalTrials.gov identifier NCT03019185).  

1.3.4 Fumaric acid esters as therapeutic electrophiles 

Fumarate, a simple four-carbon monounsaturated dicarboxylic acid, is a key intermediate 

of the citric acid cycle.  In 1959, the German chemist W. Schwekendiek, who suffered from the 

dermatological disease psoriasis vulgaris, hypothesized that the disease was the result of 

disturbances in the citric acid cycle.  Specifically, Schwekendiek believed that psoriasis was 

caused by depletion of fumarate, and undertook lengthy self-experimentation with fumaric acid 

and its derivatives. While fumaric acid had poor oral bioavailability and significant gastrointestinal 

side effects, empirical testing led him to discover that an orally-taken mixture of mono- and di-

methyl fumaric acid esters (FAEs) demonstrated striking clinical efficacy(96). Schwekendiek’s 

psoriasis cleared, and the mixture of mono- and dimethyl fumarate became the most commonly 

used systemic treatment for psoriasis in Germany. Strikingly, this drug was prepared exclusively 

by compounding pharmacies, without formal clinical evaluation, regulatory approval or a 

commercial pharmaceutical formulation. In 1994, a proprietary mixture of FAEs (Fumaderm®) 

was developed by the company Fumapharm AG and approved by the German FDA for treatment 

of moderate to severe plaque psoriasis. Fumaderm consists of dimethylfumarate, as well as methyl- 

and ethyl fumarate as salts of divalent cations (Ca++, Zn++, Mg++). Esterases in the intestinal brush 

border metabolize the dimethyl-ester to monomethyl fumarate (MMF), the active metabolite which 

is identified in the plasma. Interestingly, despite the significant amounts of DMF administered, 

reaching into the hundreds of milligrams/day, only MMF can be identified in the plasma. As a 
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putative explanation, it has been shown that intestinal cells metabolize DMF to MMF completely, 

with only MMF found on the basolateral side(97). 

In 2013, the U.S. Food and Drug Administration approved Tecfidera®, a proprietary 

formulation of dimethyl fumarate, for the treatment of relapsing remitting multiple sclerosis(98, 

99). While the mechanism of Tecfidera is not precisely known, like other electrophiles it is thought 

to be pleiotropic, with complimentary components of immune modulation and Nrf2 activation 

through binding of Keap1 Cys151(100–102).  

1.3.5 Signaling actions of electrophiles 

1.3.5.1 Keap1/Nrf2 

The mechanism by which Keap1 Cys residues react with endogenous and exogenous 

electrophiles, and the signaling cascade initiated by these interactions, were discussed in section 

1.2.  While an overabundance of reactive electrophilic species can cause damage, specific 

engagement of Keap1 at carefully titrated doses provides an opportunity to provide protection 

against a range of disorders through preconditioning(103).  

1.3.5.2 NF-κB 

In addition to engagement of Nrf2 signaling, diverse electrophiles including those 

discussed in this section have been observed to have potent anti-inflammatory effects. These 

effects are in part understood to be mediated by electrophile inhibition of nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB) signaling. NF-κB is a transcription factor 

complex which controls expression of pro-inflammatory genes involved in cytokine, chemokine, 

and adhesion factor production(104, 105). The NF-kB family consists of 5 proteins sharing a Rel 
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homology domain(106), which form homo- and heterodimers. Phosphorylation of the inhibitor 

IkB by IkB kinase (IKK) leads to its proteolytic degradation and liberation of the NFkB p50/p65 

dimer, allowing for nuclear translocation and target gene transcription. IkBα is an NF-kB target 

gene that serves as a negative feedback loop, suppressing NF-kB activity(104). NF-kB is known 

to be directly inhibited by electrophiles through covalent modification of the p65 subunit (107–

109). However, this field is complicated by direct cross-talk between the Nrf2 and NF-kB signaling 

pathways(110).  

1.4 THE GLUTATHIONE SYSTEM 

1.4.1 Biological Scope and Significance of Thiols 

The role of thiol chemistry in protecting against oxidative stress is underscored by the 

increased prevalence of cysteine (Cys) in organisms exposed to harsh environmental conditions, 

such as thermophiles(111). Many significant biological discoveries in the last hundred years have 

foundations in thiol chemistry, as underscored by the prevalent use of oxidizing agents such as 

iodine, alkylating agents including iodoacetamide or n-ethylmaleimide (NEM), reducing agents 

such as β-mercaptoethanol (BME), and thiol indicators such as Ellman’s reagent (5,5′-dithiobis(2-

nitrobenzoic acid), DTNB) in basic research and clinical chemistry alike(112).  

 Cys is one of the least abundant amino acids in proteins, and is underrepresented in the 

genome(113). Nonetheless, it contributes significantly to protein activity as a catalytic nucleophile 

in proteases, phosphatases, reductases, and other classes of enzymes. Cys is a non-essential amino 

acid, as it can be biosynthesized from the less-reactive thioether methionine. Cys is the only thiol-
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containing amino acid, and its function is closely tied to the chemical properties of the thiolate 

anion R-S-.  The pKA of Cys sulfhydryl is relatively high (~8.5), indicating that 50% exists as the 

deprotonated thiolate at pH 8.5. From the Henderson-Hasselbach equation, it is apparent that under 

intracellular conditions of pH 7.2, only ~5% of solvent-exposed Cys is deprotonated.  Due to the 

reactivity of the thiolate, however, most Cys residues are buried inside hydrophobic pockets to 

minimize solvent exposure. In fact, based on the localization of the majority of Cys residues, the 

(incorrect) conclusion of Cys hydrophobicity could be reached. The appearance of Cys in solvent-

protected locations is instead likely due to strong evolutionary pressure favoring the minimization 

of indiscriminate thiol reactivity.  In fact, burial of Cys within specialized protein structures affords 

specificity of reaction, as adjacent residues as well as intramolecular dipoles fine-tune the pKa of 

Cys to increase reactivity with desired substrates(114, 115).    

Cys residues are highly conserved at regulatory, catalytic, or binding sites, indicating their 

functional importance(116).  As the only amino acid containing a free thiol, replacement of Cys 

with any other amino acid would necessarily ablate any function based on thiol chemistry. Indeed, 

Cys conservation displays bimodal distribution, with >90% conservation at sites with known or 

postulated Cys function, and <10% conservation at degenerate sites containing “accidental” or 

non-essential Cys (117). Cys residues are also known to display clustering, suggesting that 

intramolecular reaction of Cys adjacent in sequence or in 3-dimensional structure may be 

biologically important(117).  Indeed, many proteins which catalyze reduction-oxidation reactions 

use paired internal Cys which cycle between inter- and intra-molecular disulfides.  
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1.4.2 Glutathione 

Glutathione (GSH) is the tripeptide γ-L-Glutamyl-L-cysteinylglycine and is the most 

abundant intracellular thiol. GSH was discovered first in 1888 by the French physician-scientist J. 

de Rey-Pailhade, using yeast extracts, and named philothion. It was rediscovered in the 1930s by 

F.G. Hopkins and received its current name, glutathione(112, 118). GSH acts as the chief 

intracellular reduction-oxidation (redox) couple by participating in enzymatic or non-enzymatic 

oxidation to glutathione disulfide (GSSG) and subsequent reduction back to GSH by glutathione 

reductase (GR). Although the pKa of the GSH Cys thiol is relatively high (8.94-9.42) (119, 120) 

suggesting low reactivity under cellular conditions, its redox buffering capacity stems from highly 

efficient synthesis, enzyme-catalyzed transfer and recycling pathways, as well as mass-action 

afforded by high intracellular concentrations. The intracellular concentration of GSH is accepted 

to be variable based on cell type but a commonly accepted value approximately ~10mM(121, 122). 

Total GSH levels are regulated by the expression of biosynthetic enzymes, with the Nrf2-regulated 

enzyme gamma-glutamyl-cysteinyl ligase (GCL; EC 6.3.2.2) catalyzing the rate-limiting step (3, 

123). Knockout of GCL-catalytic subunit (GCLC) is embryonic lethal, and homozygotes (GCLC+/-

) demonstrate significant reduction in GSH levels(124).  GSH detoxifies reactive species through 

multiple mechanisms. GSH can directly neutralize reactive oxygen and nitrogen species (ROS, 

RNS) as well as endogenous and exogenous electrophiles. GSH maintains pools of other chemical 

antioxidants such as ascorbic acid (vitamin C) and tocopherol (vitamin E), as well as directly 

reducing 1-Cys peroxiredoxins (Prdx) such as Prdx6, in reactions catalyzed by glutathione-S-

transferases.  GSH is also used as a cofactor by glutathione peroxidases (Gpx) and glutaredoxins 

(Grx). Gpx reduce H2O2 and lipid peroxides to H2O and lipid alcohols respectively, using reducing 

equivalents from GSH. Grx couple with 2-cys Prdx (Prdx1-5) to reduce the peroxidatic cysteine 
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as the last step of the Prdx catalytic cycle. In addition, GSH and GSSG can both participate in post-

translational modification of proteins through enzymatic and non-enzymatic conjugation reactions. 

1.4.3 Opposing chemical and genetic effects of electrophiles on GSH 

One of the main functions of GSH is detoxification of endogenous and exogenous 

electrophilic species. The nucleophilic thiolate GS- can react with electrophiles, and adduction 

with DMF(125, 126), CDDO(87), and NO2-OA(83, 127, 128)  has been characterized in vitro and 

in vivo.  However, the net effect of these compounds on intracellular GSH pools is not known, as 

activation of Nrf2 can both deplete GSH through chemical addition and induce GSH biosynthesis 

through upregulation of GCLM/GCLC as well as the Xc cysteine importer.   The opposing (albeit 

temporally separated) effects of chemical reactivity and Nrf2 activation suggests that titration of 

electrophile dose and selectivity of reactivity with Keap1 Cys over GSH are required for 

prevalence of cytoprotection over GSH depletion.  

1.4.4 Glutathione Reductase 

Sacrificial oxidation of GSH produces glutathione disulfide (GSSG) which must be eliminated 

from cells or reduced back to GSH. Glutathione reductase (GR, EC 1.8.1.7) is a disulfide 

oxidoreductase responsible for reduction of GSSG to GSH (Reviewed (129)). GR was first 

characterized in wheat germ(130) and soon thereafter in mammalian tissue preparations in a 

seminal work in the laboratory of Albert Lehninger(131) as an enzyme capable of catalyzing the 

NADPH-mediated reduction of the GSSG disulfide. The biological significance of GR is 

underscored by high degree of conservation spanning prokaryota and eukaryota(118, 132). The 
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GR active site contains an internal disulfide, which undergoes reduction-oxidation cycling via a 

“ping-pong” or double-displacement mechanism(133): NADPH-mediated reduction of a proximal 

FAD cofactor is followed by formation of a charge-transfer complex which reduces the internal 

disulfide bond between Cys61 and Cys66 (S. cerevisiae) or Cys102 and Cys107 (H. sapiens) or 

Cys80 and Cys85 (M. musculus). The reduction of the disulfide yields a His- stabilized thiol which 

undergoes disulfide exchange with GSSG, resulting in release of one GSH and a mixed disulfide 

GS-S-GR. Re-formation of the internal disulfide liberates a second GSH and restores enzyme to 

the original form.  

1.4.5 Glutathione:glutathione disulfide (GSH:GSSG) ratio 

The ratio of GSH to GSSG has been widely promoted and extensively used as one of the most 

important markers of oxidative stress across the entire spectrum of human disease, including 

metabolic, cardiovascular, neurologic, and neoplastic disorders(134–137).  As the most abundant 

thiol/disulfide pair in the cell, GSH:GSSG has been used as an indicator to quantify “oxidative 

stress”. This concept has been further extended, with application of the Nernst equation to calculate 

the theoretical reduction potential of the GSH:GSSG couple, and find correlations of half-cell 

reduction potentials with specific cellular conditions(138). While creating a quantitative 

framework for the otherwise frequently qualtitative concept of “oxidative stress” is appealing, the 

limitations of such analyses and the numerous underlying assumptions should be considered with 

care(139). Specifically, it should be noted that cellular functions dependent on GSH are 

predominantly enzyme-catalyzed as opposed to thermodynamic equilibria, and have a kinetic 

dependence on [GSH] and not on [GSH]2 as implied by the Nernst relation. Moreover, these 

processes, with the exception of S-glutathionylation, are generally independent of [GSSG]. 
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Moreover, the ratio of GSH:GSSG may be considered an accurate reflection of redox state only if 

the total GSH pool is constant, and biosynthesis, export, and GSH regeneration are minimal.    

1.4.1 Peroxiredoxins 

Peroxiredoxins (Prdx; EC 1.11.1.15) are a large conserved class of peroxidases which reduce 

endogenous peroxides to prevent non-specific oxidation of cellular constituents(140). 

Peroxiredoxins are small (22-27 kDa) proteins and 6 isoforms have been identified in 

mammals(141). The cytosolic and mitochondrial 2-Cys peroxiredoxins, Prdx1 and 3 respectively,  

are highly reactive antioxidant enzymes that dimerize upon oxidation by hydrogen peroxide 

(H2O2) or peroxynitrite (ONOO-) (K ≈ 105–107 M-1/s-1) (142–144).  Changes in endogenous H2O2 

levels are reflected by changes in the relative abundance of monomeric vs. dimerized Prdx, and 

the relative abundances of these speices can be followed by immunoblotting. The peroxidatic 

cysteine in typical 2-Cys peroxiredoxins can also be hyperoxidized to a SO2/3 via a sulfenic acid 

intermediate(145).  

1.5 OXIDATIVE STRESS IN THE KIDNEY 

1.5.1 Structure and function of the kidney 

Kidneys maintain the composition of extracellular fluid within tight parameters, ensuring 

that cells are continuously bathed in a solution of appropriate osmolarity, ionic composition, and 

pH, while minimizing exposure to metabolic and environmental wastes and toxins. This complex 
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task is achieved by nephrons, the functional units of the kidney.  Despite constituting only ~0.5% 

of body weight, kidneys receive ~25% of cardiac output.   Each day about ~180L of fluid are 

filtered, of which about 99% is reabsorbed to yield 1-2L of concentrated urine, in which metabolic 

waste and toxins are excreted. Each human kidney contains approximately one million nephrons, 

and each nephron is comprised of a glomerulus and a renal tubule.  The glomerulus is a specialized 

structure consisting of capillaries and podocytes which act as the filter. The glomerulus performs 

the actual filtration of blood, after which the filtrate is directed through tubules which refine the 

composition of what will ultimately become the urine.  Afferent arterioles supply the glomerulus 

with blood from the body, while a dense network of peritubular capillaries arise from the exiting 

efferent arterioles and surround the renal tubules.  The proximal convoluted tubule reabsorbs 

sugars, amino acids, and the bulk  of sodium (60-70%), potassium (65-70%), phosphate (85%), 

calcium (60-70%), and water (60-70%). The loop of Henle is a specialized structure with 

permeability to water along the descending limb, and passive and active permeability to salt but 

not to water in the ascending limb. This structure allows for establishment of an osmotic gradient 

with deeper interstitial spaces having higher osmolarity, through a mechanism termed the 

countercurrent multiplier system.       

 

1.5.2 Significance of Keap1/Nrf2 signaling in kidney 

The kidney has high energy requirements due to significant active transport mechanisms 

including Na+/K+ ATPases required for movement of solutes against their concentration gradients 

as well as the processes of detoxification of reactive compounds through conjugation and 

excretion.  Indeed, despite their small size (0.5% body weight) the kidneys consume about 10% of 
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total oxygen used in cellular respiration. There is thought to be a gradient of glucose availability 

proceeding from renal cortex inwards, with the inner medulla thought to have relatively low O2 

tension and predominantly anaerobic metabolism(146).   

Reactive species are formed continuously during aerobic respiration, and can diffuse from 

the mitochondria to impact both cytosolic and nuclear contents(147). In this context of high energy 

use and xenobiotic exposure, it is unsurprising that Keap1/Nrf2 signaling plays an important role 

in the kidney. Preclinical studies have demonstrated that pharmacologic or genetic activation of 

Nrf2 can protect against acute and chronic kidney diseases by protecting cells from oxidative 

injury. Rodent models of CKD have implicated Nrf2 deficiency as an important component of 

disease etiology(148–150). Mice with constitutive hyperactivation of Nrf2 activity induced by 

genetic hypomorphism of Keap1 are protected against obstructive and ischemic kidney injury(46). 

A comprehensive review of preclinical studies utilizing genetic modulation of Keap1/Nrf2 

signaling, as well as clinical trials using pharmacologic Nrf2 activators, to protect against acute or 

chronic kidney injury was recently published by Nezu et al. (151).  The pharmacologic potential 

of NO2-OA in treating kidney disease was recently reviewed(152). 

1.5.3 Lithium induced nephrogenic diabetes insipidus 

For over 60 years lithium (Li) has been the gold-standard agent for prophylaxis and 

treatment of bipolar disorder, and has an established history of use for other CNS disorders as well. 

Complicating its beneficial mood altering properties, lithium exhibits a narrow therapeutic index 

and may cause cardiovascular, neurological, and renal sequelae(153). Development of 

nephrogenic diabetes insipidus (NDI) is among the most prevalent side effects of chronic Li 

administration, with over 50% of patients exhibiting hyposthenuria, and ~20% of patients 
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developing NDI with overt polyuria(154). Li-induced NDI discourages patient compliance as 

polydipsia and polyuria reduce quality of life, and in the long term poses more severe iatrogenic 

risk, as it has been found to increase the prevalence of chronic renal failure(155).  Li has been 

demonstrated in murine models to target the epithelium lining the distal tubule (DT) and collecting 

duct (CD) of the nephron, where its uptake is mediated by the epithelial sodium channel (ENaC) 

and where it induces loss-of-function through uncoupling the effects of arginine vasopressin and 

down-regulating aquaporin 2 (AQP2) (156, 157). Tamoxifen-induced knockout of AQP2 in adult 

AQP2flox/flox mice has been shown to cause the NDI phenotype(158).  These animals have a 

profound water-wasting phenotype, with polyuria and polydipsia approaching 1mL per gram body 

weight per day, and are unable to produce concentrated urine in response to water deprivation. 

Several recent publications have implicated renal hyperactivation of Keap1/Nrf2 

antioxidant signaling in development of NDI.  Nrf2 is a basic leucine zipper transcription factor 

which controls transcriptional responses to oxidative and electrophilic insults through upregulation 

of cytoprotective gene expression. Under non-stressed conditions, Nrf2 is retained in the cytosol 

and rapidly targeted for proteasomal degradation by the Keap1/Cullin3 (Cul3) complex.  Redox-

sensitive cysteine thiols in Keap1 sense cellular exposure to oxidative or electrophilic insults 

through their propensity for oxidation or alkylation, and these post-translational modifications de-

repress of Nrf2 transcriptional activity. 

Specifically, genetic knockout of the Nrf2 suppressor Keap1 globally or in the kidney 

epithelium result in severe NDI with strong downregulation of AQP2(47, 48).  Knockdown of the 

E3 ubiquitin ligase Cul3, which is responsible for regulating both NaCl reabsorption via 

WNK/SPAK signaling and Nrf2 signaling via Keap1, results not only in hyperkalemic 

hypertension via de-repression of WNK signaling, but also in nephrogenic diabetes insipidus with 
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loss of AQP2. In light of recent observations regarding NDI development in mice with genetic 

disruption of Keap1, ablation of Cul3 likely exerts this effect via concomitant activation of 

Nrf2(49). Finally, genetic ablation or pharmacologic inhibition of the accessory Nrf2 repressor 

glycogen synthase kinase 3 beta (GSK3β) down-regulate AQP2(50).  The mechanistic link 

spurring this inquiry comes from in vitro observations showing that Li can inhibit GSK3β and 

consequently de-repress Nrf2(159–162).   
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2.0  MATERIALS AND METHODS 

2.1 REAGENTS 

Primary antibodies were purchased from the following suppliers: GR (Abcam, Cambridge, 

MA), GCLM (Proteintech, Chicago, IL), HO-1 (Cell Signaling, Beverly, MA), GAPDH (Trevigen, 

Gaithersburg, MD), Peroxiredoxin 1 (R&D Systems, Minneapolis, MN), Peroxiredoxin 3 (R&D 

Systems, Minneapolis, MN), Peroxiredoxin1-4 SO2/3 (Abcam, Cambridge, MA), Anti-GSH 

(Virogen, Watertown, MA), Cyclooxygenase 1 (Cell Signaling, Beverly, MA), Cyclooxygenase 2 

(ab15191 or ab179800, Abcam, Cambridge, MA), ENaC α/β/γ (StressMarq), NCC (Abcam, 

Cambridge, MA), phospho-NCC (T53; PhosphoSolutions, Aurora, CO) NKCC2 (Cell Signaling, 

Beverly, MA), Carbonic Anhydrase II (Abcam, Cambridge, MA), Aquaporin 2 (H7661; kind gift 

of Dr. Robert Fenton, Aarhus University, Denmark). Secondary antibodies were purchased from 

Santa Cruz Biotechnologies (Dallas, TX). LPS derived from E.coli 0127:B8, purified GR from S. 

cerevisiae, DMF, MMF, BSO, GSH, GSSG, 13C15N GSH was from Sigma-Aldrich (St. Louis, 

MO).  Oleic acid was obtained from Nu-Check Prep, Inc. (Elysian, MN). NO2-OA, biotin-NO2-

OA and NO2-cLA were synthesized as previously reported(60). CDDO-Imidazol and CDDO-

Methyl were from Toronto Research Chemicals (Toronto, Canada). Solvents were LC-MS quality 

and purchased from Burdick and Jackson (Morristown, NJ). Formic acid was purchased from 

Fisher Scientific (Pittsburgh, PA). 
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2.2 CELL CULTURE 

RAW264.7 cells were obtained from American Type Culture Collection (ATCC, 

Manassas, VA) and grown per ATCC instructions in DMEM containing 4..5g/L glucose and   

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.  

2.3 TRANSGENIC MICE 

Breeding pairs of homozygous Keap1f/f mice that are functionally Keap1 hypomorphs(41) 

and Nrf2-/- mice were kindly provided by Dr. Thomas Kensler at the University of Pittsburgh. Mice 

were bred in accordance with protocols approved by the University of Pittsburgh IACUC and 

males 8-12 weeks of age were used for experiments. Mice were genotyped using DNA extracted 

from tail snips and the oligonucleotide primers described previously(163, 164) and confirmed by 

immunoblotting for NQO1. The primers are shown in Table 1 and an example of genotyping PCR 

results shown in Figure 1.    Age-matched control mice of the C57BL/6J albino background 

(B6(Cg)-Tyrc-2J/J-)  were obtained from Jackson Laboratories and habituated in same vivarium 

as transgenic animals for at least one week prior to experiments.  
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5-cko-4int GCACATCCTTCATCTCTCCGCACTGGGGAG 

3-kp1-4Ex CCTCCGTGTCAACATTGGCGCGACTAG 

R379-EGFP TCAGCTCGATGCGGTTCACC 

Primer3Nrf2  TGGACGGGACTATTGAAGGCTG 

3-1129-Nrf2 GCACTATCTAGCTCCTCCATTTCCGAGTC 

Primer5Nrf2 GCGGATTGACCGTAATGGGATAGG 

Table 1: Primers for genotyping Keap1flox/flox and Nrf2-/- mice 

 

Figure 1: Representative PCR for genotyping Keap1f/f mice 

2.4 ISOLATION AND CULTURE OF PRIMARY BONE-MARROW 

MACROPHAGES 

Primary murine bone marrows from tibias and femurs of genotyped mice were obtained 

and differentiated into macrophages in vitro in the presence of 50 ng/ml of macrophage colony-

stimulating factor (M-CSF, ThermoFisher)(165). Bone marrows were collected at age 10-16 weeks 

from Keap1f/f mice or from age matched wild-type C57BL/6J  albino mice(41, 166).  
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2.5 BIOCHEMICAL ASSAY FOR GLUTATHIONE REDUCTASE ACTIVITY 

GR activity was determined following the initial rates of dithionitrobenzoate (DTNB) 

reduction using an established biochemistry method adapted from Rahman et al.(167). Briefly, 

purified GR from S. cerevisiae (4mU-12mU; consistent within experiments) was incubated with 

vehicle or inhibitor in the presence of NADPH (150μM) or GSSG (1mM) and reaction was started 

with either GSSG or NADPH respectively.  Consumption of NADPH (Ɛ{340} = 6.22x103 M-1cm-1) 

or production of chromogenic TNB (Ɛ{412} = 1.42x104M-1cm-1) were followed on a Agilent 8453 

UV-Vis diode array spectrophotometer in kinetic mode. 

2.6 PREPARATION OF 13C415N2 GSSG ISOTOPICALLY LABELED STANDARD 

13C2
15N (25µL 100mM) GSH in H2O was incubated with 25µL 1M H2O2 for 30min at 

37°C, followed by addition of 50µL 10mM KI(aq) and incubation 30min at 37°C  to yield 25mM  

13C4
15N2 GSSG. To confirm GSSG synthesis and absence of remaining free GSH, an aliquot of 

GSSG was incubated with 5-fold excess of N-ethylmaleimide (NEM) for 15min. The sample was 

diluted to a final concentration of 5µM in GSSG and spiked with 1µM 12C2
14N GS-NEM and 

12C4
14N2 GSSG, followed by analysis by HPLC-MS/MS. The isotopic GSSG standard was only 

used in subsequent experiments if no labeled GSH or GS-NEM were detected.  
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2.7 DETERMINATION OF GLUTATHIONE AND GLUTATHIONE DISULFIDE 

The method for simultaneous determination of GSH and GSSG was adapted from a 

previously published report(168). Briefly, RAW264.7 macrophages were seeded in 24-well plates 

at a density of 250,000 cells/well and were cultured overnight prior to treatments. Media was 

aspirated and cells were washed 2x with sterile PBS and incubated with PBS containing 25 mM 

NEM for 15 min at 37 °C. The PBS/NEM solution was aspirated and 550µL derivatizing solution 

(25 mM NEM, 40 mM HEPES/50 mM NaCl/1 mM EDTA) was added to each well and incubated 

for 15 min at room temperature.  Cells were detached by scraping, and 500uL transferred to 

Eppendorf tube. Internal standards were added to achieve final concentration of 1 µM 13C2
15N 

GSH and  2 µM  13C4
15N2 GSSG, followed by 3 cycles of sonication in a 4°C water bath for 30 sec 

each. The lysate was cleared by centrifugation at 15,000 RPM for 10min at 4 °C. Protein content 

was assessed using the BCA assay. A 100µL aliquot was taken and proteins were precipitated by 

addition of 9 volumes of ethanol (200 proof),  cooled to -80°C overnight, centrifuged (15,000 rpm, 

4 °C, 10 min) and the supernatant dried under N2 stream at room temperature. Samples were 

reconstituted in dH2O (100 µL) and 20 µL were injected for analysis by LC-MS/MS. 

2.8 REVERSED PHASE LIQUID CHROMATOGRAPHY – MASS 

SPECTROMETRY (LC-MS/MS) DETERMINATION OF GSH AND GSSG 

Shimadzu HPLC (Columbia, MD) coupled to a Thermo Scientific CTC HTS PAL 

autosampler (Waltham, MA) and an AB Sciex (Framingham, MA) 5000 triple quadrupole mass 

spectrometer were used for the quantification of GSH adducts and GSSG. Samples (20 μL) were 
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chromatographically resolved on a Phenomenex C18 column (2.1 × 150 mm, 3.5 μm particle size) 

using the following solvent system A) aqueous 0.2% formic acid and B) 0.2% formic acid in 

acetonitrile:water (80:20) at a flow rate of 600μL /min.  Chromatographic conditions were as 

follows: 1% solvent B for 0.1 min, followed by a linear gradient to 20.3% solvent B at 6 min, to 

then switch to 100% solvent B for 2 min and re-equilibration to return to the initial condition (1% 

solvent B) for 4 min. The following settings for the mass spectrometer were used: Source 

temperature 550 °C; ionization spray voltage 5500 V; CAD 4.0 arbitrary units; Curtain gas 40 

arbitrary units; GS1 45 arbitrary units; GS2 50 arbitrary units; EP 5.00 V; CXP 10.00 V. Multiple 

reaction monitoring was performed with 65 ms dwell time and a declustering potential of 60 V 

using the following transitions in negative ion mode: GS-NEM (433.0/304.0, CE 38), 13C2
15N  GS-

NEM (436.0/307.0, CE 38), GSSG (613.2/355.2, CE 30),  13C4
15N2  GSSG (619.2/361.2, CE 30). 

2.9 HPLC-MS/MS DETECTION AND ANALYSIS OF GR POST-TRANSLATIONAL 

MODIFICATIONS 

Purified GR (S. cerevisiae; 10 μg) was incubated in the presence or absence of GSSG (2 

mM), NADPH (3 mM), NO2-OA (8 μM) for 30 min in 50 mM phosphate buffer, pH 7.4 and the 

reaction stopped by addition of iodoacetamide (10 mM final concentration, 10 min at room 

temperature). After alkylation, GR was digested using MS grade modified trypsin (trypsin/GR 

ratio of 1:50) for 16 h at 37 °C. The peptide digest was analyzed by LC-MS/MS for post-

translational modifications using a Thermo Surveyor Plus HPLC coupled to an LTQ Orbitrap 

Velos mass spectrometer (Thermo Fisher Scientific). Peptides (3 μg on column) were loaded onto 

a  Phenomenex C18 Luna SM (2.0 × 100 mm, 2.3 μm  particle size; Torrance, CA) reverse-phase 
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column and resolved using a linear gradient of solvent A (0.1% formic acid in HPLC grade water) 

and solvent B (0.1% formic acid in acetonitrile) at a 650 μl/min flow rate. Chromatographic 

conditions were as follows: 5% solvent B for 2 min, followed by a linear gradient to 60% solvent 

B for 18 min, to then switch to 100% solvent B for 5 min and re-equilibration to return to the initial 

condition (5% solvent B) for 5 min. MS analysis was carried out in the positive ion mode with 

source parameters optimized for the detection of peptides containing nitroalkylated Cys. 

Instrument settings were as follows: source voltage, 3.75 kV; capillary temperature, 200 °C; source 

heater temperature, 450 °C; sheath gas flow and auxiliary gas flow, 25 arbitrary units; sweep gas 

flow, 20 arbitrary units; collision energy, 35 eV. MS/MS spectra was acquired using data-

dependent acquisition in which one full MS spectrum was followed by MS/MS spectra of the top 

five ions. Peptide analysis was performed using Proteome Discoverer 2.0 (Thermo Fisher 

Scientific). MS/MS spectra (b and y ions) of detected modified peptides (presenting a 327.2410 

atomic mass unit shift corresponding to NO2-OA) were manually validated by comparing their 

fragmentation pattern with the native peptides (containing iodoacetamide alkylation in the case of 

Cys modifications). 

2.10 QUANTIFICATION OF PROTEIN S-GLUTATHIONYLATION 

The assay is based on the detection of protein adducts of GSH after sequentially 1) blocking 

free cellular GSH using N-methylmaleimide (NMM), 2) filtering the samples through two 

sequential 6 kDa cutoff size-exclusion gel columns to remove NMM, GS-NMM and GSSG, (3) 

reducing GS-S-protein mixed disulfides using an excess of BME, and finally (4) alkylating 
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released GSH using NEM in the presence of isotopically labeled GSH as internal standard. Protein-

derived GS-NEM was quantified using the HPLC-MS/MS technique described in 2.8. 

2.11 ISOLATION OF BONE-MARROW DERIVED MACROPHAGES 

Primary murine bone marrows from tibias and femurs of genotyped mice were obtained 

and differentiated into macrophages in vitro in the presence of 50 ng/ml of macrophage colony-

stimulating factor (M-CSF, ThermoFisher)(165) Bone marrows were collected at age 10-16 weeks 

from Keap1f/f mice or from age matched wild-type C57BL/6J albino mice.  

2.12 IMMUNOBLOTTING 

Cells were washed 2x with cold PBS and lysates were prepared in 4°C RIPA buffer with 

MiniTab protease inhibitor cocktail (Roche, Switzerland).  For Prdx experiments, cells were 

incubated in alkylation buffer (40 mM HEPES, 50 mM NaCl, 1 mM EGTA, 1 mM EDTA, 100 

mM NEM, pH 7.4) for 10 min at room temperature before lysing with Triton X-100 and protease 

inhibitor cocktail. Flash-frozen kidneys were homogenized in ice-cold RIPA buffer containing 

MiniTab protease and Phos-Stop phosphatase inhibitor cocktails (Roche, Switzerland).  Cells were 

treated as indicated.  At time of collection, cells were washed 2x with cold PBS and lysates were 

prepared in 4°C lysis buffer with MiniTab protease inhibitor cocktail and PhosStop phosphatase 

inhibitor cocktail (Roche, Switzerland). Lysates were cleared by centrifugation (15,000 rpm, 

10min). Protein was quantified by BCA assay (Pierce, Waltham MA) and samples containing 15-
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25μg total cellular protein were loaded on 4-12% Bis-Tris gel. Proteins were resolved by reducing 

or non-reducing SDS-PAGE, transferred to nitrocellulose membrane, blocked with 5% non-fat dry 

milk in TBS-0.1% Tween 20 for 1 hr. Primary and secondary antibodies were used at 1:1000 and 

1:5000 dilutions unless otherwise indicated and visualized with Clarity ECL chemiluminescence 

kit and ChemiDoc imager (Bio-Rad, Hercules, CA).   

2.13 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was performed on 3 µm sections of formalin-fixed paraffin 

embedded kidneys. Sections were deparaffinized in xylenes (2x) and rehydrated in ethanol 

gradient (100-70%). Heat retrieval was performed using citrate pH 6 buffer (20min, 98°C, 

vegetable steamer). Rabbit anti-Cyclooxygenase-2 primary antibody was from Abcam (ab179800, 

1:5000), and developed using Abcam Rabbit specific HRP-DAB kit (ab64261) following 

manufacturer’s instructions.  

2.14 IMMUNOFLUORESCENCE 

Kidney cryostat sections (5 µm) were washed three times with phosphate buffered saline (PBS), 

followed by 3x washes with solution of 0.5% BSA in PBS. Sections were blocked with 5% normal 

goat serum in BSA solution for 45 minutes. The slides were incubated for 1 hour at room 

temperature (RT) with primary antibodies for rabbit anti NQ01 (ab34173, Abcam) at 1:500, and 

hamster anti MUC1(MA5-11202, Thermo) at 1:50 in .5% BSA solution. Slides were washed three 
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times with BSA solution and incubated for 1 hour at RT with Alexa 488 donkey anti mouse 

secondary antibody(A21202, Invitrogen) diluted 1:500, combined with goat anti rabbit CY5(111-

605-003, Jackson Immuno) 1:1000, and goat anti hamster Cy3(127-165-160, Jackson) combined 

with 1:500 Alexa 488 phalloidin(A12379, Thermo) in BSA solution. Nuclei were stained with 

Hoechst dye(bisbenzamide 1mg/100ml water) for 30 seconds. After three rinses with PBS, 

sections were coverslipped with gelvatol mounting media. Images were captured with a Nikon A1 

confocal microscope (NIS Elements 4.4) 

2.15 MOUSE MODEL OF LITHIUM-INDUCED NEPHROGENIC DIABETES 

INSIPIDUS 

Male C57BL6j/albino mice (JAX000058, Jackson Labs) at 8-12 weeks of age were 

habituated to individual housing for 4 days followed by randomization to receive control diet or 

diet containing 0.17% LiCl by weight (Teklad) ad libitum. Water was provided ad libitum.  Mice 

were maintained on a 12h light/12h dark cycle.  Mice and food were weighed daily. Water was 

supplied in 50mL conical with sipper tube as described (http://www.bio-protocol.org/e1822), and 

daily water intake was determined by weight. All experiments were performed with approval of 

the University of Pittsburgh’s Institutional Animal Care and Use Committee.  

http://www.bio-protocol.org/e1822
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2.16 BLOOD COLLECTION AND BLOOD CHEMISTRY ANALYSIS 

Blood was collected from mice under deep isoflurane anesthesia using either retroorbital 

sampling or via cardiac puncture. Blood was collected in BD Microtainer tubes containing Lithium 

Heparin or K2EDTA anticoagulant and inverted 10x to mix thoroughly. 150µL from LiHep 

anticoagulated sample was loaded onto Abbott iSTAT Chem8+ cartridge and analyzed 

immediately.  Remaining sample was centrifuged at 500g for 10min at room temperature. Plasma 

was aliquoted and frozen in N2(l) and stored -80°C. 

2.17 TISSUE COLLECTION 

After collection of urine and blood, a laparotomy and thoracotomy were performed.  A 

hemostat was applied to the left renal vascular bundle and the left kidney was removed and flash-

frozen in N2(l). The vena cava was severed and whole-animal transcardial perfusion was 

performed with cold 2% PFA in PBS. The right kidney was removed, bisected lengthwise, and 

fixed in 2% PFA for 1.5h. Half of the kidney was further fixed in neutral buffered formalin and 

embedded in paraffin, and half by dehydration in 30% sucrose for 24h and freezing in OCT 

compound.   
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2.18 LITHIUM ASSAY 

Plasma lithium was quantitated using Lithium Assay Kit (Colorimetric) from BioVision Inc., 

(Milpitas, CA, USA) using 10μL plasma and following manufacturer’s instructions.  

2.19 PLASMA RENIN CONCENTRATION ASSAY 

Plasma Renin Concentration Assay: 30µL plasma was added to 270µL generation buffer 

(1.0M Tris 0.25M EDTA 1mM PMSF pH 5.5) containing 30µM tetradecapeptide renin substrate 

(Angiotensinogen 1-14, rat, DRVYIHPFHLLYYS, AnaSpec, Fremont CA) and the reaction was 

incubated at 37C. Aliquots (50µL) were removed at 0, 10, 20, and 30 min and quenched with 

200µL MeOH containing 3% formic acid and 13C/15N labeled Angiotensin I internal standard (DR-

V*-Y-I*-HPFHL, AnaSpec, Fremont CA, * = all 13C/15N). The solution was chilled at -20°C and 

protein precipitates removed by centrifugation 13,000RPM for 10min. 20µL of supernatant were 

injected for HPLC-MS/MS analysis. 

HPLC-MS/MS of angoitensin I and 14aa angiotensinogen substrate: A Shimadzu HPLC 

(Columbia, MD) coupled to a Thermo Scientific CTC HTS PAL autosampler (Waltham, MA) and 

an AB Sciex (Framingham, MA) 5000 triple quadrupole mass spectrometer was used for the 

quantification of AngI, isotopic AngI standard, and 14aa angiotensinogen substrate. Sample (20 

µL) was separated on a Phenomenex Gemini C18 column (2.0 × 20 mm, 3 µ pore size). The solvent 

system employed 0.1% aqueous formic acid (A) and 0.1% formic acid in acetonitrile (B) at a flow 

rate of 850μl /min.  Chromatographic conditions were as follows: 5% solvent B for 0.3 min, 

followed by a linear gradient to 45% solvent B at 2.5 min, to then move to 100% solvent B for 1 
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min and re-equilibration to return to the initial condition (5% solvent B) for 4.5 min. The triple 

quadrupole mass spectrometer was tuned in positive ion mode and the following settings were 

used: Source temperature 650°C; ionization spray voltage 5000V; CAD 5.0 arbitrary units; Curtain 

gas 40 arbitrary units; GS1 55 arbitrary units; GS2 55 arbitrary units; EP 10.00V; CXP 10.00V. 

Multiple reaction monitoring (75ms dwell time, declustering potential 100V, collision energy 30-

37V) was performed using the following transitions: Ang I (Q1 433.20Q3 110.20), isotopic Ang 

I (Q1 655.60Q3 110.20), 14aa angiotensinogen substrate (Q1 608.50Q3 269.20).  Sample 

AngI was calculated based on area ratio and calibration curves prepared using commercially 

available AngI standards, and plasma renin concentration calculated from slope of AngI generated 

by each sample as function of time.  

2.20 OSMOLALITY DETERMINATIONS 

Spot urine was collected after spontaneous voiding on plastic wrap, or in case of terminal 

experiments, sampled from bladder after laparotomy under isoflurane anesthesia using 30G 

syringe. Urine osmolality measured in technical duplicate with Wescor 5500 Vapor Pressure 

Osmometer using 5µL urine. The instrument was calibrated on each day using standards of 0, 290, 

and 1000mOsm/kg and the average value of duplicates reported for each sample.  For some 

samples, a 1:2 dilution in MilliQ Ultrapure water was necessary to remain within the dynamic 

range of the instrument.  
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2.21 PRIMARY HUMAN RENAL CORTICAL CELLS 

Primary human distal tubule cells from human adult kidney were isolated and cultured as 

previously described (169). Confluent monolayers of cells were incubated with vehicle control, 

LiCl or CDDO-Im for 18 hr in serum-free hormonally defined media followed by preparation of 

lysates for immunoblotting. For confirmation of cell lineage, immunoblotting for CD10 and 

MUC1 was performed in each experiment.  

2.22 REVERSED PHASE LIQUID CHROMATOGRAPHY – MASS 

SPECTROMETRY (LC-MS/MS) DETERMINATION OF PROSTAGLANDINS 

Determination of 6-keto prostaglandin F1α:   

Flash-frozen kidney samples were weighed on an analytical balance and transferred to 

chilled Eppendorf tubes containing an equivalent weight of zirconium oxide homogenization beads 

(NextAdvance, Troy NY). 380µL distilled water containing isotopically labeled standard 6-keto 

PGF1α-d4 (Cayman Chemical, Ann Arbor, MI) was added to each sample and homogenized at 

4°C using Bullet Blender (NextAdvance, Troy, NY). The lysate was added to 1.6mL acetonitrile 

and centrifuged 15,000rpm for 15min at  4°C. The supernatant was transferred to a clean glass 

tube and dried under N2(g) for 1hr. Samples were resuspended in 200µL MeOH and 10µL was 

injected for HPLC-MS/MS analysis. Analyte was quantified using 6-point calibration curve 

prepared for each experiment 

For determination of 6-keto-PGF1α, chromatography was performed on Phenomenex 

Kinetex C18 2.1x50mm column (2.1 × 50 mm, 5µm particle size) using aqueous 0.1% ammonium 
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acetate (A) and 0.1% ammonium acetate in acetonitrile (B) at total flow of 0.25mL/min.  10% B 

was increased to 65% B over 20 min followed by 3 min wash with 100% B and return to 10% B 

for 2min for a total run time of 25 min. An AB Sciex API 5000 triple quadrupole mass spectrometer 

was tuned in negative ion mode and the following settings were used: Source temperature 650°C; 

ionization spray voltage 5000V; CAD 5.0 arbitrary units; Curtain gas 40 arbitrary units; GS1 55 

arbitrary units; GS2 55 arbitrary units; EP -5.00V; CXP -18.40V. Multiple reaction monitoring 

was performed with 150ms dwell time, declustering potential -50V, collision energy -17V was 

performed using the following transitions: 6-keto PGF1α (Q1 369.10Q3 245.00), 6-keto PGF1α-

d4 (Q1 373.1Q3 167.00). 

2.23 MEASUREMENT OF GLOMERULAR FILTRATION RATE 

Glomerular filtration rate was measured in unrestrained conscious rodents by following 

FITC-sinistrin elimination using MediBeacon transdermal device and software package 

(MediBeacon GmbH, Mannheim, Germany) following the manufacturer’s instructions(170).  

2.24 DETERMINATION OF PLASMA AND URINE NITRITE 

1.0mL blood was collected into tubes containing 50µL acid citrate dextrose anticoagulant 

and immediately centrifuged for 10min at 500g to separate plasma. Plasma was aliquoted and 

stored -80°C until analysis. Urine was collected onto clean plastic sheet as described previously. 
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50µL sample was analyzed using GE Sievers NOA 280i following manufacturer’s instructions. A 

calibration curve containing known amounts of sodium nitrite was prepared for quantification.      

2.25 DETERMINATION OF PLASMA AMINO ACIDS 

Plasma amino acids and kynurenine were measured using isotope-dilution HPLC-MS/MS 

following derivatization with phenylisothiocyanate (PITC) as previously described(171).  

2.26 WIRE MYOGRAPHY 

Endothelium-dependent and -independent relaxation responses of second order mesenteric or 

thoracodorsal arteries to cumulative doses of acetylcholine (Ach) and sodium nitroprusside (SNP) 

were evaluated using two-pin wire myography (Multiple Myograph Model 610 M, DMT; 

Denmark). 

2.27 RADIOTELEMETRY 

Blood pressure was analyzed in WT and Keap1f/f mice chronically instrumented with PA-

C10 telemetry units (Data Sciences International) and fed 0.1% (normal sodium) or 0.01% NaCl 

(low-sodium) chow. Systolic, diastolic, and mean ABP and heart rate were sampled at 2 KHz and 

averaged for both day (10AM–4PM) and night (10PM-4AM) periods. Standard vivarium 

conditions, lights on 7 AM–7 PM, 25°C. 
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2.28 STATISTICAL ANALYSIS 

Statistical analyses were performed using GraphPad Prism (La Jolla, CA. USA) version 7.01 by 

Student’s t-test, one-way or two-way analysis of variance (ANOVA) and corrections for multiple 

comparisons as indicated in figure legends. P values less than 0.05 were statistically significant. 

In addition to statistical significance, magnitude of differences with regards to biological or 

physiological relevance was also considered in interpretation of results. 
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3.0  GLUTATHIONE REDUCTASE IS A GSH- AND ELECTROPHILE-SENSITIVE 

CONTROLLER OF INTRACELLULAR GSSG 

3.1 INTRODUCTION 

One of the most salient characteristics of electrophilic mediators is their pleiotropic 

signaling actions, a property afforded by the broad set of cellular targets that can be modified. 

These targets encompass nucleophilic residues including cysteines, histidines, and lysines, with 

signal transduction downstream of cysteine addition predominating.  Previous reports have 

established the nonspecific reactivity of therapeutic electrophiles with cysteine residues, and the 

correlation between electrophilicity of parent compounds or their metabolites and idiosyncratic 

drug toxicity has been a provoking correlation leading to frequent exclusion of electrophilic 

compounds in the drug development pipeline(172).  The nonspecific reactivity of many 

electrophiles has posed additional challenges for pharmacologists, as these compounds frequently 

give false positive results in screening assays(173, 174). 

 GSH depletion by electrophiles is a well-documented surrogate measurement reflective of 

cellular toxicity, and GSH depletion through inhibition of biosynthesis has been shown to 

potentiate adverse effects of arylating species such as electrophilic metabolites of acetyl-para-

aminophenol (acetaminophen, APAP)(175).  

While the pKa of cysteine thiol of glutathione is relatively high (8.94)(119), GSH reactivity 

is driven by the activity of glutathione-S-transferases, rapid turnover of oxidized GSSG by 

glutathione reductase and its high intracellular concentrations (~10mM). GS-NO2-OA and GS-

NO2-cLA Michael adducts have been detected in vitro and in vivo, and suggest that reduction in 
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GSH levels could be a major cellular consequence of NO2-FA exposure(83, 176). Similarly, 

CDDO-Imidazole and –Methyl have been found to adduct and in some cases deplete GSH(87, 

177, 178). 

In this context, the first half of this thesis sought to rigorously define the temporal effects 

of endogenous and pharmacological electrophilic molecules on GSH cycling, depletion, and 

biosynthesis. GSH and GSSG were measured in cell preparations after treatment with electrophiles 

or an inhibitor of GSH biosynthesis.  Electrophiles were found to transiently decrease intracellular 

GSH, followed by induction of GSH biosynthesis and accumulation of GSH. Paradoxical 

accumulation of GSSG was observed, accompanied by increases in protein S-glutathionylation but 

without enhancement or suppression of peroxiredoxin dimerization or involvement of MRP1 

exporters. Direct and indirect mechanisms by which electrophiles modulate GSSG cycling through 

GR were identified. Elevation in GSH and GSSG was accompanied by increases in protein S-

glutathionylation. Finally, in vitro studies of immortalized and primary murine macrophages 

showed that TLR4-dependent macrophage activation is situated pharmacologically and genetically 

downstream of the redox sensitive thiol proteome, with specific tolerogenic function of Nrf2 

derived from its effects on the GSH axis.  
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3.2 RESULTS 

3.2.1 Lipid electrophiles upregulate GSH biosynthesis through induction of Nrf2 in 

RAW264.7 macrophages 

To quantify intracellular concentration of GSH and GSSG, a method based on NEM 

derivatization previously developed by Harwood et al. (168) was implemented and validated 

(Figure 2). The method is described in detail in 2.6, 2.7, and 2.8.  
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Figure 2: Method for determination of GSH and GSSG. 

(A) Structures and MS fragmentation diagrams with multiple reaction monitoring transitions of GS-NEM and GSSG. 

(B) Representative HPLC-MS/MS traces of GS-NEM and GSSG co-eluting with their respective isotopic standards. 

(C) Representative log-log plots of calibration curves used for quantitation of GS-NEM and GSSG. Abscissa: log([GS-

*]/[1µM 13C2
15N-GS-*]). Ordinate: log((A.U.C. GS-*)/(A.U.C. 1µM 13C2

15N-GS-*)). GS-* = GS-NEM or GS-SG. 

Calibration curves were prepared for each independent experiment using GSH, GSSG and their respective 13C2
15N 

isotopic standards.   Calibration curves displayed linearity between instrument response and analyte concentration 

over 4 and 3 orders of magnitude for GS-NEM and GSSG respectively, allowing simultaneous determination of both 

species and LOQ for both GSH and GSSG was 10nM. 
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Intracellular GSH and GSSG were measured in cultured RAW264.7 macrophages and 

yielded a mean of 56.4±5.2 and 0.16±0.01 nmol/mg protein for GSH and GSSG respectively and 

an overall ratio of GSH/GSSG of 366±24 (n=3-6 from 5 independent experiments, mean ± 

standard error). Cells were then activated with LPS or either exposed to NO2-OA or the GSH 

synthesis inhibitor buthionine sulfoximine (BSO) and the GSH pool evaluated. After 1 hr of 

exposure to 5µM electrophilic NO2-OA, GSH levels were reduced by 23%, returned to baseline 

level by 3 hr and increased two-fold by 6 hr (Fig. 2A, red trace). Surprisingly, the GSSG levels 

did not significantly change under this initial mild GSH depletion but increased 8.3-fold at 6 hr 

(Fig. 2B, red trace). Both GSH and GSSG significantly decreased by 24 hr but remained elevated 

compared to baseline. Notably, although GSH levels significantly increased at 6 and 24 hr post-

NO2-OA exposure, a pronounced decrease in GSH/GSSG ratio was observed (Fig. 2C, red trace). 

In contrast, LPS  induced an initial decrease in GSH that recovered to initial levels by 6 hr 

while GSSG increased as a function of time, reaching a maximum over 10-fold above baseline at 

24 hr. Next, the effects of GSH depletion were investigated in the absence of exogenous 

electrophilic or oxidative stimuli. To this end, the irreversible γ-glutamylcysteine synthetase 

inhibitor BSO was used. A linear reduction in intracellular GSH was observed over 24 hr, with an 

overall loss of 55% of the GSH pool (Fig. 2A, blue trace). Interestingly, the loss in GSH resulted 

in a more pronounced (87%) reduction in GSSG (Fig. 2B, blue trace) suggesting that the decrease 

in GSH was not associated to increased oxidative stress. We then evaluated the Nrf2-dependent 

responses of GSH biosynthesis to NO2-OA treatment. The expression of the modulatory subunit 

of GCLM, which is the rate-limiting step in GSH biosynthesis, was increased at 6 hr and was at 

its highest at 24 hr. By comparison, the NO2-OA modulated target HO-1 was upregulated between 

3 and 6 hr but trending  towards baseline levels by 24 hr. Finally, and despite the presence of 
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putative ARE sequences in its promoter sequence, GR expression was not modulated by NO2-OA 

treatment(179) (Fig. 2D).  

 

Figure 3: Modulation of GSH and GSSG levels by NO2-OA, LPS and BSO 

RAW264.7 cells were treated with 5µM NO2-OA (red trace), 200 ng/mL LPS (green), or 20 µM BSO (blue trace) and 

GSH (A), GSSG (B) and the GSH/GSSG ratio (C) were determined. Results are expressed as mean ± standard error 

of 3 independent replicates for each condition. Results normalized to vehicle control (black, t=0 hr) ± standard error 

(dashed lines) of 6 replicates.   (D) Time-dependent response of Nrf2 activation by NO2-OA (5 µM) in RAW264.7 

cells. 

 

3.2.2 NO2-OA induced upregulation of GSSG occurs independently of oxidative stress 
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perform experiments evaluating Prdx oxidation state. 
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The paradoxical increase in both intracellular GSH and GSSG in cells treated with NO2-OA 

motivated testing whether the increase in GSSG correlated with increased oxidative stress markers 

within the same time-frame (Fig. 3).  The cytosolic and mitochondrial 2-Cys peroxiredoxins, Prdx1 

and 3 respectively,  are highly reactive antioxidant enzymes that dimerize upon oxidation by 

hydrogen peroxide or peroxynitrite (k~105 M-1s-1-107 M-1s-1)(142–145). As a result, any change in 

endogenous peroxide levels are reflected by changes in the relative abundances of monomeric vs. 

dimerized Prdx. 

Under basal conditions, RAW264.7 macrophages presented ~35% of Prdx1 (Figure 4A-

B) and ~60% Prdx3 covalently dimerized. It is tempting to speculate that the higher level of basal 

oxidation of Prdx3 compared to Prdx1 is a result of elevated ROS formation in the mitochondria. 

Treatment with NO2-OA had no effect on the proportion of covalent Prdx dimers compared to 

controls, despite the elevation in intracellular GSSG (Figure 4A-C). In contrast, exposure to 50 

µM H2O2 for 10 minutes resulted in oxidation of  both  Prdx1 and Prdx3, with ~98% of the Prdx 

proteins running as the disulfide-linked dimer (not shown). To model physiologic oxidative stress, 

macrophages were activated with LPS, which led to oxidation of Prdx1 and Prdx3 after 6hr (Figure 

4D). To evaluate whether NO2-OA affected Prdx function, RAW264.7 cells were incubated with 

10µM H2O2 in the presence or absence of 5µM NO2-OA. Figure 4E shows that both Prdx1 and 3 

oxidized fully within 20 min of exposure regardless of the presence of NO2-OA.  
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Figure 4: NO2-OA does not affect oxidation of Prdx1/Prdx3 

RAW264.7 macrophages were incubated for 1, 3 or 6h with DMSO vehicle or NO2-OA (5µM and 10 µM). 

Dimerization of Prdx1 (A, B) and Prdx3 (A,C) was assessed by non-reducing gel electrophoresis followed by 

immunoblotting and densitometry. Representative immunoblot shown; vertical lines superimposed on blot to facilitate 

interpretation. Densitometry is expressed as mean ± standard deviation of 6 samples from 3 independent experiments. 

(D) Prdx1 and Prdx3  oxidation after macrophage activation with LPS for 0, 1, 3, or 6 hours. As positive control, cells 

were exposed to 400 µM H2O2 for 10 min, which fully oxidized both Prdx1 and Prdx3.  (E) Prdx oxidation by 10 µM 

H2O2 occurs rapidly (within 10min) and is neither inhibited nor promoted by NO2-OA. 
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prevents protein dimerization, as the Cys-SO2/3 is incapable of forming disulfide bonds.  Thus, in 

the setting of pervasive oxidative stress, hyperoxidation could mask dimerization. Immunoblotting 

using a pan-Prdx1-4 SO2/3 antibody revealed appearance of a hyperoxidized Prdx monomer after 

exposure to 400µM H2O2, while hyperoxidation was absent in NO2-OA treated cells  (Figure 5). 

Taken together these results support that the accumulation in intracellular GSSG is not associated 

with changes in steady-state oxidant exposure.  

 

Figure 5: NO2-OA does not induce hyperoxidation of Prdx. 

Hyperoxidized Prdxs were detected using an antibody that reacts with PRX 1–4 when in the PRX-SO2/3 state. 

Incubation of RAW264.7 macrophages with 0, 5, or 10µM NO2-OA for 1-6hr failed to induce hyperoxidation. Upon 

exposure to H2O2 (400µM) for 10min the appearance of hyperoxidized Prdx-SO2/3
 monomer is seen. 

 

3.2.3 Inhibition of MRP1 is insufficient to increase intracellular GSSG 

Electrophilic compounds and their detoxified GSH conjugates, as well as GSSG are 

eliminated from cell via ATP-binding cassette (ABC) transporter class proteins including 

MRP1(180). It was postulated that covalent or competitive inhibition of MRP1 by NO2-OA could 

lead to accumulation of intracellular GSSG. Incubation of RAW264.7 macrophages with the pan-

MRP/organic anion transporter (OAT) inhibitor probenecid (250µM) or the MRP1-selective 
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inhibitor MK-571 (25µM) revealed that inhibition of these transporters did not lead to 

accumulation of intracellular GSSG (Figure 6A-C).   
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Figure 6: Inhibition of MRP1 does not increase intracellular GSSG. 

Incubation of RAW264.7 macrophages with the specific MRP1 inhibitor MK571 (25µM) or the pan-MRP inhibitor 

probenecid (250µM) for 6 hr did not cause accumulation of intracellular GSSG. NO2-OA was included as control. 

Results are expressed as mean ± standard error, n=3. *p<0.05; **p<0.01; Statistical analysis by one-way ANOVA 

with Tukey multiple comparison test. 
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3.2.4 NO2-OA is a covalent reversible inhibitor of GR 

Since NO2-OA did not induce cellular oxidative stress (Figure 4 and Figure 5), and 

appreciating that Nrf2 activation upregulates GSH biosynthesis and NADPH production in 

vivo(181), it was hypothesized that NO2-FA may inhibit GR, reducing GSH regeneration and 

increasing intracellular GSSG.  The GR active site contains two critical cysteines that form an 

internal disulfide during the catalytic reduction-oxidation cycle of the enzyme. Both NO2-OA and 

NO2-conjugated linoleic acid (NO2-cLA) inhibited S. cerevisiae GR activity, with NO2-OA 

effecting a more pronounced inhibition (Figure 7A).   Interestingly, whereas incubation of GR 

with 3µM NO2-OA in the presence of NADPH resulted in a complete inhibition of GR activity 

upon GSSG addition, GR pre-incubation with 3µM NO2-OA in the presence of GSSG but in the 

absence of NADPH did not immediately result in GR inhibition. The inhibition of GR only started 

to occur after NADPH addition (Figure 7B).  

To further characterize the inhibition and reactivity of GR with NO2-OA, rate constants 

were determined using pseudo-first-order conditions by stopped-flow (Figure 7C). A linear 

dependence was observed between the pseudo-first order rate constant (kobs) and NO2-OA 

concentration (Figure 7D).The forward second-order rate constant (kon) was determined from the 

slope of the kobs versus NO2-OA concentration plot as (3.45 ± 0.04)x103 M-1s-1. The non-zero y-

axis intercept indicates a reversible reaction with a koff = (4.4 ± 0.4)x10-4s-1. The equilibrium 

dissociation constant Keq was then calculated by dividing koff by kon and its value was (1.3±0.1)x10-

7M (25°C, pH 7.4). No significant changes in the initial rate occurred in the absence of NO2-OA.  

In order to compare the values obtained with other abundant thiol-containing intracellular 

enzymes, we kinetically characterized the reaction with glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), a known target for NO2-OA (Figure 7D, inset)(83).  The values 
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obtained were kon = 389±64M-1s-1, koff = (3.2±0.9)x10 -3 s-1 and Keq = (8±4)x10-6M (25°C, pH 7.4) 

indicating that GR reacts ~10 times faster with NO2-OA than GAPDH. In the case of GSH, the 

forward rate constant with NO2-OA is 64±1 M-1s-1 (25°C, pH 7.4), ~50 times slower than GR(176). 

Thiol alkylation by NO2-OA inhibits target proteins (e.g.  GAPDH) and has been shown to be 

reversible(83). To confirm the reversibility of GR inhibition by NO2-OA, GR was treated with 

NO2-OA, and β-mercaptoethanol (BME) was added during the linear phase of the reaction. A 

rapid, complete recovery of GR enzymatic activity was achieved with 0.5 mM BME and the degree 

of reactivation was dose-dependent (Figure 7E-F). 
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Figure 7: NO2-OA is a reversible covalent inhibitor of GR. 

A) Inhibition of GR activity by NO2-OA, NO2-cLA, or non-electrophilic OA (5 µM each) as measured by the DTNB-

reduction assay after 10 min incubation. Results are mean ± SD from 3-5 independent experiments. *** p<0.0001 by 

one-way ANOVA vs control, using Tukey multiple comparison test. (B) TNB production by GR pre-incubated with 

vehicle control, NO2-OA + GSSG (purple) or NO2-OA + NADPH (red) for 10 min prior to addition of missing 

substrate. Results are summarized as mean ± SD from 3-5 independent experiments. (C) Reduced GR (2 nM) was 

incubated with 800 nM NO2-OA. At increasing times, aliquots (1.6 nM) were mixed with 0.1 mM NADPH and 1 mM 

GSSG, and the initial rate of absorbance decay at 340nm and 25°C was measured. The solid line represents the best 

fit to a single exponential equation. (D) kobs values at increasing concentrations of NO2-OA (200-1200 nM) were 

determined from kinetic traces as in (A); kobs values for the reaction between NO2-OA and GAPDH.  (E) 

Representative kinetic traces showing that addition of BME (5 mM) rapidly restores GR activity and NADPH 
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consumption of pre-inhibited GR. (F) GR activity restoration is dependent of BME concentration. Results are reported 

as mean ± SD. For some points, the error bars are shorter than the height of the symbol.  

3.2.5 NO2-OA binds Cys61 of GR 

Next, we sought to evaluate whether the inhibition involved a covalent binding between GR and 

NO2-OA using biotin-labeled NO2-OA. GR contains 5 Cys and 15 His residues, all of which could 

be potential nucleophilic targets of NO2-OA. To test the covalent reaction of GR with NO2-OA, 

we decided to incubate GR with biotin-tagged NO2-OA followed by immunoblotting with 

streptavidin. Since the derivatization of NO2-OA carboxylic acid with biotin significantly impacts 

its size and charge, the inhibition of GR by biotin-NO2-OA was first tested (Figure 8).  Biotin-

NO2-OA did inhibit GR, albeit with lower potency than non-tagged NO2-OA. Incubation of 

purified GR with a 100-fold molar excess of biotin-NO2-OA in the absence of NADPH resulted in 

only low levels of adducted biotin-NO2-OA detected by non-reducing immunoblot. The adducted 

level of NO2-OA increased significantly in the presence of NADPH, suggesting Cys61 and Cys66 

as potential targets (Figure 9A). Digestion of GR under native conditions (non-reduced) yielded 

69% coverage of the primary sequence encompassing 5/5 Cys and 11/15 His residues, and 

displayed the expected disulfide between Cys61 and Cys66 (Figure 9D, E). When reduction was 

followed by alkylation with iodoacetamide, 81% sequence coverage was obtained, presenting 

stable carbamidomethyl-adducts at the active site dithiol (Figure 9D, F). Likewise, incubation of 

GR with a 100-fold molar excess of NO2-OA followed by tryptic digestion yielded only the Cys61-

Cys66 disulfide bridge without evidence of nitroalkylation of either catalytic Cys and only minor 

alkylation of other Cys and His (not shown). In contrast, incubation of GR with NADPH in the 
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presence of NO2-OA permitted the identification of Cys61  as the specific nucleophilic target with 

84% primary sequence coverage (Figure 9D, G).  

 

 

Figure 8: Biotin-NO2-OA inhibits GR  

GR was incubated with vehicle control, 5µM NO2-OA or 50µM biotinylated NO2-OA in the presence of NADPH 

and GSSG and DTNB were added. TNB absorbance at 412nm was recorded as a function of time. Like NO2-OA 

(Fig. 6), biotin-NO2-OA inhibited GR activity as compared to the vehicle control (+NADPH). GR did not reduce 

GSSG in the absence of NADPH (-NADPH). 
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Figure 9: NO2-OA inhibits GR via Cys61 modification 

(A) Catalytic cysteines are a main target of NO2-OA as assessed by 10 min incubation with biotinylated NO2-OA  

(8µM) in the presence or absence of cofactor NADPH and GSSG (n=2).  (B) Sequence of tryptic peptide encompassing 

the GR catalytic site ALGGTC61VNVGC66VPK with b+ and y+ fragmentation patterns and potential Cys 

modifications. (C) Elution profile of the native and alkylated peptides containing Cys61. (D) Tabular summary of 

calculated (black) and identified (blue/red) b+ and y+ ions, respectively. MS/MS spectra of the GR catalytic site peptide 

L

GR

NADPH

GSSG

Biotin -OA-NO 2

+ + + + + + + ++ +

1 2 3 4 5 6 7 8 9 10

- - + + + + - +- +

- - - - + + + ++ +

- - - - - - - +- +

Ponceau S

WB:
Streptavidin-HRP

Input:

A B

A-L-G-G-T-C -V-N-V-G-C -V-P-K61 66

b1 b2 b3 b4 b5 b6 b7 b8 b9 b10 b11 b12 b13

y13 y12 y11 y10 y9 y8 y7 y6 y5 y4 y3 y2 y1

S S CAMCAMCAMCAM
OA-NO2 CAM

b₁₀⁺
929.35

b₅⁺-H₂O
382.25

y₁₃²⁺
680.76y₄⁺

503.26
1247.43

b₁₂⁺-H₂O
1170.43

y₂⁺
244.17

y₉⁺
1032.35y₈⁺

872.35

y₁₂²⁺
624.26

y₇⁺
773.34

y₅⁺

560.26

b₅⁺
400.22y ⁺3

343.23

y ⁺6
659.35

b ⁺11

y ⁺11

1190.57

y ⁺10

1133.54

200 400 600 800 1000 1200

b₁₂⁺
1188.43

y ⁺12

F

1400

E
~S-S~

y₉⁺
917.35y₃⁺

343.25

y₁₁⁺-NH₃
1057.43

y₂⁺
244.17

y₁₁⁺
1074.43

y₁₂²⁺-H₂O
558.17

[M+2H]²⁺-NH₃
650.34 y ⁺12

1131.53

200 400 600 800 1000 1200

y₄⁺
503.17

y₂⁺
244.08

y₁₂⁺
1517.60

1043.43 b₁₂⁺
1458.52

y₉⁺
1302.52

y ⁺3

343.23 y ⁺10

y ⁺11

1460.76b7⁺
929.54

b₁₂⁺-H₂O
1440.60

b₈⁺
b₉⁺

1142.51
y₈⁺

872.34

y₁₂²⁺
759.34

y₅⁺
560.17

y₇⁺
773.34

b ⁺10

1199.67

b ⁺6

830.46

y6⁺
559.35

Cys- -NO OA2

G

1

72.0444 72.0444 72.0444

A 14
2

185.1285 185.1285 185.1285

L

1244.614 1360.671 1630.891

13
3 242.1499

242.1499 242.1499

G 1131.53 1247.587 1517.807 124

299.1714 299.1714 299.1714

G 1074.509 1190.566 1460.785 11
5 400.2191 400.2191 400.2191 T 1017.487 1133.544 1403.764 106 503.2283 560.2497 830.4692 C61 916.4396 1032.497 1302.716 9
7 602.2967 659.3182 929.5377 V 813.4304 872.4659 872.4659 8
8

716.3396

773.3611 1043.581 N

714.362

773.3975 773.3975 79

815.4081

872.4295 1142.649 V

600.3191

659.3546 659.3546 6
10 872.4295 929.451

1199.67

G

501.2507

560.2861 560.2861 511 973.4247 1089.482 1359.701 C66 444.2292 503.2647 503.2647 4
12 1072.493 1188.55 1458.77 V 343.234 343.234 343.234 3
13

1169.546 1285.603 1555.822

P 244.1656 244.1656 244.1656 214

72.0444

K

147.1128 147.1128 147.1128

1

S-S S-SIAM IAM NO -OA2NO -OA2

b+ y+

200 400 600 800 1000 1200 1400 1600

m/z

C

7.16

7.06
13.6

4 6 8 10 12 14
0

20

40

60

80

100

NO-OA2

IAM

Native

Ab
un

da
nc

e

D

Time(min)

R
el

at
iv

e 
Ab

un
da

nc
e

0

20

40

60

80

100

R
el

at
ive

 A
bu

nd
an

ce

0

20

40

60

80

100

R
el

at
ive

 A
bu

nd
an

ce

0

20

40

60

80

100

Cys-AM

Cys-AM Cys-AM



 59 

obtained after (E) control, (F) IAM and (G) NO2-OA treated GR showing native (E), carbamidomethylated (CAM) 

(F), and nitroalkylated (G) Cys61 peptide. 

3.2.6 GSH noncovalently modulates GR activity 

Thiol-reversibility of the covalent inhibition of GR by NO2-OA was recapitulated with the 

endogenous thiol GSH. However, unlike BME, GSH elicited a hormetic response in which low 

concentrations partially restored GR activity but higher levels resulted in enzyme inhibition 

(Figure 10A). To test if GR exhibited product inhibition in vitro, GR activity was assayed as a 

function of [GSH] (Figure 10B). GR activity was inhibited by 50% above 10mM GSH suggesting 

that this mechanism is relevant at physiologic GSH concentrations and may affect GSH equilibria 

inside the cell. To test if functional tuning of GR activity was a generalizable effect among 

different classes of therapeutic electrophiles, the triterpenoid electrophile CDDO-imidazolide 

(CDDO-Im), the electrophilic prodrug dimethylfumarate (DMF) and the active DMF hydrolysis 

product monomethylfumarate (MMF) were evaluated. These species did not inhibit GR, indicating 

that this activity was specific for NO2-FA and not a general characteristic of electrophilic species 

(Figure 10C). Based on the product inhibition observed with GSH, it was hypothesized that 

electrophiles which do not inhibit GR directly may nonetheless exert indirect inhibition and induce 

GSSG accumulation through upregulation of GSH.  CDDO-Im activated Nrf2 and strongly 

upregulated GCLM (Figure 10D). To compare temporal effects of CDDO-Im and NO2-OA, a 

time-course experiment was performed evaluating GSH and GSSG 0-24hr after electrophile 

exposure. Changes in GSH induced by CDDO-Im were comparable to those induced by NO2-OA, 

and increased intracellular GSH 1.5-fold after 6hr. Notably, despite the lack of direct GR inhibition 

in vitro, CDDO-Im treatment significantly increased (3 fold) GSSG (Figure 10E-F). Treatment of 
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cells with DMF, CDDO-Im, CDDO-Methyl (CDDO-Me; a structural analog of CDDO-Im), or 

NO2-OA for 6hr increased [GSH] 1.5-fold, and the extent of GSH upregulation was similar or 

identical between all compounds tested (Figure 10G).  By contrast, [GSSG] was increased 3-4-

fold by DMF, CDDO-Im and CDDO-Me, it was increased >20-fold by NO2-OA (Fig. 9H). All 4 

electrophiles paradoxically reduced the GSH:GSSG ratio, with NO2-OA inducing the largest 

decrease (Figure 10H).The large increase in GSSG induced by NO2-OA was found to be dose-

dependent with respect to [NO2-OA] (Figure 11A-C), indicating that NO2-OA had a direct effect 

on GR activity in cells.  

Strikingly, the increase in intracellular GSSG in response to CDDO-Im was not dose-

dependent with respect to [CDDO-Im]. Four concentrations (50-400nM) of CDDO-Im tested, 

which were all within the range to activate Nrf2 and upregulate GSH, led to 50% increase in [GSH] 

and ~4-fold increases in GSSG (Figure 11D-F).  In a separate experiment (Figure 11G), CDDO-

Im (200nM) did not increase Prdx oxidation, suggesting that product inhibition by GSH and not 

oxidative stress was responsible for GSSG accumulation.  

Together these results implicate two separate and specific mechanisms by which 

electrophiles induce the accumulation of intracellular GSSG: covalent inhibition at catalytic Cys61 

in the case of NO2-OA and product inhibition secondary to activation of Nrf2 and upregulation of 

GSH in the case of fumaric acid- and triterpenoid-derivatives which do do not directly inhibit GR.  
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Figure 10: GR is sensitive to product inhibition in context of electrophile-induced upregulation of [GSH] 

(A) Hormetic reversal of NO2-OA inhibition of GR by GSH. GR inhibited with NO2-OA was treated with increasing 

concentrations of GSH and activity was assayed. (B) GSH is an allosteric negative regulator of GR activity. GR rate 

was measured in absence or presence of physiologically relevant concentrations of GSH and displayed dose-dependent 

reduction in activity suggesting product inhibition. (C) Electrophiles CDDO-Im, DMF, and MMF do not inhibit GR 

activity in vitro.  (A-C) For each experiment 3.36mU GR was incubated in 145µL 5µM NO2-OA or vehicle control 

for 10min at ambient temperature. Rates are reported as % control ± SD (A-B) or nmol/sec GSSG (C) from 3-5 

independent experiments; for some points, the error bars are shorter than the height of the symbol. (D) CDDO-Im 

(100 nM) induces GCLM expression in RAW264.7 macrophages. Vertical line indicates intervening lanes cropped to 

approximate non-adjacent bands from one blot showing two biological replicates. (E-I) Electrophiles that do not 
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inhibit GR in vitro nonetheless increase [GSSG]. Increased levels of GSH (E) and GSSG (F) in RAW264.7 

macrophages following treatment with 5 µM NO2-OA (red) or 100 nM CDDO-Im (dashed) for indicated times. (G) 

GSH, (H) GSSG, and the ratio of GSH:GSSG (I) in RAW264.7 cells after 6hr treatment with indicated electrophilic 

ligands. Statistical analysis by one-way ANOVA with Bonferroni  correction for multiple comparisons; for some 

groups, error is less than thickness of the error bar. 
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Figure 11: NO2-OA but not CDDO-Im dose-dependently increases intracellular GSSG 

RAW264.7 macrophages incubated with increasing concentrations of NO2-OA (A-C) or CDDO-Im (D-F) for 6hr 

followed by measurement of (A, D) GSH, (B, E) GSSG, and calculation of GSH:GSSG ratio (C, F). Despite equivalent 

increase in GSH over baseline by all concentrations of NO2-OA tested, a dose-dependent accumulation of GSSG was 
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observed, supporting that NO2-OA inhibits GR in cells as well as in vitro. No dose-dependent accumulation of GSSG 

was observed in CDDO-Im treated cells, suggesting that CDDO-Im inhibits GR indirectly through upregulation of 

[GSH].  Immunoblotting for monomeric and dimeric Prdx1 and Prdx3 after 1 and 6hr treatment with 200nM CDDO-

Im revealed no increase in cytosolic or mitochondrial Prdx oxidation. Statistical analysis by one-way ANOVA with 

Dunnett test, comparing treatment groups to control (DMSO).   

3.2.7 Theoretical predictions of GSH/GSSG with GSH inhibition of GR based on 

published kinetic parameters 

I would like to acknowledge the significant contributions of Dr. Jack Lancaster, PhD, who 

performed the computational modeling described in this section. 

 

Spurred by the observation that electrophiles which do not covalently inhibit GR nonetheless 

increase [GSSG], we hypothesized that product inhibition may be a biochemically relevant 

phenomenon in cells. Examination of the relative cellular concentrations of GSH and GSSG when 

the total amount of glutathione (denoted as the concentration of glutamyl residue [GS]T = [GSH] 

+ 2x [GSSG]) increases without changes in the oxidative conversion of GSH into GSSG provides 

a unique opportunity to gain insight into the enzymatic mechanisms that determine GSH 

homeostasis(182). Increasing [GS]T without change in the oxidative environment results in an 

apparent increase in [GSSG] relative to [GSH], and provides evidence suggesting that this may be 

a result of allosteric inhibition of GR by GSH, as reported previously for the isolated enzyme(183, 

184). It is possible to kinetically model the cellular effects of this inhibition and to quantitatively 

compare our experimental results with theoretical predictions. Although kinetic modeling 

approaches have been applied previously to the GSH/GSSG system(185–195), to our knowledge 

the inhibition of GR by GSH has not been included. To perform this modeling  a constant level of 
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cellular H2O2 of 1 µM was assumed where the major hydroperoxidase is selenocysteine-containing 

glutathione peroxidase (GPx)(187), with regeneration of GSH by GR. Regeneration of reduced 

GR by NADPH was assumed to be more rapid than these enzymatic reactions. Figure 12 presents 

a simplified mechanism for metabolism of H2O2, GSH, and GSSG with v1 and v2 denoting the 

rates of GR and GPx respectively.  

 

Figure 12: GSH cycling by GR and GPx 

 

We assume that at steady-state the rate of GR (v1, Equation 1: Steady-state rate of GR) is 

given by the Michaelis-Menten equation with uncompetitive inhibition by GSH, with Km =  35 

µM  and Ki = 6.6 mM(184): 
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Equation 1: Steady-state rate of GR  

The steady-state rate of GPx (v2, Equation 2) is given by the rate equation for the enzyme-

substitution mechanism with constant [H2O2] incorporated in the k3 term (16), as presented in 

Figure 13.  
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Figure 13: Rate constants used for steady-state calculations 
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Equation 2: Steady-state rate of GPx 

Numerical integration of the governing rate equations was performed to predict the relative 

concentrations of GSSG and GSH as the total [GS]T is increased (Figure 14A). As time is 

gradually increased, enzymatic instantaneous steady-state conditions for each time point are 

achieved by employing enzymatic rate constants that are much faster than the rate of increase in 

[GS]T (reaction (10) in Figure 13: Rate constants used for steady-state calculations). The values 

for K3 and K4 for noncompetitive parabolic inhibition are taken from published values for the rat 
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liver enzyme and the values for K5, K6, and Vmax (for GR, v1) and [GPx]o (for GPx, v2) are set to 

achieve optimal fit to the data (steady-state [GSSG], [GSH]) for all electrophiles except NO2-OA.  

Figure 14B shows that steady-state is achieved very early during the calculation (within 5 

sec) and the inset shows that the rates of each enzymatic reaction are equal (v1 = v2) at every point 

throughout the calculation, a requirement for steady-state. In addition, this shows that the 

calculated results are identical to the results predicted by the steady-state derivation (Eq. 1 and 2). 

Figure 14C shows that the model accurately predicts the experimental results for [GSSG] 

and [GSH] for all electrophiles except NO2-OA. It is clear that as the total [GS]T approaches 10 

mM there is a dramatic increase in [GSSG] with only modest increases in [GSH].  

To examine the mechanistic basis for this phenomenon, Figure 14D shows the distribution 

of GR between different forms as [GS]T is increased. The noncompetitive parabolic binding of 

GSH to both GR and GR-GSSG results in conversion of active enzyme (GR) into inactive GRi 

forms; however, the overall rate of GSSG reduction to GSH (v1) remains relatively constant 

(Figure 14:B inset). This is because at [GSH] > 5 mM GPx is saturated (Km = k7/k9 = 0.5 mM,  

Eq. 2) and so the rate v2 is maximal and constant, equal to k7[GPx]T. Because of the steady-state 

condition v1 = v2 and so v1 is also constant. Therefore, the only way to counteract loss of active 

enzyme (Figure 14D) is to increase substrate (GSSG) concentration for the remaining active 

enzyme. This illustrates the concept that major changes in the relative amounts of GSH and GSSG 

can occur independently of changes in oxidative conversion of GSH into GSSG (indeed, the rate 

of this conversion, v2, is essentially unchanged, Figure 14B inset). 

Figure 14E includes the NO2-OA data in comparison to the other electrophiles and the 

model prediction. In contrast to the other electrophiles, the extent of [GSSG] increase (due to 

inhibition) is much more dependent on the NO2-OA concentration and not on the GSH 
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concentration. This emphasizes our conclusion that the primary mechanism for NO2-OA I by 

adduction rather than as result of increase of [GS]T. Finally, in order to test how much tolerance 

there is in the values for the adjusted parameters K3 and K4, Figure 15 shows that the model 

provides a reasonable fit to the data only when these values vary by no more than approx. ± 15%. 

 

Figure 14: Theoretical predictions of GSH/GSSG couple support product inhibition of GR 

(A) Computed increases in [GSH] (dashed line) and [GSSG] (solid line)  with increasing [GS]T by generation of GSH 

(red) or GSSG (black), using the model described in Figure 13: Rate constants used for steady-state calculations.. (B) 
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Rapid establishment of steady-state equilibrium between GR (black) and GPx (red). Inset: Fidelity of predictions by 

calculation (integrated rate expressions) and steady-state (Michaelis-Menten) theory. (C)  Unbiased assessment of 

GSH plotted as a function of GSSG in cells treated with vehicle (red), CDDO-Im (light blue), CDDO-ME (purple), 

DMF (dark blue), or BSO (green) for 6 hr. Each data point depicts one cell culture sample. Curves representing 

theoretically predicted distributions are superimposed with (black) and without (magenta) modeling uncompetitive 

inhibition of GR by GSH. (D) Simulation of relative abundances of active and inactive (inhibited) GR forms GRi1-4. 

(E) [GSH] and [GSSG] in cells treated with pharmacologically relevant concentrations of NO2-OA compared to 

simulation model (black line) and data shown in (C) (yellow). 

 

 

 

 

 

 

 

 

Figure 15: Model shows a reasonable fit of data when K3  (A) and K4  (B) are varied +/- 15% 
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3.2.8 Nrf2 activation increases protein S-glutathionylation 

GSH and GSSG participate in the post-translation modification of cysteine thiols(196). 

Based on the contributions of GSH (GST catalyzed) and GSSG (thiol disulfide exchange) to S-

glutathionylation, it was hypothesized that the elevation of both GSH and GSSG by NO2-OA 

would promote cell protein glutathionylation. To quantitatively test this hypothesis, an analytical 

method was developed (Figure 16A). Briefly, cell lysates were immediately alkylated with excess 

N-methylmaleimide (NMM) and proteins isolated by size-exclusion chromatography. The protein 

fraction was then treated with BME to release GSH from glutathionylated proteins, followed by 

free GSH alkylation with NEM and LC-MS/MS detection of the GS-NEM adduct.   Applying this 

technique, total protein glutathionylation was found to increase 5-fold in RAW264.7 macrophages 

incubated with 5µM NO2-OA for 6 hr, from a baseline of 0.10pmol/µg protein to 0.55pmol/µg 

protein (Figure 16B-C).  

Figure 16: NO2-OA increases protein S-glutathionylation 
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(A) Schematic of novel iterative alkylation-reduction-alkylation method for HPLC-MS/MS quantitative determination 

of protein S-glutathionylation. Representative traces of GS-NEM derived from protein S-glutathionylation (B) and 

quantification of protein S-glutathionylation (C) in RAW264.7 cells treated with control or 5µM NO2-OA for 6 hr. 

Results are shown as mean ± SD (n=3, *** p < 0.002, one-way ANOVA with Tukey's multiple comparison test) 

3.2.9 GSH modulates the macrophage inflammatory response 

NO2-OA displays immunomodulatory effects in both in vitro and in vivo disease models(60, 75, 

197, 198).  In the context of NO2-OA induced elevation in intracellular GSH, we sought to 

investigate if changes in intracellular GSH levels contributed to the modulation of inflammatory 

cell activation (Figure 17). RAW264.7 macrophages were incubated for 24 hr with BSO or 

vehicle, then activated with LPS and pro-inflammatory IL-6 expression was measured 6 hr later. 

Consistent with published reports(199), pharmacological GSH depletion led to a significant 

increase in transcript level of the pro-inflammatory cytokine IL-6 (Figure 17A). Subsequently, 

experiments were done to test if constitutive genetic Nrf2 activation recapitulated effects of NO2-

OA on inflammatory activation through modulation of GSH. Primary bone marrow-derived 

macrophages (BMDM) were generated from wild-type or Keap1flox/flox mice which exhibit 

constitutive Nrf2 activation due to hypomorphic expression of Keap1(41). At baseline, GCLM 

expression was elevated 3.4-fold in Keap1flox/flox BMDM compared to wild-type counterparts 

(Figure 17B).  Importantly, this increase in GCLM expression is quantitatively comparable to that 

obtained upon pharmacological Nrf2 induction by NO2-OA  treatment. Intracellular GSH 

accumulated in concert with increased GCLM expression, with significantly more GSH in 

Keap1flox/flox BMDM as compared to WT BMDM (Figure 17C). Consistent with the observation 

in the immortalized RAW264.7 murine macrophage cell line, LPS-dependent IL-6 expression was 
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potentiated ~2-fold in GSH-depleted WT BMDM (Figure 17D) but was significantly lower in 

Keap1flox/flox cells. Notably, pharmacological GSH depletion of Keap1flox/flox BMDM led to a 

partial restoration of the inflammatory response to LPS. 

 

 

Figure 17: Glutathione reduces macrophage inflammatory responses.  

(A) Increased IL-6 gene expression in RAW264.7 cells treated with 20 µM BSO for 24 hr followed by 6 hr activation 

with 200 ng/mL LPS.  Increased GCLM gene expression (B) and GSH levels (C) in primary bone marrow-derived 

murine macrophages (BMDM) from Keap1f/f mice. *** Student's t-test, p<0.005. (D) Increased IL-6 expression in 

WT and Keap1f/f BMDM treated with BSO for 24 hr followed by stimulation with 200 ng/mL LPS for 6 hr. (A) Gene 

expression relative to actin. (B) and (D) Gene expression relative to GAPDH. ** p<0.001, **** p<0.0001 by one-way 

ANOVA. 
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3.3 DISCUSSION 

The value of therapeutic electrophiles has gained recognition in the last decade, and considerable 

efforts are invested in both the addition of electrophilic groups to conventional inhibitors to 

decrease dissociation constants(200, 201), and the development  of novel molecules to target 

signaling pathways that display a particular sensitivity to electrophiles (e.g. Nrf2, Nf-kB, heat 

shock responses)(202). In particular, DMF, an electrophile that targets Nrf2, has been shown to 

significantly reduce progression of relapsing-remitting multiple sclerosis and exert a protective 

effect in severe psoriasis. The DMF preparations Tecfidera® and Fumaderm®  are approved for 

treatment of these diseases in the USA and Germany, respectively. In addition, other electrophilic 

molecules in the form of pharmacologic agents or dietary supplements (e.g. Bardoxolone, 10-NO2-

OA, sulforaphane) are in advanced stages of clinical trials. In this context, we initiated this work 

to characterize the effects of electrophiles, in particular NO2-OA, on GSH levels and redox status 

regulation.  

 GSH, with intracellular concentrations in the millimolar range and numerous enzymatic 

and non-enzymatic modes of reactivity, is decisively positioned to act not only as a redox buffer 

but also as a main target of electrophiles. The molecular pleiotropy of the GSH system is further 

affirmed by its ubiquity, penetrance and complexity in modulating cell signaling activities, 

detoxification and downstream post-translational protein modifications. The genetic and 

pharmacological manipulation of the GSH/GSSG couple allowed us to study its impact on 

temporal responses to oxidative and electrophilic stress. Cell exposure to NO2-OA for 1 hr leads 



 74 

to a slight decrease in GSH levels, likely caused by adduct formation, which has been previously 

documented(176).  This initial decrease was followed by a rebound in intracellular GSH levels 

that peaked at 6 hr. The increase in GSH was not temporally linked to GCLM protein expression, 

which was maximal at 24 hr and under Nrf2 control, suggesting GCLM levels are not the rate 

limiting factor on GSH synthesis at the early time points. It is known that activation of Nrf2 may 

also impact import of cysteine, a precursor in the synthesis of GSH(9).      

 Notably, the increase in GSH levels (1.5-2 fold) occurred concomitantly with an 

unexpected and paradoxical increase in intracellular GSSG. This result is in close agreement with 

prior observations which showed that both the thiol antioxidant/GSH-precursor N-acetylcysteine 

and GCLC/GCLM over-expression concomitantly increase GSH and GSSG levels (203). 

However, the authors in this prior study concluded that the mechanism underlying GSSG 

accumulation was related to cellular damage induced by reductive stress. In the setting of NO2-

OA-induced Nrf2 activation, analysis of Prdx 1 and 3 dimerization status did not indicate 

significant alterations in endogenous peroxide levels  or impaired ability to respond to oxidative 

insults. Additionally, inhibition of MRP1 with known inhibitors MK571 and probenecid proved 

insufficient to elevate intracellular GSSG.      

Rather, the present investigation revealed two discrete mechanisms underlying this 

phenomenon, both of which converge on the intuitive, yet underappreciated concept that the 

GSH:GSSG ratio is regulated primarily by the activity of GR. Specifically, our findings indicate 

that electrophiles modulate the GSH redox couple by direct pharmacological inhibition and 

indirect product inhibition of this enzyme (Figure 18).   
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Figure 18: Schematic showing GR-dependent and GR-independent modulation of  GSH homeostasis 

by electrophiles  

 

 Based on the fact that GR  has two catalytic cysteines that form a disulfide during 

enzymatic redox cycling and that these cysteines are covalently modified by GR inhibitors(204), 

we explored the modulation of GR activity by NO2-OA. NO2-OA is known to modify several 

enzymes that contain  catalytic thiol centers, such as glyceraldehyde-3-phosphate dehydrogenase,  

(83), 5-lipoxygenase(205)  and soluble epoxide hydrolase(206). Herein, we showed  that NO2-OA 

directly inhibits GR in a NADPH dependent pathway that involved nitroalkylation of Cys61 as 

demonstrated by biotin-tagging and mass spectrometric analysis. Kinetic characterization shows 

that NO2-OA reacts with GR ten times faster than with GAPDH. In cells, increases in GSSG 

induced by NO2-OA displayed dose-dependence, suggesting that the in vitro inhibition of GR was 

recapitulated in a complex, intact cellular system. Nonetheless, NO2-OA inhibition of GR was 
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shaped, with increasing  concentrations of GSH initially restoring GR activity while levels above 

2.5 mM reducing GR activity. In this regard, macrophage incubation with other electrophiles 

(CDDO-Im, CDDO-Me, and  DMF) that did not directly inhibit GR, resulted in GSH and GSSG 

accumulation. The increase in GSSG elicited by CDDO-Im was found to be proportional to the 

increase in [GSH] but independent of electrophile concentration. This led us to propose an 

additional mechanism for GSSG accumulation based on product inhibition of GR.  

 Evidence for product inhibition of GR by GSH was first published nearly three decades 

ago using isolated GR preparations but these observations were never further explored or extended 

to complex, dynamic cellular systems (183, 184). Of relevance, the range of concentration at which 

GSH allosterically inhibits GR activity in these studies was between 8-13 mM; in our experiments 

IC50 (~10 mM) directly relates to GSH concentrations found in cells (between  6-9 mM).  Offering 

support to this regulatory process, depletion of GSH with BSO resulted in ~2-fold greater reduction 

in GSSG than in GSH (Figure 3). 

 Collective unbiased expression of  [GSSG]  as a function of [GSH] showed a positive non-

linear correlation. BSO-treated cell populations clustered in the bottom-left quadrant of the 

distribution while electrophile-treated populations clustered in upper-right. Computational 

simulation of the steady-state GSH system using a numeric integration approach with published 

parameters showed that product inhibition of GR was necessary to accurately fit the model to these 

experimental data (Figure 14C)  These results are incompatible with a “static” concept of 

glutathione cycling, in which the relative abundances of GSH and GSSG are solely dependent 

upon oxidant load and where GSH depletion via oxidation is prerequisite to GSSG accumulation. 

Instead, they suggest that in the absence of oxidative stress, [GSSG] is determined by flux through 

GR, which is subject to product inhibition by [GSH].  
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 It is possible that the responsiveness of GR to intracellular [GSH] evolved as a mechanism 

to optimize allocation of reducing equivalents. In a reducing or unstressed state, this mechanism 

could redeploy energetically expensive reducing equivalents (NADPH) from generating unneeded 

GSH to other biosynthetic pathways, such as production of lipids and nucleic acids. At the same 

time, such a system would permit cells to immediately increase flux through the glutathione cycle 

when contending with oxidative insults by bypassing the need for de novo GR expression.  In 

aggregate, the control of GSH:GSSG couple is shown to be independent of oxidative stress and 

supports the hypothesis that the  kinetic couple reflects the antagonistic actions of enzymatic 

consumption and regeneration of GSH, as opposed to a thermodynamic state with discrete 

physiological correlates (139). In contrast, the covalent inhibition of GR by NO2-OA  resulted in 

dose-dependent increase in GSSG levels, demonstrating the importance of functional tuning of 

electrophile reactivity for specific targets and applications.   
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4.0  GENETIC ACTIVATION OF NRF2 PROTECTS AGAINST LITHIUM-

INDUCED NEPHROGENIC DIABETES INSIPIDUS 

4.1  INTRODUCTION 

 

The Keap1/Nrf2 signaling pathway has been well-established as a druggable target which may be 

exploited to protect against oxidant- or electrophile-induced tissue damage in both acute and 

chronic disease processes. The last 30 years have seen a dramatic increase in interest in improving 

human health through pharmaceutical or nutraceutical supplementation of antioxidants. However, 

evidence showing protection by direct administration of antioxidants has remained elusive. In one 

recent study N-acetylcysteine, an antioxidant which has been used as prophylaxis for contrast-

induced acute kidney injury, offered no more tissue protection than sodium bicarbonate(207).   In 

contrast to chemical antioxidants, which are presumed to directly scavenge reactive species after 

administration, activation of Nrf2 pre-conditions cells to respond to these insults in a localized and 

efficient enzyme-mediated manner, and both preclinical and clinical trials utilizing natural or 

synthetic Nrf2 activators have shown promising results. One electrophilic Nrf2 activator, 

dimethylfumarate (DMF), is FDA approved and has been discussed in detail in section 1.3.4.  

Oxidative stress contributes to the etiology of both acute and chronic kidney disease, and Nrf2 

activation has been found to be protective in multiple models of these conditions. However, these 

studies investigated inflammation and deleterious fibrotic remodeling as the primary endpoints. 

Consequently, not much is known about the physiologic role of Keap1/Nrf2 signaling or the 

potential effects of long-term activation of this pathway on renal physiology.  
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Recent studies using genetic models of Nrf2 hyperactivation paradoxically showed 

development of severe nephrogenic diabetes insipidus(47, 48). In these studies, Nrf2 

hyperactivation was induced by complete knock-out of the repressor Keap1. It is significant to 

note, however, that the complete ablation of Keap1 used in these models may not be a 

pharmacologically relevant, as mice with whole-body knockout of Keap1 display early mortality 

due to esophageal keratosis and malnutrition during post-natal development.  

In the second half of this thesis, we first hypothesized that lithium may induce nephrogenic 

diabetes insipidus through hyperactivation of Nrf2. This was based on the published observations 

that (1) lithium is an inhibitor of GSK3β(208, 209), (2) GSK3β is an inhibitor of Nrf2 activity(162, 

210, 211), and (3) lithium may activate Nrf2(159, 161). Since the kidneys are heterogeneous 

organs with diverse and highly specialized cell types along the nephron, we first characterized the 

spatial distribution of Nrf2 signaling. To determine if Nrf2 activation was involved in pathogenesis 

of Li-NDI, we used a murine model of dietary lithium. While the mice developed NDI rapidly, the 

expression of Nrf2 target genes was unchanged.  To determine if Nrf2 was necessary for this 

disease process, the experiment was repeated using  Nrf2-/- mice. Li-NDI  developed in the absence 

of Nrf2. Finally, mice with constitutive activation of Nrf2 brought about by hypomorphic 

expression of Keap1 (Keap1f/f) were  protected against Li-NDI.  The mechanisms underlying the 

protection were evaluated. Nrf2 hyperactivation impaired vasorelaxation in isolated mesenteric 

and thoracodorsal arteries in a nitric-oxide independent manner, an effect which extended to 

systemic cardiovascular autoregulation.  It is well-known that Nrf2 activations tempers 

inflammatory responses.  Accordingly, renal expression of cyclooxygenase-1 and 

cyclooxygenase-2 were downregulated in kidneys from Keap1f/f mice, accompanied by reduction 

in inflammation-derived vasodilatory factors prostacyclin and kynurenine.    We theorize that these 
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changes in vascular function are also present in the afferent arteriole of the nephron, implicating 

altered tubuloglomerular feedback leading to protection against NDI.  

4.2 RESULTS 

4.2.1 Characterization of Keap1/Nrf2 signaling in kidney 

Surprisingly, despite extensive research efforts both in academia and pharmaceutical 

industry evaluating Nrf2 as a pharmacologic target for renal diseases, the distribution and 

sensitivity of Nrf2 signaling activity in the kidney has not been characterized. Immunofluorescence 

microscopy was performed on kidney sections from WT mice probing for the Nrf2 target NQO1 

and the marker Mucin 1 (MUC1) which is expressed in the distal convoluted tubule, connecting 

tubule, and collecting system (212–214). NQO1 was found to be highly expressed in the renal 

cortex with localization to the proximal tubules (PT), which stained negative for MUC1. By 

contrast, glomeruli (G), vessels (V), MUC1-positive distal/connecting tubules (DT/CT), and the 

renal medulla displayed low expression of NQO1 (Figure 19).  
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Figure 19: Localization of Nrf2 activity in murine kidney reveals proximal tubule enrichment. 

Immunofluorescence microscopy evaluating NQO1 (green) and Muc1 (red) protein abundance with F-actin 

(phalloidin, white) and 4,6-diamidino-2-phenylindole (DAPI, blue) co-stains in wild-type mouse kidney. Left: 

NQO1 only. Right: Merge of NQO1, Muc1, actin, and nuclei. DT: Distal tubule; PT: Proximal tubule; V: vessel; G: 

glomerulus. Cortical section shown in upper panels, while junction of cortex and medulla shown in bottom panel 

illustrating significant cortical enrichment for NQO1.  
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Compared to kidneys from WT mice, Keap1f/f animals had hypertrophic kidneys and 

displayed evidence of tubular dilation (Figure 20A, B).  NQO1 staining of kidneys from Keap1f/f 

mice showed upregulation of NQO1 in tubule segments with low Nrf2 activity in WT counterparts, 

but not glomeruli or vessels. Significantly, co-expression of MUC1 and NQO1 was observed in 

cortex suggesting increase of Nrf2 activity in DT/CT (Figure 20C).  NQO1 abundance was found 

to be increased in both the outer and inner renal medulla of Keap1f/f animals (Figure 20D).  
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Figure 20: Nrf2 activation upregulates NQO1 in murine distal tubule and renal medulla. 

Keap1f/f mice display renal hypertrophy (A) and tubular dilation (B). (C-D) Immunofluorescence staining for NQO1 

(green) and Muc1 (red) in renal cortex (C) and medulla (D) reveals increased cortical co-localization and increased 

medullary expression in Keap1f/f mice.  

 

30

40

50

60

Tu
bu

le
Di

am
et

er
(m

ic
ro

n)

p<0.0001

0.0

0.5

1.0

1.5

Ki
dn

ey
W

ei
gh

t:B
od

y
W

ei
gh

t(
%

)

*p<0.0001

W
T

K
ea

p1
f/f

 
K

ea
p1

f/f
 

W
T

NQO1 MUC1 MERGE

B

C

D

A



 84 

Recently, a cell culture model systems of primary human renal cortical cells representing 

proximal and distal tubule cell populations was established(169). To test the distribution of Nrf2 

and sensitivity to activation in a translational model, NQO1 expression was determined in cells 

immunoaffinity-isolated for CD-13 (PT) or MUC1 (DT). Cells were derived from 3 independent 

human donors designated HAK31, HAK10, HAK7 (2 male, 1 female) and cultured with or without 

the potent triterpenoid Nrf2 activator CDDO-Imidazolide (CDDO-Im) (Figure 21). 

Immunoblotting for CD-10 and MUC1 confirmed that the immunoaffinity isolation was successful 

and the cell populations represented the desired nephron segment.  Supporting the observations 

made in mouse, NQO1 expression was significantly higher in proximal tubule than in distal tubule. 

Recapitulating the effects of genetic activation of Nrf2 in Keap1f/f mice, NQO1 expression was 

insensitive to CDDO-Im in CD-10/CD-13 positive HAK cells, whereas the MUC1 positive cells 

responded robustly with 3-fold elevation in NQO1.  

 

 

Figure 21: Distribution and electrophile responsivity of Nrf2 signaling in cultured primary human kidney 

epithelial cells 

NQO1

C 10d

C DO-Id m
(100nM)

- + +-
Distal Tubule Proximal Tubule

H
AK

31
H

AK
10

H
AK

7
H

AK
31

H
AK

10
H

AK
7

H
AK

31
H

AK
10

H
AK

7
H

AK
31

H
AK

10
H

AK
7

MUC1

GAPDH

0.0

0.5

1.0

1.5

N
Q

O
1:

G
A

PD
H

*

***

NS

0.0

0.2

0.4

0.6

0.8

C
D1

0:
G

A
PD

H

*

0.0

1.0

2.0

3.0

4.0

M
U

C1
:G

A
PD

H

*

CDDO-Im  (nM) 0 100 0 100

Distal ProximalA B

C

D



 85 

(A) Human kidney cortex epithelial cells from 3 separate cadaveric donor kidneys (HAK31, HAK10, and HAK7) 

were immunoaffinity isolated for CD13 yielding proximal tubule cell enriched population or MUC1 yielding distal 

tubule and cortical collecting duct cell enriched population. Cells were cultured with or without Nrf2 activator CDDO-

Im (Bardoxolone analog). Immunoblotting for NQO1, CD10, MUC1, and loading control GAPD was performed. 

Densitometry for NQO1 (B), MUC1 (C), and CD10 (D). Results are mean +/- SEM of 3 replicates, each representing 

a unique human sample. Statistical testing by one-way ANOVA and significance denoted * p<0.05; *** p<0.0005. 

 

Together with observations made in Keap1f/f mice, these results support a model in which 

Nrf2 activity is high in the proximal tubule and inducible in the distal convoluted tubule and 

collecting system (Figure 22).  

 

 

Figure 22: Schematic showing constitutive (green) and inducible (red) Nrf2 activity in nephron 

Constitutive 

Inducible 
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4.2.2 Dietary administration of lithium leads to rapid development of nephrogenic 

diabetes insipidus in mice 

To test whether Li caused NDI via hyperactivation of renal Nrf2 signaling, wild-type mice were 

administered LiCl (chow containing 0.17% LiCl, w/w) or control diet for 7 days.  Mice fed the 

LiCl diet exhibited no change in body mass or food intake compared to animals on control diet 

(Figure 23A-B).  Water intake increased as a function of duration of Li intake, with animals 

exhibiting overt polydipsia by 3 days and establishing a stable maximum of > 1mL H2O per g body 

weight by 6 days of dosing (Figure 23C).  At 7 days the Li cohort had significantly lower spot 

urine osmolality (505 +/- 335 mOsm/kg  vs 1794 +/-598 mOsm/kg , p<0.05) indicating that 

polyuria was accompanied by hyposthenuria.  Mice on control diet were water-deprived for 12h, 

and showed appropriate increase in urine osmolality to 3735 +/- 317 mOsm/kg  (Figure 23D). In 

whole-kidney lysates, Li exposure down-regulated expression of both non-glycosylated and 

glycosylated Aqp2 by 90% (Figure 23E).    
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Figure 23: Mouse model of lithium-induced NDI 

(A) Animal weight, (B) weight-corrected food intake, and (C) weight-corrected water intake  of mice fed control diet 

or 0.17% LiCl diet for 7 days. Statistical analysis by two-way ANOVA comparing time and treatment, with Bonferroni 

multiple comparison test. (D) Spot-urine osmolality on day 7; urine from mice after 12h water deprivation (-H2O) 

serves as positive control. Statistical analysis by one-way ANOVA comparing all groups by Bonferroni multiple 

comparison test. (E) AQP2 protein abundance in whole-kidney lysates with densitometry of glycosylated and non-

glycosylated AQP2 bands (45 and 29kDa respectively). Statistical analysis of densitometry by Students t-test. 

4.2.3 Renal Nrf2 signaling is not activated in Li-NDI 

Immunoblotting for Nrf2 gene target NQO1 (NADPH Quinone Dehydrogenase 1) was 

performed in whole-kidney lysates from Li treated as compared to control mice (Figure 24A-B).  

As positive and negative controls, respectively, whole-kidney lysates from mice with constitutive 

genetic Nrf2 activation caused by partial loss of Nrf2 repressor Keap1 (Keap1f/f) or knockout of 

Nrf2 were used.  As expected, NQO1 expression was strongly upregulated in Keap1f/f genotype 

and accordingly down-regulated in the Nrf2 KO mouse. Lithium administration did not increase 

renal NQO1 expression.  To test for potential dilution of cell-type specific induction of Nrf2 

activity, immunofluorescence staining was performed for NQO1 and likewise revealed no 

differences in staining intensity within different functional segments of the nephron or within the 

kidney interstitium (Figure 24C). Using immunoaffinity isolated human cortical kidney cells 

enriched for distal tubule protein Mucin 1 or proximal tubule cells expressing CD10/CD13. 

Incubation with the triterpenoid Nrf2 agonist CDDO-imidazole showed significant 3-fold 

upregulation of NQO1, while two concentrations (10mM, 50mM) of LiCl had no effect (Figure 

24D). 
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Figure 24: Lithium administration does not activate Nrf2 signaling in kidney.  

(A) Immunoblots and (B) densitometry for Nrf2 target protein expression in kidneys from Nrf2-/-, Keap1f/f, Control, 

and LiCl-fed mice. Statistical analysis by Students t-test. (C) Immunofluorescence staining for NQO1 (green), MUC1 

(red), F-actin (white), and DAPI (blue). (D) Immunoblotting and densitometry for NQO1 in primary human renal 

cortical cells immunoaffinity enriched for Muc1 or CD13 and cultured with LiCl or Nrf2 activator CDDO-Im. 

Statistical analysis of densitometry by one-way ANOVA with Dunnett test comparing treatment groups to control.  
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To test if Nrf2 activation is required for Li-induced NDI development, Li-administration 

was repeated in mice with global knock-out of Nrf2. 4 Nrf2-/-mice (2M, 2F) were maintained on 

control diet for 6 days followed by LiCl diet for 7 days. LiCl diet did not significantly impact body 

weight (Figure 25A). Food intake was suppressed in the first 3 days of LiCl diet administration, 

but rebounded to baseline by 4 days (Figure 25B). Despite Nrf2 ablation, dietary Li induced NDI 

with temporally similar onset of polydipsia (Figure 25C) as wild-type Li-treated mice. Urine 

osmolality was reduced compared to WT control (176 +/- 43 mOsm/kg vs 1230 +/- 163 mOsm/kg 

, p<0.0001) (Figure 25D), but was not significantly different between Li-treated Nrf2-/- and Li-

treated WT mice.   
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Figure 25: Nrf2 is not required for development of Li-NDI  

(A) Animal weight, (B) weight-corrected food intake, and (C) weight-corrected water intake Nrf2-/- mice on control 

diet (0-5 days) followed by LiCl diet (6-11 days) , and (D) spot-urine osmolality of LiCl-treated Nrf2-/- or WT 

control mice. Statistical analysis by Student’s t-test. 

4.2.4 Mice with genetic hyperactivation of Nrf2 signaling are resistant to Li-NDI 

To test whether activation of Nrf2 signaling exhibited protective effects on Li-NDI, wild-

type (WT)and age-matched Keap1f/f mice were administered control diet for 5 days followed by 

LiCl (chow containing 0.17% LiCl, w/w) or control diet for 7 days (Figure 26A).  Mice were 

housed individually and body weight, daily water intake, and daily food intake were monitored. 
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There were no statistically significant differences in baseline food or water intake between groups 

and no changes in body weight compared to Day 0.  After 3 days on the LiCl diet, wild-type mice 

exhibited modest (~5%) reduction in body mass compared to no change in body mass for animals 

on control diet or Keap1f/f mice receiving LiCl (Figure 26B).  Food intake was not affected by 

treatment or by genotype (Figure 26C).  Water intake increased with Li intake in the WT cohort, 

with animals exhibiting overt polydipsia by 3 days and establishing a stable maximum of > 0.5mL 

H2O per g body weight by 6 days of dosing (Figure 26D).  Urine volumes were not quantified as 

metabolic cage housing is highly stressful for mice(215), but the bedding in cages housing these 

animals was saturated with urine daily.  Strikingly, Keap1f/f mice receiving Li were normodipsic 

suggesting complete protection from onset of NDI.   

Immunoblotting was performed on whole-kidney lysates to assess for expression of 

channel AQP2 and the canonical Nrf2 target NAD(P)H Quinone Oxidoreductase 1 (NQO1) 

(Figure 26E). Expression of NQO1 was not affected by Li treatment, but was significantly 

increased in Keap1f/f animals confirming constitutive activation of Nrf2 (Figure 26E-F). 

Glycosylated ~45kDa (open arrow, Figure 26E, G) and non-glycosylated 29kDa (closed arrow, 

Figure 26E, H) isoforms of the water channel aquaporin 2 (AQP2) were significantly reduced by 

Li exposure in both groups, consistent with NDI and with the hyposthenuria observed.  
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Figure 26: Nrf2 hyperactivation protects against development of Lithium-induced nephrogenic 

diabetes insipidus (Li-NDI) 

(A) Schematic of model of Li-NDI. All mice received normal chow for 0-5d. At day 5, WT mice received either 

normal chow or 0.17% LiCl diet, and all Keap1f/f mice received LiCl diet. (B) Animal weights as a function of time, 

normalized to starting weight. (C) Food intake (g food/g body weight *24hr) and (D) Water intake (mL/g body 

weight*24hr). * (p<0.05) and *** (p<0.001) denote statistical significance by two-way ANOVA with Dunnet 

correction for multiple comparisons, means of each time point compared to control. Results plotted as mean ± standard 

error of 5 (WT-Chow) or 6 (WT-Li and Keap1-Li) animals per group. (E) Immunoblotting of whole-kidney lysates 
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for AQP2 and NQO1; each lane represents one animal from the study.  Open arrowhead: glycosylated AQP2 (45kDa), 

shaded arrowhead: non-glycosylated AQP2 (29kDa). (F)-(H) Densitometry with statistical analysis by one-way 

ANOVA with Tukey’s test comparing all group means. 

 

After 8 days after Li administration, spot urine was collected and blood was sampled from 

the retroorbital plexus. Subsequently mice were sacrificed and tissues were collected. Blood 

chemistry analysis revealed no differences in plasma Na+, K+, or Cl- between groups (Figure 27A-

C), while plasma Li+ was significantly elevated in both WT and Keap1f/f groups (Figure 27D) 

suggesting identical absorption, exposure, and clearance of Li.  The WT-Li cohort had 

significantly lower spot urine osmolality than control diet cohort (359 +/- 192 mOsm/kg  vs 1473 

+/-332 mOsm/kg , p<0.0001) indicating that polyuria was accompanied by hyposthenuria 

consistent with NDI.  Plasma osmolality and plasma renin concentration were measured and found 

to be identical across experimental groups suggesting that all mice were normovolemic and 

drinking to satiety ( 

 

 

 

 

 

 

Figure 27E-F). Despite complete normodipsia, urine osmolality was reduced in the 

Keap1f/f-Li  cohort and not significantly different from WT-Li (472 +/-209 mOsm/kg, p<0.0001 

compared to control) (Figure 27 
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Figure 27: Plasma chemistry / Urine osmolality / PRA 

(A) Plasma Na+; (B) plasma K+; (C) plasma Cl-;(D) plasma Li+; (E) plasma renin activity; (F) plasma osmolality; 

(G) urine osmolality; (H) plasma tCO2; (I) hematocrit; (J) hemoglobin; (K) plasma glucose; (L) blood urea nitrogen 

(BUN); (M) plasma anion gap; (N) plasma ionized Ca2+. Statistical analysis by one-way ANOVA with Tukey’s test 

comparing all group means.  
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4.2.5 Alteration of renal ion transporter expression in Keap1f/f mice fed lithium 

Clinically, Li-NDI is treated with inhibitors of sodium-chloride cotransporter (NCC, 

SLC12A3), epithelial sodium chloride channel (ENaC, SCNN1A/B/D/G), carbonic anhydrase 

(CA), or with non-steroidal anti-inflammatory compounds which inhibit prostaglandin 

biosynthesis. Effects of Nrf2 signaling on collecting duct expression of AQP2 have recently been 

published, but the effects of this signaling pathway on proximal and distal tubule transporters or 

prostaglandin biosynthesis have not been characterized. Immunoblotting was performed to 

determine if Nrf2 altered the expression of these pharmacologic targets (Figure 28).   

Activating phosphorylation of NCC at threonine 53 (pNCC, T53) was reduced by lithium 

treatment in both genotypes, while total expression of NCC (tNCC) was unchanged in WT-Li 

cohort but significantly reduced in Keap1f/f-Li cohort, while the ratio of pNCC:tNCC was 

significantly reduced in both Li-treated groups. Li likewise reduced expression of CAII in WT-Li 

animals, with additional reduction in Keap1f/f-Li mice compared to WT and WT-Li.  

Amiloride has been found to reduce polyuria in murine models of Li-NDI as well as in 

human patients, through reduction of ENaC mediated uptake of Li(216–218). No differences were 

observed between expression of ENaC subunits α, β, or γ suggesting that regulation of this 

transporter was not involved in Nrf2-mediated resistance to NDI.  
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Figure 28: Nrf2 hyperactivation down-regulates NCC and CA-II expression. 

(A) Immunoblotting of kidney lysates for solute transporters previously found to be protective in Li-NDI; each lane 

represents one animal from the study. (B)-(G) Densitometric analysis of immunoblots normalized to GAPDH.  

Statistical analysis by one-way ANOVA with Tukey’s test comparing all means.  
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4.2.6 Evaluation of renal function in Keap1f/f mice at baseline and after water deprivation 

Down-regulation of solute transporters such as NCC in Keap1f/f mice would suggest impaired Na+ 

reabsorption and increased diuresis. While development of NDI in mice with total knock-out of 

Keap1(47, 48) or its ubiquitin ligase Cul3(49), the renal phenotype of mice with graded genetic 

activation of Nrf2 (Keap1f/f) has not been studied. To characterize renal function Keap1f/f mice 

were studied under basal (water ad libitum) conditions as well as after 12-hour water deprivation. 

At baseline Keap1f/f
 mice were found to be mildly polyuric and hyposthenuric (Figure 29A-B) and 

had identical GFR (Figure 29C). Surprisingly, in contrast to mice with total ablation of Keap1, 

upregulation of plasma renin and urine concentration in response to 12-hour water deprivation 

were no different from WT (Figure 29D-E).  These results suggest that in contrast to supra-

pharmacologic activation caused by total ablation of Nrf2 repressors, graded pharmacomimetic 

activation of Nrf2 does not have deleterious renal effects.  However, akin to preclinical and clinical 

protection observed via pharmacologic inhibition of these transporters in Li-NDI, Keap1f/f animals 

showed complete protection from development of polydipsia/polyuria.  
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Figure 29: Graded genetic activation of Nrf2 causes polyuria and hyposthenuria but no defect in 

urine concentrating ability in response to water deprivation. 

(A) 24-hour urine production determined by metabolic cage housing and (B) spot-urine osmolality of wild-type and 

Keap1f/f mice. (C) Glomerular filtration rate was determined by transdermal measurement of FITC-Sinistrin 

elimination. (D) Urine osmolality and (E) Plasma renin activity after 12-hr water deprivation (WD). Statistical analysis 

by Student’s t-test (A-C) and one-way ANOVA with Tukey’s multiple comparison test (D-E). 

 

Of note, hematocrit was found to be significantly elevated in Keap1f/f
 mice after receiving 

Li for 7 days (Figure 27).  Hematocrit (HCT) may be high due to volume contraction, as in relative 

polycythemia, or primary polycythemia. Despite normal plasma sodium level, the elevation of 

HCT in normodipsic, hyposthenuric Keap1f/f mice after lithium treatment aroused suspicion of 

volume contraction. To address this concern, hematocrit was measured in WT and Keap1f/f mice 
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animals display primary polycythemia. To determine the etiology of the primary polycythemia, 

renal erythropoietin (EPO) production and red blood cell antioxidant contents were evaluated 

(Figure 30). Ferritin light chain (FTL1), ferritin heavy chain (FTH1), and EPO mRNA extracted 

from whole-kidney lysates was found to be identical between the two groups. As RBCs are 

exposed to high levels of oxygen, they encounter significant oxidative stress. Furthermore, as they 

are anucleate, RBC cannot synthesize new enzymes and proteins in response to ROS-induced 

stress. We hypothesized that increases in RBC antioxidant enzyme levels could lead to increased 

RBC lifespan and polycythemia, but found no change in RBC superoxide dismutase (SOD) and 

catalase (CAT) content and slight decrease in glutathione peroxidase (GPx) content.  

 

Figure 30: Hyperactivation of Nrf2 causes polycythemia. 

(A) Keap1f/f mice are polycythemic but have no significant elevation in renal ferritin light or heavy chain  

(FTL1/FTH1) or erythropoietin (EPO) expression (B-D). Biochemical assays for superoxide dismutase (SOD), 

glutathione peroxidase (GPx), and catalase (CAT) activity revealed no differences (E-G). 
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4.2.7 Characterization of Nrf2 effects on vascular tone 

Thiazides and acetazolamide dramatically diminish polyuria induced by Li but have only marginal 

effects on AQP2 abundance and urine osmolality(219–222).  NSAIDs such as indomethacin, 

which are otherwise avoided in the context of chronic kidney disease, are also thought to reduce 

polyuria in Li-NDI through reduction of GFR(223, 224).   While the precise mechanism remains 

unclear, paradoxical protection seen with both thiazides and acetazolamide in Li-NDI is thought 

to involve tubuloglomerular feedback (TGF) leading to reduction of glomerular filtration rate 

(GFR). TGF is a direct result of paracrine and endocrine signaling from the macula densa at the 

apex of the ascending limb of the loop of Henle to regulate afferent and efferent arteriolar tone. 

Both prostaglandin biosynthesis and the renin-angiotensin-aldosterone signaling (RAAS) have 

been implicated in this process.  

Mechanistic studies of existing therapeutics in Li-NDI have relied on indirect evidence to 

conclude that protection is mediated by changes in TGF, as it is technically difficult to measure 

afferent and efferent arteriolar tone or glomerular capillary pressure.  To determine if Nrf2 

activation could affect renal vascular function, isolated medium-sized resistance vessels were 

studied as a surrogate. Wire myography was performed on isolated mesenteric and thoracodorsal 

arteries from WT and Keap1f/f mice. Vessels from Keap1f/f mice showed decreased sensitivity and 

blunted responses to the vasodilator acetylcholine, indicating endothelial dysfunction (Figure 

31A-B). Phenylephrine-induced vasoconstriction was unaffected (Figure 31C).    

To assess whether impaired vasodilation in vitro manifested as physiologic differences in 

intact animals, 6 WT and 5 Keap1f/f mice were instrumented with radiotelemeters and 

hemodynamic parameters were monitored. Readings were obtained at 5 minute intervals and 

pooled from nocturnal (10pm-4am) and diurnal (10am-4pm) time periods. At baseline, systolic or 
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diastolic blood pressure (BP) were identical between WT and Keap1f/f animals, but both nocturnal 

diurnal heart rates (HR) were significantly lower in Keap1f/f mice (Figure 31E-H). This reduction 

in HR was confirmed via direct left ventricular micro-catheterization under isoflurane sedation 

(Figure 31I). Consistent with vagus nerve baroreflex compensation for reduced vascular 

compliance, acute administration of atropine elicited larger increase in HR in Keap1f/f mice 

(Figure 31J).   

 

 

 

Figure 31: Keap1f/f mice have endothelial dysfunction resulting in impaired vasodilation 
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Acetylcholine-mediated vasodilation in (A) mesenteric and (B) thoracodorsal resistance vessels. (C) Vasoconstriction 

of mesenteric arteries in response to phenylephrine is identical in WT and Keap1f/f animals. (D) EC50
 of ACh in 

mesenteric and thoracodorsal arteries. (E) Systolic and (F) diastolic blood pressures determined by radiotelemetry. 

(G) Heart rate determined by radiotelemetry.  Average heart rates determined across 4 6-hour night or day periods, 

bars represent mean +/- 95% CI. (I) Heart rates measured by cardiac catheterization under isoflurane anesthesia, error 

bars represent mean +/- SEM. Changes in heart rate after (J) acute infusion of atropine (1mg/kg) and (K) propranolol 

(4mg/kg) IP n=3 (WT) and n=2 (Keap1f/f). Error bars represent mean +/- standard error. 

 

In addition to promoting retention of sodium and water, angiotensin II is a physiologic 

vasoconstrictor which acts directly on endothelial angiotensin receptors to afford vasoconstriction. 

Antagonists of the RAAS reduce blood pressure primarily through effects on vascular tone(225). 

To determine if vascular responses to RAAS inhibition were blunted in Keap1f/f mice, 

instrumented mice were maintained on a low-sodium diet for 1 week to minimize effect of sodium 

intake followed by addition of 6mg/kg*d enalapril for 4 days, after which time blood pressure 

responses were measured. Averaged BP traces over nocturnal and diurnal periods are shown in 

Figure 32.  Significantly, sodium-depleted Keap1f/f displayed BP dipping refractory to the effects 

of low sodium and enalapril, indicating impaired vasodilation.  

Significantly, in an independent experiment, plasma sodium determined in WT and 

Keap1f’f mice after 2 weeks of low-sodium diet was identical, while reduced NCC abundance was 

compensated by hyperphosphorylation of extant NCC (Figure 33). These results suggest that BP 

differences were not caused by differences in plasma Na+ after sodium deprivation, and that the 

physiologic mechanisms regulating sodium retention are intact despite reduced abundance of 

NCC.    
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Figure 32: Keap1 hypomorphism impairs diurnal BP dipping after sodium depletion and ACE 

inhibition 

(A) Averaged traces of systolic BP at baseline, after 4 days of NaCl deficient (0.01-0.02% NaCl) diet, and receiving 

6mg/kg*d Enalapril. Average (B) Nocturnal and (C) diurnal systolic BP of experimental groups under different 

conditions; mean +/- 95% confidence interval. Statistical analysis by one-way ANOVA with Bonferroni multiple 

comparison correction, *p<0.0001.  
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Figure 33: Plasma chemistry and renal NCC expression/phosphorylation after sodium deprivation 

Plasma sodium (A), potassium (B), and chloride (C) of WT and Keap1f/f mice after 2 weeks on low-sodium (LS; 

0.01% NaCl) diet. (D) Expression of total NCC and phospho-NCC (t53) in kidney lysates from mice after 2 weeks on 

low-sodium (LS) diet or 3 weeks on  high-sodium (HS; 4% NaCl) diet. (E-G) densitometry quantifying tNCC, pNCC, 

and the ratio of pNCC:tNCC. Statistical analysis by one-way ANOVA with Tukey’s test comparing all group means. 
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4.2.8 Endothelial nitric oxide (NO) signaling is not affected by hyperactivation of Nrf2 

Dilation of resistance vessels is modulated by effects of paracrine relaxing factors produced 

by the vascular endothelium on vascular smooth muscle cells. To determine the mechanism 

underlying blunted vasodilation and increased vascular resistance, we evaluated the nitric oxide 

(NO) signaling pathway.  

Nitrite is a marker of bioavailable NO, and can be formed by chemical or enzyme-catalyzed 

oxidation reactions(226).  Plasma and urine were collected from WT and Keap1f/f mice and nitrite 

was measured by ozone chemiluminescence. Surprisingly, plasma and urine NO2
- were 

significantly elevated in Keap1f/f animals (Figure 34A-B).  Plasma arginine, the precursor from 

which NO is produced, trended towards reduction in Keap1f/f mice but this difference was not 

statistically significant (Figure 34C). Plasma asymmetric dimethylarginine (ADMA), an inhibitor 

of eNOS(227), was likewise unchanged (data not shown). Expression and activating 

phosphorylation of endothelial nitric oxide synthase (eNOS) in kidney homogenates was normal 

in Keap1f/f mice. nNOS was detected in brain tissue (positive control) but not in kidney lysates. 

Renal expression of the NO signal transducer soluble guanylate cyclase β1 (sGC- β1) was 

marginally lower in Keap1f/f than in WT mice (Figure 34D-E).  Although statistically significant, 

this was likely not physiologically significant as the sGC- β1 product cGMP was found to be higher 

in plasma from Keap1f/f mice (Figure 34F). Finally, vasodilation in response to the chemical NO-

donor sodium nitroprusside (SNP) was identical between WT and Keap1f/f mice, indicating that 

impaired vasodilation was not caused by reduced sensitivity to NO (Figure 34G). Together, these 

results indicate that Nrf2 hyperactivation inhibits ACh-induced vasodilation independently of NO 

production or downstream signaling, and elevated plasma and urine nitrite together with plasma 
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cGMP suggest that this pathway may be hyperactivated to compensate for a defect in an alternate 

pathway. 

 

Figure 34: Endothelial dysfunction in Keap1f/f animals occurs independently of NO signaling 

NO oxidation product nitrite measured in (A) plasma and (B) urine samples. (C) Plasma arginine measured by HPLC-

MS/MS. (D) Expression of nNOS, eNOS, phospho-Ser1177 eNOS, sGC-B1, and NQO1 in kidney lysate. (E) 

Densitometry normalized to GAPDH loading. (F) cGMP measured in plasma. (G) Mesenteric artery dilation in 

response to the NO donor sodium nitroprusside (SNP). Statistical analysis by Student’s t-test. 
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4.2.9 Nrf2 impairs endothelial function via down-regulation of inflammation-related 

autocoid vasodilators 

Pharmacologic activators of Nrf2 have been evaluated in numerous disease models due to 

their independent anti-oxidant and anti-inflammatory effects, characterization of which is 

complicated by putative cross-talk between the Nrf2 and NF-kB pathways(110).  The kidneys are 

unique among tissues in that both cyclooxygenase 1 and cyclooxygenase 2 are constitutively 

expressed, and play a critical physiologic role through production of prostaglandin precursors.  

COX-1 and COX-2 expression were found to be reduced in Keap1f/f-Li mice (Supplemental Figure 

2) suggesting that that Nrf2 activation has direct effects on renal expression of these proteins. 

Because Li was found to down-regulate COX-1 and COX-2 in WT mice, the experiment was 

repeated comparing tissues from WT and Keap1f/f mice on control diet, which confirmed these 

results (Figure 36A-B). Down-regulation of renal COX-2 was confirmed by 

immunohistochemical staining of kidney sections (Figure 36E).  Additionally, kidneys from Nrf2-

/-  animals showed increased COX-1 and COX-2 expression compared to control (Figure 36C-D), 

further suggesting that Nrf2 signaling plays a regulatory role in COX-2 expression.  

COX-1 and COX-2 catalyze the conversion of arachidonic acid (AA) to prostaglandin 

precursors. To determine if vasodilatory PGs were reduced in Keap1f/f mice, an isotope dilution 

HPLC-MS/MS method was developed (Figure 35). Prostacyclin (PGI2) is a potent vasodilator, 

but has a short half-life and is rapidly metabolized to 6-keto-PGF1α. 6-keto-PGF1α was significantly 

reduced in kidney homogenate extracts from Keap1f/f mice, offering a putative mechanism by 

which Nrf2 hyperactivation affects vascular tone (Figure 36F).  
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Kynurenine is a recently discovered endothelium-derived relaxing factor derived from 

inflammation-related pathways that acts through activation of adenylate and soluble guanylate 

cyclase pathways(228, 229).   Kynurenine was measured in plasma of Keap1f/f mice by HPLC-

MS/MS and found to be significantly reduced compared to WT, paralleling the reduction in 6-

keto-PGF1α (Figure 36G). Together these results suggest that effects of constitutive Nrf2 

activation on inflammation-related autocoid production impact vascular compliance and 

cardiovascular homeostasis, offering a putative mechanism for resistance to Li-NDI.  

Figure 35: HPLC-MS/MS method to quantify prostaglandins 

(A) Peaks showing chromatographic separation of 5 prostaglandin species. (B) chemical structures of 6-keto-PGF1α, 

8-iso-PGF2α, 2,3-dinor-8-iso- PGF2α,  PGE2, and PGD2. (C-E) 6-point calibration curves prepared for PGE2, PGD2, 

and 6-keto-PGF1α using isotope-labeled standards. 
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Figure 36: Constitutive Nrf2 activation suppresses COX-1 and COX-2 to down-regulate 

inflammation-related vasodilator production 

Immunoblotting for cyclooxygenase 1 and 2 expression in kidneys of (A) Keap1f/f and (B) Nrf2-/- mice, densitometry 

shown in (C) and (D). (E) immunohistochemistry for COX-2 in kidney sections from WT and Keap1f/f mice. (F) Renal 

concentration of 6-keto-PGF1α, the stable metabolite of prostacyclin (PGI2) measured in kidney homogenates by 

isotope-dilution HPLC-MS/MS. (G) Relative plasma levels of kynurenine, an endothelium-derived relaxing factor 

formed from tryptophan metabolism, measured by HPLC-MS/MS. 

4.3 DISCUSSION 

Lithium (Li) has remained a mainstay drug for mood stabilization in bipolar disorder for 

over a half-century, and is increasingly re-purposed for treatment of other central nervous system 

(CNS) diseases as new therapeutic effects are described and mechanisms documented. 
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(>3,000mL urine/day) on quality of life, Li causes deleterious functional and structural changes of 

the kidney. Quantitatively the major determinant of urine volume is the passive reuptake of water 

from pro-urine through aquaporin water channels in the collecting duct. Li-induced NDI is thought 

to cause AVP insensitivity with impaired insertion of mature AQP2 into the apical membrane of 

collecting duct epithelial cells.   

Recent evidence implicates the Keap1/Nrf2 signaling pathway as playing a role in 

regulating Aqp2 via as-of-yet unknown mechanisms. Specifically, hyperactivation of Nrf2 

signaling by ablation of its repressors Cul3, GSK3β, and Keap1 have independently been found to 

cause nephrogenic diabetes insipidus in mice(47–50).    As Li is a known inhibitor of GSK3β, we 

hypothesized that Li induces NDI via hyperactivation of Nrf2. Our results demonstrate that NDI 

develops rapidly during dietary Li administration, with significant increase in water intake and 

production of dilute urine.  Despite developing a robust NDI phenotype, Li-treated mice did not 

display engagement of Nrf2 signaling in the kidney. Both immunoblotting of whole-kidney lysate 

or by immunofluorescence staining for the downstream Nrf2 target NQO1 failed to show increased 

Nrf2 activation in the lithium treated group.  Furthermore, Nrf2-/- mice developed NDI similarly 

to WT mice, suggesting that hyperactivation of this pathway was not involved.  

On the contrary, Keap1 hypomorphism and resultant Nrf2 hyperactivity protected against 

development of Li-NDI, with significantly reduced water intake compared to WT mice receiving 

lithium, and water intake no different from WT mice receiving control diet.  This is a surprising 

observation, as recent characterizations of transgenic mice with total ablation of Keap1 in the 

kidney epithelium(47) or whole animal (NEKO) (48) causes NDI.  In comparison to Keap1 total-

knock-out animals, which exhibit a range of developmental abnormalities(20, 47, 48, 230),  

hypomorphism via floxing of exons 4-6 with loxP sites leads to pharmaco-mimetic activation and 
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tissue protection against a variety of insults(41).  In striking contrast to Keap1-/- animals, Keap1f/f 

mice exhibited only mild hyposthenuria and polyuria at baseline, and had normal urine 

concentrating ability and upregulation of plasma renin activity in response to 12hr water 

deprivation. While the Nrf2 activator CDDO-Me has been shown to increase GFR(91), genetic 

activation of Nrf2 in this model did not change GFR.  It is possible that Nrf2 activation displays 

hormesis, with activity above a certain threshold causing adverse outcomes.  It has also been 

documented that genetic and pharmacologic activation of this pathway result in overlapping yet 

distinct transcriptional profiles(54). 

It is intriguing that the spatial distribution NQO1 expression in murine kidney, with high 

cortical and low medullary expression, appears to parallel postulated O2 and glucose gradients. 

Moreover, it appears that in both mouse and human, Nrf2 activity is significantly higher in 

proximal than in distal tubule epithelium. The proximal tubules are responsible for the bulk of 

solute, water, and small-molecule reabsorption as well as for conjugation and excretion of toxins 

and wastes(231). Previously, human primary proximal tubule cells in culture have been found to 

express membrane transporters and conjugation enzymes required for these processes(232, 233), 

many of which are under Nrf2 transcriptional control(9).  While NQO1 expression was 

significantly lower in distal tubule epithelial cells than proximal tubule epithelial cells at baseline, 

distal tubule cells were sensitive to both genetic activation (Figure 20) and the electrophilic Nrf2 

inducer CDDO-Im (Figure 21).   

Consistent with these observations, protein abundance of the DT marker NCC was reduced 

in kidneys from Keap1f/f mice. Recent evidence suggests that renal epithelial cells exhibit plasticity 

and can interconvert(234); it is possible that upregulation of Nrf2 steers these cell populations 

towards a different fate.  
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Existing therapeutic approaches for treating Li-NDI fall under four main categories: (1) 

inhibition of epithelial sodium channel (ENaC) mediated uptake of Li into the connecting 

tubule/collecting duct epithelium, (2) inhibition of sodium chloride cotransporter (NCC) and/or 

carbonic anhydrase II (CA-II) by thiazide diuretics, (3)  specific inhibition of CA-II with 

acetazolamide, and (4) inhibition of renal COX-1 and/or COX-2 with non-steroidal anti-

inflammatory drugs (NSAIDs). The preclinical and clinical literature on these four therapeutic 

approaches is summarized in Table 2.   

While all of these interventions have been documented to reduce polyuria/polydipsia, the 

mechanisms by which this effect is achieved are unclear and remain the subject of speculation.  

The diuretics acetazolamide(221, 222, 235), amiloride (216–218, 236–239), furosemide(240), and 

hydrochlorothiazide(219, 220, 241–243) have been found to paradoxically reduce urine output in 

Li-NDI, while in patients without NDI, they promote diuresis.  Furthermore, in a recent publication 

acetazolamide was shown to increase collecting duct abundance of AQP2(221),  while a 

subsequent publication from the same research team concluded that the reduction of polyuria 

occurred independently of AQP2 abundance(222). Similarly, thiazides were long thought to 

paradoxically reduce polyuria through their inhibition of NCC, however, recent evidence shows 

that this class of drugs mitigates Li-NDI independently of NCC(219). With exception of amiloride, 

AQP2 protein abundance is not significantly increased by any of these treatments. Finally, while 

these diuretics rescue polyuria/polydipsia they improve maximal urine osmolality only minimally 

(generally  <50% of control), suggesting that their site of action is not the collecting duct. Based 

on this evidence, the protection is thought to involve modulation of tubuloglomerular feedback. 

Reduction of distal sodium reabsorption is believed to deplete extracellular volume and lead to 
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reduction in GFR as well as increasing proximal sodium and water reabsorption through effects 

on medullary osmolality and proximal tubule function(244)  
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Drug Mechanism Model Observation Ref. 

Amiloride 

Amiloride(10µM) 

Inhibition of 

ENaC-mediated Li 

uptake 

 

mCCDc11 cells 
↓ lithium-induced AQP2 

downregulation 
(217) 

Amiloride (10mg q.d.) 6 weeks 
Human randomized placebo-

controlled trial (n=11) 

Partial ↑ urine osmolality 

following dDAVP 
(236) 

Amiloride (0.2mmol/L in drinking 

water) 

Rats administered 60mmol/kg 

Li in chow for 7 weeks 

Partial ↑ urine osmolality,  ↓ 

24-hr water intake, increase in 

medullary osmolytes 

(237) 

Amiloride (10mg q.d. increasing 

to 20mg q.d.) 
Case study 

Resolution of hypernatremia, ↓ 

plasma osmolality 
(238) 

Amiloride (0.2mmol/L in drinking 

water) for duration of study 

Rats administered 40mmol/kg 

Li in chow for 1 week then 

60mmol/kg Li in chow for 

5.75 months 

Partial ↑ urine osmolality, 

partial ↓ 24-hr urine output, ↓ 

glomerular sclerosis,  ↓ fibrotic 

markers 

(239) 

Knockout of ENaCα subunit 

CD-specific αENaC KO mice 

(Scnn1alox/lox/HoxB7:Cre) and 

control mice (Scnn1alox/lox) 

administered 40mmol/kg Li 

in chow for 24-25 days 

↓lithium-induced AQP2 

downregulation, complete ↑ 

urine osmolality,  complete ↓ 

polyuria/polydipsia, ↓ H+ 

ATPase 

(218) 

Amiloride (10-20mg q.d) 

8 patients with Li-NDI 

previously treated with 

HCTZ 

↓polyuria, ↑ urine osmolality, 

normalization of hypokalemia 
(216) 

 

Hydrochlorothiazide 

Hydrochlorothiazide (HCTZ) 

3.75mg q.d.  s.c. last 7 days 

(osmotic minipump) 

Inhibition of NCC 

and/or CA-II 

Sprague-Dawley rats 

administered 40mmol/kg Li 

in chow for 3 weeks 

Partial ↓ polyuria, partial ↑ 

urine osmolality, slight ↑ 

AQP2 expression, ↑ ENaCα, 

isoform shift ENaC γ 

(220) 

HCTZ (100µM); 

HCTZ in diet (350mg/kg dry 

food) 10 days 

Inhibition of CA-II 

mpkCCDc14 cells; 

C57BL6/J - NCC-/- mice 

administered 40mmol/kg Li 

in chow for 10 days 

↑ AQP2 ( mpkCCD cells); 

Partial ↓ polyuria, slight ↑ 

AQP2 expression and urine 

osmolality,  ↓  urinary PGE2 

(mice) 

(219) 

HCTZ in diet (350mg/kg dry 

food) 6-7 days 
Not stated 

Brattleboro rat (hereditary 

hypothalamic DI) 

Complete ↑ urine osmolality,  

complete ↓ polyuria/polydipsia 
(242) 

HCTZ in diet (350mg/kg dry 

food) 6-7 days 

↑ in renal papillary 

fluid osmolality, ↑ 

proximal 

convoluted tubule 

fluid reabsorption 

Complete ↑ urine osmolality,  

complete ↓ polyuria/polydipsia 
(243) 

HCTZ ± 

amiloride/triamterene/acemetacin 

↓ distal and ↑ 

proximal Na+ 

reabsorption 

Case study; 35y.o. Japanese 

male with congenital NDI 

due to deletion of AVPR2 

HCTZ+Amiloride gave best 

response.  ↓ polyuria and 

polydipsia from 8L/day to 

~5L/day.   

(241) 
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Acetazolamide 

Acetazolamide 500mg b.i.d. 2 

weeks 
Inhibition of CA-II 

Case study – patient with Li-

NDI and 8-12L/day polyuria, 

unable to drink 

postoperatively leading to 

significant dehydration and 

hypernatremia 

↓ polyuria from ~12L/day to 2-

4L/d; normalization of plasma 

Na+ 

(235) 

Acetazolamide 180 mg/kg dry 

food (mice) 10 days 
Inhibition of CA-II 

mpkCCDc14 cells; 

C57BL6/JOlaHsd mice 

administered 40mmol/kg Li 

in chow for 10 days 

↑ AQP2 expression (mpkCCD 

cells); Partial ↓ 

polyuria/polydipsia, partial ↑ 

urine osmolality and partial ↑ 

AQP2 abundance, ↓ urinary 

PGE2 and GFR (mice) 

(221) 

Acetazolamide 180 mg/kg dry 

food (mice) 2 weeks; 

Acetazolamide 250mg q.d. -

500mg b.i.d. 4 weeks (humans) 

Inhibition of CA-II 

C57BL6/JOlaHsd mice 

administered 40mmol/kg Li 

in chow 4 weeks; Human Li-

NDI patients with urine 

osmolality <600 and >150 

mosmol/kg with >15yr Li 

exposure. 

Partial ↓ polyuria/polydipsia, 

partial ↑ urine osmolality and 

no change in AQP2 abundance 

(mice).   No change in 

maximum urine concentration 

after dDAVP, ↓ GFR 

(humans) 

(222) 

NSAID 

5,5-dimethyl-3-(3-fluorophenyl)-

4-(4-methanesulfonylphenyl)-

2(5H)-furanone 1 (DFU), 

40mg/kg*day last 7 days 

Specific inhibitor 

of COX-2(245) 

40mmol/kg Li in chow 4 

weeks 

Partial ↓ polyuria, partial ↑ 

urine osmolality, ↑ AQP2 

protein abundance, ↓ COX-2 

expression and urinary PGE2 

(246) 

Indomethacin 50mg t.i.d. 

Nonselective 

cyclooxygenase 

inhibitor 

Case study; 44y.o. female 

receiving Li2CO3 300mg 

q.d.s. for 7 years 

↓ polyuria, partial ↑ urine 

osmolality (effect on polyuria 

> osmolality) 

(247) 

Indomethacin 75-150mg q.d. 

Nonselective 

cyclooxygenase 

inhibitor 

Case study; 47y.o. female 

receiving Li for 15 years, 

refractory to dDAVP, 

amiloride and 

hydrochlorothiazide 

 

↓ polyuria (>90% decrease 

from maximum), ↑ creatinine 
(248) 

Indomethacin ± 

aspirin/thiazide/dDAVP 

Nonselective 

cyclooxygenase 

inhibitor 

Literature review, 10 reports 

describing 22 patients in total 
↓ polyuria (by ~2/3) (248) 

 

Table 2: Summary of preclinical and clinical studies evaluating treatment strategies for nephrogenic diabetes 

insipidus. 

The phenotype displayed  by Keap1f/f mice receiving Li mimicked aspects of the therapies 

reported in the studies outlined in Table 2. While Nrf2 hyperactivation completely prevented 

polyuria, the urine produced was dilute and expression of both glycosylated and non-glycosylated 
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AQP2 was significantly reduced compared to WT control, and no different from WT-Li. 

Expression of both NCC and CA-II was modestly down-regulated, suggesting that distal Na+ 

reabsorption may be reduced.  Reduction of distal tubular reabsorption with HCTZ has been shown 

to promote proximal tubular reabsorption to attenuate polyuria(241). Genetic Nrf2 activation and 

pharmacologic targeting of Nrf2 have been shown to be protective in murine models of 

vasculopathy(249–251). However, the effects of Nrf2 activation on vascular physiology have not 

been previously studied. This is especially significant since a recent clinical trial in which the 

potent Nrf2 activator CDDO-Me (Bardoxolone) was administered to an ESRD patient population 

was halted, citing increased adverse cardiovascular events and mortality(93).   

In this context, the molecular mechanisms responsible for myogenic control of renal 

function were studied.  Resistance arteries isolated from WT and Keap1f/f mice revealed that 

hyperactivation of Nrf2 caused endothelial dysfunction with impaired vasodilation in response to 

acetylcholine. Systemic systolic and diastolic blood pressures were found to be identical between 

WT and Keap1f/f mice, although mice with Nrf2 activation achieved the same BP with significantly 

reduced heart rate. Diurnal BP dipping in response to the angiotensin-converting enzyme inhibitor 

enalapril was found to be significantly blunted.  

The vascular effects of Nrf2 activation occurred independently of NO signaling. Plasma 

and urine nitrite were elevated, consistent with the finding that siRNA knockdown of Nrf2 reduces 

nitrite production in vitro(252).   Mesenteric artery dilation elicited by the NO donor sodium 

nitroprusside was normal in Keap1f/f mice. These results suggest that activation of Nrf2 may 

increase effectiveness of tubuloglomerular feedback via alteration of myogenic response 

mechanisms to reduce GFR and the volume delivered to the collecting system. Importantly, plasma 
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BUN was no different between these three groups indicating that the degree of afferent arteriolar 

constriction was likely within physiological tolerances and that renal function was not impaired.   

The anti-inflammatory effects of Nrf2 activation have been the subject of extensive study 

and have motivated pharmacologic development of Nrf2 inducers for the treatment of a variety of 

disorders(253). The interplay between Nrf2 and inflammatory pathways is complex and remains 

incompletely understood. Nrf2 activation may help cells weather the storm of cytokines and 

reactive species released by immune cells by upregulating small-molecule cellular defenses such 

as glutathione as well as ROS-detoxifying enzymes such as NQO1. Nrf2 activation may directly 

promote a tolerogenic phenotype to reduce inflammatory cell activation and cytokine 

production(254). Direct interaction between Nrf2 accessory proteins such as Keap1 and the nuclear 

factor kappa B (NF-κB) pathway has also been documented(110, 255). It has been shown that 

COX-2 expression is elevated in colon of Nrf2-/- mice; however, COX expression in mice with 

hyperactivation of Nrf2 has not been investigated. In our present study we show that renal COX-

1 and COX-2 expression are reduced in Keap1f/f mice and increased in Nrf2-/- mice.  The reduction 

in COX expression was accompanied by diminished production of the vasodilator PGI2.  

Cyclooxygenase inhibitors have been used as a last-resort therapeutic for Li-NDI 

patients(224, 256), despite the well-documented risk of acute kidney injury associated with this 

class of drugs(257).  Mice lacking the microsomal prostaglandin E synthase-1 (mPGES-1) were 

also found to be resistant to Li-NDI(258). However, these animals displayed normal AQP2 

expression and maintained normal urine concentrating ability, in contrast to the Keap1f/f in this 

study which displayed reduced AQP2 abundance as well as hyposthenuria. These disparities 

suggest that the physiologic mechanism underlying the protection afforded by knockout of 

mPGES-1 and Nrf2-mediated reduction in cyclooxygenase products are not identical.  
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In summary, our results demonstrate that activation of the Keap1/Nrf2 signaling pathway 

completely protects mice from polydipsia/polyuria in Li-NDI. The reduction in polydipsia occurs 

without improvement in AQP2 expression or increase in urine osmolality. Activation of Nrf2 

down-regulates expression of NCC and CA-II, mimicking the effects of two common diuretic 

therapies for Li-NDI. Nrf2 activation reduced COX-1 and -2 expression and down-regulated 

inflammation-derived vasodilator production, and caused impaired resistance vessel dilation in 

response to acetylcholine. We hypothesize that these vascular effects of Nrf2 activation are 

recapitulated in the afferent arteriole supplying the nephron, leading to tubuloglomerular feedback 

mediated protection against Li-NDI (Figure 37).  Future experiments will explore pharmacologic 

activation of Nrf2 as potential therapeutic intervention strategy for Li-NDI.   
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Figure 37: Schematic of putative mechanisms by which hyperactivation of Nrf2 protects against Li-NDI, 

showing direct and indirect effects along nephron 

Lithium induces nephrogenic diabetes insipidus (Li-NDI) through down-regulation of collecting duct AQP2 water 

channel, rendering the collecting system insensitive to antidiuretic hormone. Hyperactivation of Nrf2 through partial 

genetic ablation of Keap1 completely protects against polyuria in Li-NDI, without rescuing AQP2 expression. Nrf2 

impairs ACh-mediated vasodilation independently from NO signaling and coinciding with down-regulation of 

inflammation related vasodilatory autocoids such as prostacyclin and kynurenine. We postulate that the vascular 

effects of Nrf2 activation extend to renal hemodynamics and reduce polyuria through tubuloglomerular feedback 

effects. 
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5.0  GENERAL SUMMARY DISCUSSION AND FUTURE DIRECTIONS 

Virtually every aspect of cellular life, from metabolism to signaling, relies on a foundation of 

controlled oxidation-reduction reactions.  Enzymatically harnessing thermodynamic disequilibria 

within specific cellular compartments and within specific temporal contexts allows cells to capture, 

transduce, and use energy. Intrinsic errors as well as extrinsic insults inevitably disrupt this delicate 

system, leading to off-target oxidation of cellular macromolecules with resultant damage to 

membranes, proteins, and genetic material to the significant detriment of the organism. This 

occurrence, broadly termed “oxidative stress,” is the mechanistic underpinning for many diseases.  

The last 30 years have seen a dramatic increase in interest in improving human health 

through pharmaceutical or nutraceutical supplementation of antioxidants. However, evidence 

showing protection by direct administration of antioxidants has remained elusive. Evaluating the 

clinical efficacy of antioxidants poses several unique challenges(259). Many anti-oxidants have 

been evaluated on their ability to change the course of chronic conditions such as chronic kidney 

disease. Clinical trials on an equivalent time-scale (years to decades) are logistically challenging 

and financially costly to carry out. Patient compliance, including adherence to medication or self-

reporting in the case of dietary antioxidant intake, is also difficult to ensure over longer time 

periods. With long-duration trials it also becomes difficult to recruit and retain sufficient numbers 

of patients to achieve appropriate power.  Additionally, many antioxidants are chosen for study 

based on availability or prevalence in certain diets rather than their chemical antioxidant 

properties.  Finally, it is possible that while anti-oxidants may slow disease onset, they may be 

unable to reverse established tissue damage resulting from decades of oxidative stress. 
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It is also possible that antioxidant supplementation displays no beneficial effects.  In the 

PRESERVE study, the antioxidant GSH precursor N-acetylcysteine (oral N-acetylcysteine and IV 

physiologic saline) was compared to control (IV sodium bicarbonate and oral placebo) in 5,177 

patients at high risk for renal complications who were scheduled for angiography. Despite 

numerous smaller trials showing kidney protection by N-acetylcysteine(260), in this study N-

acetylcysteine was no more effective than sodium bicarbonate for preventing contrast-induced 

acute kidney injury (207).    

Thiol redox chemistry likely predates oxygen-based redox chemistry: early anaerobic, 

chemoautotrophic life forms relied on sulfur instead of oxygen for energy. In this context, it is not 

surprising that thiol-based redox-sensing and redox-buffering systems are ubiquitous and highly 

conserved among eukaryotes.   

Recently, electrophilic chemical agents, which activate the thiol-based redox-sensor 

Keap1/Nrf2 to elicit protective cellular antioxidant responses, have been identified as promising 

drug candidates. This thesis, and my research as a graduate student, has focused on improving 

basic understanding of how pharmacologic activators of Nrf2 signaling affect thiol homeostasis, 

and exploring a preclinical animal model of Nrf2 activation to uncover potentially beneficial 

effects on renal physiology.   

5.1 ELECTROPHILE MODULATION OF THIOL HOMEOSTASIS 

The question posed in Chapter 3 of this dissertation was whether therapeutic electrophiles NO2-

OA, CDDO-derivatives, or DMF reduces intracellular GSH through conjugation reactions, or 

whether electrophile-mediated activation of Nrf2 signaling bolsters intracellular antioxidant 
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defenses through increasing GSH. Electrophiles were found to predominantly increase 

intracellular GSH in RAW264.7 macrophage cells through upregulation of Nrf2-dependent 

biosynthetic machinery including GCL, although a reduction in GSH was observed at early time-

points (~1hr) after electrophiles exposure. The effects on GSH depletion and GSH biosynthesis 

were temporally distinct. Unexpectedly, the studies also demonstrated a paradoxical increase in 

intracellular GSSG which exceeded the increase in GSH.  This phenomenon was studied in detail 

to test whether electrophile-mediated GSSG accumulation was the result of increased oxidative 

stress. Peroxiredoxin oxidation state was evaluated via immunoblotting for monomeric (reduced) 

and dimeric (oxidized) Prdx1 and Prdx3; LPS and H2O2 but not electrophiles induced Prdx 

oxidation.  

Finally, the ratio of GSH to GSSG was found to be regulated by the activity of GR, which 

was shown to act as a GSH- and electrophile-sensitive rheostat. GR was found to be product-

inhibited by GSH, with increases in GSH reducing GR activity in vitro and in cells. Electrophilic 

NO2-OA was found to covalently inhibit GR through reactivity with Cys61 at the GR catalytic 

site.  

5.2 FUTURE DIRECTIONS: ELECTROPHILE EFFECTS ON GLUTATHIONE 

HOMEOSTASIS 

This line of inquiry leaves several questions unanswered. First, while this dissertation shows that 

electrophiles increase protein S-glutathionylation, the mechanisms, specificity, and biological 

sequelae of this post-translational modification are not known. Non-reducing gel electrophoresis 

followed by immunoblotting with anti-GSH antibody (Virogen, Watertown, MA) showed 
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numerous bands (data not shown) and an increase in band intensity following NO2-OA treatment. 

This suggests that multiple proteins may be S-glutathionylation and confirms the quantitative 

increase in S-glutathionylation induced by NO2-OA shown in Figure 16.  However, the small size 

of the GSH epitope raises concerns about the specificity of this antibody-based approach, and S-

glutathionylation of specific proteins identified by this approach should be confirmed using mass 

spectrometry techniques.    Follow-up experiments will also be needed to determine the extent 

and mechanism by which GSH and/or S-glutathionylation impact macrophage inflammatory 

function.   

Second, it remains to be shown how the concomitant increases in intracellular GSH and 

GSSG induced by electrophile exposure translate from a simplified cell-culture system to animal 

models or human patients. These studies will be complicated by the lability of GSH and the need 

for rapid and consistent blocking of samples with reactive alkyl compounds such as NEM, both 

for enhancing detection of GSH and for prevention of GSH auto-oxidation.  

5.3 NRF2 PROTECTS AGAINST LI-NDI 

In Chapter 4 of this thesis, the relationship between hyperactivation of Nrf2 and development of 

nephrogenic diabetes insipidus was investigated. Despite beneficial effects of genetic or 

pharmacologic Nrf2 activation in diverse disease models, recent publications(47, 48)  have shown 

that hyperactivation of this pathway due to complete absence of renal Keap1 results in severe renal 

insufficiency. These animals develop nephrogenic diabetes insipidus with polyuria/polydipsia as 

well as structural kidney damage in the form of hydronephrosis. Clinically, nephrogenic diabetes 

insipidus occurs most commonly in patients chronically receiving Li for management of 
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psychiatric disorders. Moreover, Li is thought to be an inhibitor of the Nrf2 repressor GSK3β(159, 

209, 261). It was therefore hypothesized that Li induces NDI via hyperactivation of Nrf2. A mouse 

model of iatrogenic Li-NDI was studied to determine if Li caused NDI through activation of Nrf2 

in vivo. An in vitro model system using  primary human renal cortical cells was also evaluated. In 

these models Li failed to activate Nrf2 signaling, as tested by immunoblotting and 

immunofluorescence for the canonical Nrf2 target protein NQO1. Unexpectedly, graded genetic 

activation of Nrf2 achieved through hypomorphism of floxed Keap1 completely protected mice 

from Li-NDI.  Existing therapeutic strategies are limited to diuretics targeting NCC and ENaC, 

carbonic anhydrase inhibitors, and NSAIDs, as reviewed in Table 2.  The mechanism by which 

Nrf2 activation in the Keap1f/f mouse model protected against Li-NDI appeared to involve 

downregulation of distal tubule expression of NCC mimicking thiazides, downregulation of CA-

II, and alteration of endothelial function which could affect renal hemodynamics and 

tubuloglomerular feedback. 

5.4 FUTURE DIRECTIONS: PRECLINICAL EVALUATION OF ELECTROPHILIC 

NRF2 ACTIVATORS FOR LI-NDI 

The discovery that graded genetic activation of Nrf2 protects against Li-NDI development 

suggests significant clinical implications for the treatment of this disease. Fortuitously, targeted 

electrophilic activators of Nrf2 are already in clinical development for treatment of both acute 

kidney injury (AKI) and CKD. In addition to the significant risk of Li-NDI, the incidence of CKD 

is significantly increased by Li administration(262–264).  It is possible that as an electrophilic Nrf2 

activator could ameliorate or treat both of these side effects of Li.  To evaluate the clinical potential 
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of Nrf2 activators in this context, testing will be continued in preclinical models.  Future 

experiments in our laboratory will evaluate Nrf2 activators including Bardoxolone (CDDO-Me) 

and CDDO-Im, as well as electrophilic NO2-FA including NO2-OA and NO2-cLA, in our murine 

model of Li-NDI. In addition to evaluating whether Li-NDI develops in mice pre-treated with 

electrophiles, it will be important to independently test whether these compounds are efficacious 

in mitigating symptoms in established disease. Furthermore, electrophile effects on progression to 

CKD in a chronic lithium exposure model will be assessed by evaluating fibrotic markers including 

fibronectin and α-smooth muscle actin (α-SMA).  

 If Nrf2 activation is an effective strategy for treating Li-NDI, it may also hold clinical 

relevance in hereditary nephrogenic diabetes insipidus. Hereditary NDI is the result of defects in 

the gene encoding the vasopressin V2 receptor, or less commonly, a mutation in AQP2(265). 

Mouse models of AQP2 mutation have been developed in the last 10 years which would facilitate 

this line of inquiry(266).  Importantly, the beneficial effect of Nrf2 hyperactivation appears to be 

independent of AQP2 expression.  

 A preclinical research program to develop Nrf2 activators for treatment of NDI will 

necessitate additional mechanistic studies.  Based on the present study, as well as previously 

published reports, it is thought that sensitivity or resistance to polyuria is determined at the level 

of renal microvasculature, as protection is not necessarily correlated with AQP2 expression. While 

we were able to demonstrate Nrf2-mediated reduction in two vasodilatory autocoid signaling 

molecules, kynurenine (in plasma) and prostacyclin (in kidney homogenate), it remains to be 

shown whether protection is conferred by down-regulation one or both of these molecules. 

While efficacious as a last-resort therapy for Li-NDI, COX inhibition poses non-trivial 

risks for renal patients(267–269).  It remains to be seen if the adverse renal effects of selective or 
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non-selective COX-inhibition, or facets thereof, are recapitulated by Nrf2-mediated down-

regulation of COX.  Renal injury caused by COX inhibition is attributable to hypoperfusion. Nrf2 

hyperactivation has been previously shown to protect against renal ischemia-reperfusion 

injury(46), suggesting that Nrf2 activators may exert beneficial renal vascular effects protecting 

against Li-NDI while simultaneously preventing ischemic tubular damage. 

Finally, while gene expression profiles of transgenic and pharmacologic activation of Nrf2 

overlap, they are also distinct. To our knowledge RNA-seq experiments comparing renal gene 

expression in these models has not been published . Moreover, studies of NO2-FA have shown that 

even structurally-related electrophiles differentially engage the Nrf2 and NFkB pathways(109). 

Thus, it may be necessary to further elucidate structure-function relationships to identify 

electrophiles with greatest clinical promise for treating Li-NDI.  
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