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Abstract

The homeostatic balance between oxidants and antioxidants in biological systems is known as

redox balance, and is regulated by complex processes. Redox balance regulates many of the

known cellular pathways and disease processes. The dysregulation of redox balance can lead to

acute or long-term oxidative or reductive stresses that are associated with many of the

abnormalities observed in cystic fibrosis (CF). Over the past 5 decades researchers have examined

contributors to redox dysregulation, their molecular products, and their impact on ion transport,

cell proliferation, inflammation, bacterial killing, and the metabolism of nucleic acids, proteins,

and lipids in CF. CF patients exhibit elevated markers of oxidative stress when compared to non-

CF healthy controls; however, whether the reported redox imbalance is sufficient to produce

pathology has been controversial. In addition, comparisons between CF and non-CF disease

controls have been lacking. To better understand the mechanisms which mediate the generation of

oxidants and antioxidants in CF and the importance of their balance in effecting oxidative or

reductive stress, we will review the determinants of redox balance in the blood, lumen, and

cellular compartments. From the perspective of methodological application, we will focus on the

approaches most often used to study oxidant and antioxidants in CF, including biochemical,

proteomic, metabolomic, and lipidomic studies, with a discussion of the few transcriptomic

analyses that predict changes in the expression of regulators of redox. Finally, we will discuss the

utility of oxidants and antioxidants as biomarkers of disease and the use of antioxidant therapy in

CF.
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Introduction

The importance of the impact of oxidative stress on disease pathology has been steadily

demonstrated over the past 5 decades. Increasingly, researchers have determined that a

number of disease processes are very sensitive to oxidants and changes in redox balance (the

homeostatic balance between oxidizing and reducing (antioxidant) equivalents, as discussed

below under the Redox balance section). Even in the absence of disease, most known

cellular pathways are significantly modulated (or regulated) by changes in redox balance.

Cystic fibrosis is caused by mutations in a gene that codes for the cystic transmembrane

conductance regulator, and is marked by abnormalities in ion transport, cell proliferation,

inflammatory signaling, bacterial killing, and the metabolism of lipids, proteins, and nucleic

acids. Many of these disease-causing processes are modulated by oxidants and antioxidants.

Therefore, the study of oxidants, antioxidants, and the mechanisms that regulate redox

balance in CF is logical.

In the context of CF, many studies have reported significant increases in the products of

oxidation in patients and laboratory models since the late 1970’s. These findings have

encouraged the notion of redox imbalance in CF, which was first reviewed by Winklhofer-

Roob (1), and continues to be an area of interest. However, acute changes in oxidants and

antioxidants are part of normal physiology, and do not necessarily entrain disease. In order

to precipitate a pathological condition, such as oxidant-induced chronic inflammation,

biological systems have to experience a sustained imbalance between oxidants and

antioxidants. For example, oxidative stress can be caused by acute events such as infection

or exposure to toxins which resolves with termination of the threat to homeostasis. In the

case of progressive diseases such as chronic obstructive pulmonary disease (COPD) and CF,

chronic redox imbalances favor an oxidizing environment which is hypothesized to

precipitate the disease state. In the chronic state, an oxidizing environment can cause

oxidation of DNA, proteins, lipids, and other metabolites, which subsequently alter signaling

cascades and change the levels of oxidizing and reducing equivalents. Although these

Gestalt level interactions precipitate the disease state, to improve detail and focus scope the

majority of studies in CF have investigated individual molecules (oxidants, antioxidants, or

products of oxidation), and have not examined the complex regulation of intracellular and

extracellular redox balance. Consequently, the question of whether persistent oxidative

stress exists in CF has not been definitively answered.

Traditionally, the study of oxidants and antioxidants in CF, which began in the late 1970’s,

has employed biochemical approaches. More recently, the use of gene array technology has

allowed for the examination of genes that regulate redox balance. A significant

methodological shift in the study of CF occurred with the advent of electrospray ionization

technology that allows for direct mass spectrometric examination of oxidants and

antioxidants, the proteins that regulate their production, and the various targets of redox

modification (nucleic acids, lipids, proteins, and metabolites). Although mass spectrometry

(MS) based approaches, such as proteomics, lipidomics, and metabolomics hold much

promise for studies of oxidants and antioxidants in CF, only a small number of studies have

been reported. Therefore, we will review the predominantly biochemical work as well as the

MS-based studies, with the aim of giving the reader a summary of the field as well as
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providing a solid background of areas where omics approaches can be applied. We will

begin with a discussion of redox balance to provide the critical framework for the reader to

understand oxidants and antioxidants in a physiological context. Moreover, because the

determinants of redox balance significantly differ in different milieus, we will review mainly

animal and human studies of oxidants and antioxidants in the context of three compartments;

the blood, the cell (the predominant work is in airway epithelia), and the lumen.

Redox Balance

The production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is a

necessary physiological process that modulates many cellular functions. For example, both

tumor necrosis factor (TNF)α (2) and interleukin (IL)-1β (3) mediated activations of NF-

κB and subsequent inflammatory signaling have been shown to be hydrogen peroxide

(H2O2) dependent. Peroxide enhances the phosphorylation and subsequent activation of IκB

kinases leading to the increased phosphorylation of IκB, its subsequent degradation, and the

increased activation of NF-κB (4). A large number of other signaling cascades, including

those of AP1, MAPK, and JNK are similarly regulated. To manage signaling through these

and other pathways, cells use a complex and tightly regulated balancing system to control

the effects of oxidants and antioxidants. This is the system of redox balance. Normal and

efficient signaling is dependent on shortly lived imbalances that result in short term

oxidation or reduction of biological molecules that affect various cellular functions.

However, oxidative or reductive stresses, which contribute to disease pathology, can arise

when increases in the production of ROS and/or RNS are poorly balanced by antioxidants,

resulting in a disruption the cellular homeostasis of oxidizing and reducing equivalents.

Generally, oxidizing and reducing equivalents are balanced in ratios to regulate appropriate

cell function (Figure 1). Balance is achieved through antioxidant systems, enzymes and

metabolic processes, which are ultimately critical to cell viability. Exposure to various

environmental or pharmacological insults can alter ratios to cause an imbalance of oxidizing

and reducing equivalents. This observation provides much of the rationale for more classical

definition of oxidative stress that was coined nearly 35 years ago by Helmut Sies: “. . . a

disturbance in the prooxidant-antioxidant balance in favor of the former” (5). There are a

number of different systems in place that actively restore balance to intracellular

environments during periods of oxidative imbalance, which must occur in a timely fashion

to prevent cellular dysfunction and cell death. It should be noted that prolonged periods of

oxidative stress require relatively high levels of mild oxidant, such as H2O2, to elicit cell

death, while strong oxidants such as sodium hypochlorite (NaOCl) and hydroxyl ions (•OH)

can induce cytotoxicity at low levels. Physiologically, ratiometric shifts of the reducing and

oxidizing equivalent (redox) balance are much more likely to cause changes to intracellular

signaling before overt cytotoxicity (Figure 2).

Advances in understanding oxidative stress

Since its original definition, oxidative stress has been primarily viewed as global changes to

oxidizing and reducing equivalents that evoke oxidative damage to cellular macromolecules,

such as DNA, lipids and proteins. In fact, many studies have focused on biomarkers of

oxidative end products to demonstrate oxidative stress including malondialdehyde, 8-
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hydroxyguanosine, bromotyrosine, chlorotyrosine, nitrotyrosine, 8 isoprotaglandin F2α (8
iso-PGF2α), and 2,3 dinor 8 iso-PGF2α. Many of these biomarkers are the result of

sustained ROS/RNS generation promoting eventual cellular apoptosis. However, in many

disease states, extremely high levels of ROS/RNS generation sufficient to cause cellular

apoptosis are infrequent. It is more common to observe ROS/RNS production that induces

smaller, more discrete changes to redox states and triggers specific signaling pathways or

change in cellular function. Yet, this concept is somewhat incompatible with the more

classic definitions of oxidative stress, where oxidative stress is defined as a more large-scale

shift of all redox couples. With this view, all redox sensitive processes would be activated or

deactivated during oxidative insult. The majority of reports in the literature demonstrate that

ROS/RNS generation, through various signaling molecules, activates very specific

pathways, and this targeted stimulation is not consistent with global activation of redox-

sensitive elements. Reconciling discrete cellular signaling/functional alterations with large

scale shifts in cellular oxidizing and reducing equivalents becomes difficult through the

classical definition of oxidative stress leading to the need for an alternate rubric with which

to examine the role of redox balance in disease.

A breakthrough in our understanding of the mechanisms by which oxidative stress may

specifically alter cellular function came with the observation that cellular redox couples are

not in equilibrium but are actually independently regulated. This critical finding was

provided by a study of plasma redox states in people of various ages (19–85 years old) (6).

In this study, glutathione (GSH) and glutathione disulfide (GSSG) were measured, and

redox potentials (Eh) were determined via the Nernst equation. Data show that GSH Eh was

fairly unchanged until age 45, after which it became increasingly oxidized at a rate of

approximately +0.7 mV/year thereafter. Interestingly, cysteine (Cys) and cysteine (CySS)

were also measured, and Cys Eh were determined. Cys Eh revealed a very different profile,

where a more linear oxidation over time beginning at approximately 20 years of age,

averaging nearly +0.2 mV/year over time. Differential oxidation profiles of both GSH and

Cys reveal that cellular redox couples are not in equilibrium but rather are independently

regulated and as such, cannot be treated as like equivalents. Thus, during periods of

increased ROS production, there is not a global cellular shift of equivalents to a more

oxidized state, but there are distinct shifts within specific couples. Other examples of redox

couple disequilibrium include the effects of various heavy metals in toxicological studies,

where specific metals (arsenic, cadmium and mercury) caused substantial oxidation of the

cellular thioredoxin (Trx) Eh without significant oxidation of the cellular GSH Eh.

Conversely, other metals (copper, iron and nickel) had little effect on the Trx Eh but

primarily oxidized the GSH Eh (7). Redox changes during cellular differentiation of human

mesenchymal stem cells (hMSCs) also support the disequilibrium of various redox couples,

where oxidation profiles that occur during differentiation are specific to which

differentiation pathway (i.e. bone vs. fat) is promoted (8). Thus, regulated changes to

specific couples control individual signaling pathways related to individual cellular

differentiation fates. These examples, and others, support the notion of differential redox

control through specific redox couples (9).
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A newer definition of oxidative stress

A more accurate definition of oxidative stress should take into consideration the

individuality of each redox couple, its regulatory mechanisms by which it controls its own

Eh and the redox-sensitive elements that are regulated through that specific couple. This

newer definition has been best phrased as a ‘disruption of redox control and signaling’

where each couple controls specific targets to regulate individual activation or deactivation

of relevant pathways under the control of that distinct redox couple (10). Thus, each couple

has been described as an individual “node” that can act as a rheostat to fine tune redox-

sensitive pathway activities (Figure 3). Couples may work in tandem to regulate specific

pathways thereby avoiding global activation of redox-sensitiveelements. For proteins, the

redox potential of cysteine residues can vary as a consequence of neighboring amino acids,

location within the protein itself. The redox potentials of interacting molecules or residues

define their role as an oxidant or antioxidant. For example, if the redox potential of a

cysteine residue is lower (more reducing) than that of GSH, then GSH can act as an oxidant

of that residue (Figure 3). Therefore, a molecule that is typically thought of as an

antioxidant, such as GSH, can serve as an oxidant under some conditions, and this is an

important concept.

Plasma

While redox states have been revealed to control cell function and signaling, only recently

has it been appreciated that the extracellular redox compartment plays a role in these

processes. Because it is the largest extracellular compartment, plasma can reflect an

organism’s redox status. Glutathione turnover in cells begins with its transport across the

plasma membrane into the extracellular space, including into the plasma. There, it can serve

to move throughout the body to various destinations. However, extracellularly, GSH

concentrations are very low by comparison to intracellular levels (2–10 mM intracellular vs.

1–5 μM extracellular). Rather, the primary extracellular small biothiol in the plasma is the

sulfur containing amino acid, cysteine (Cys). Total pools of Cys can exist in either a reduced

or oxidized state, either Cys or cysteine (CySS), respectively, and thereby constitute a

unique node of redox control that functions independently from GSH or thioredoxin-1 redox

states (11). While capable of controlling specific redox-sensitive elements, extracellular Cys

pools are interconnected to GSH as Cys levels are largely a consequence of GSH efflux and

breakdown from cells into the plasma. In the extracellular space, GSH can be cleaved to the

dipeptide, Cys-Gly, by the enzyme γ-glutamyltranspeptidase (GGT). Cys-Gly is cleaved

again by dipeptidases to yield Cys (Figure 4). Free Cys forms a redox equilibrium forming

cysteine (CySS) and together constitute the largest small biothiol in the plasma, where total

Cys/CySS levels (~250–300 μM) are much higher than GSH levels in the plasma. Reported

findings show that Cys Eh in the plasma are approximately -80 mV (6). The Cys Eh is

associated with aging, macular degeneration and regulation of intracellular signaling (6,12–

14). The role of extracellular Cys redox states in CF pathology remains unstudied, yet

previous work unrelated to CF may suggest that this couple regulates multiple facets of CF

disease states.
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A number of studies have shown that oxidative extracellular Cys redox states are associated

with an increase in intracellular ROS generation (14,15). Oxidizing extracellular redox states

regulate the redox state of extracellular sulfhydryl protein residues on the extracellular

plasma membrane (Figure 5). While the exact targets of extracellular Cys-mediated redox

control are unknown, studies show that oxidative alteration of these residues are important

in the regulation of intracellular ROS generation (16). However, extracellular redox states

regulate intracellular ROS generation that originates from the mitochondria not at the

plasma membrane (12,16). This is of particular interest to CF as mitochondrial dysfunction

was an observation made nearly 40 years ago (discussed below under the Intracellular

compartment section. Because mitochondrial GSH levels are low in CF, extracellular-

mediated intracellular ROS generation originating from the mitochondria may play an even

greater role in changes to metabolism and signaling.

Nearly 40 years ago, the earliest studies on antioxidants in CF patient plasma described

deficiency in vitamin E (17,18) and selenium (18–20). Interestingly, these deficiencies were

found to correlate with an increased risk of cancer (21,22). A large study of 101 CF patients

reported significant increases in lipid peroxidation and protein oxidation, when vitamin E

deficiency was observed, although no clinical signs were correlated with these findings (23).

Other lipid markers of oxidation are elevated in CF plasma. For example, 8 iso-PGF2α
plasma levels in CF patients were double those measured in non-CF controls, while levels of

vitamins A and E, and β-carotene were all significantly decreased in CF (24). Furthermore,

during pulmonary exacerbations deficiencies in antioxidants correlated with increases in

oxidants. In the largest study of oxidants and antioxidants conducted to date in CF patients

(n = 312), Lagrange-Puget M and colleagues found significant decreases in the plasma

antioxidants vitamin A, vitamin E, carotenoids, and GSH, while lipid peroxidation, a maker

of oxidation, , significantly increased (25). As briefly reviewed here, alterations in vitamin

A, vitamin E, carotenoids, GSH, and lipid peroxidation in plasma of CF patients have been

documented across a number of independent studies suggesting that these are good markers

of CF pathology.

In terms of GSH, seminal findings by Roum et al. (26) showed a systemic deficiency in

GSH in patients with CF. Healthy and CF patients showed a sharp discrepancy in plasma

GSH concentrations with a 40% decrease below normal controls in the CF patients. Total

plasma GSH concentrations for healthy controls were 4.5 μM while GSH concentrations

were only 2.7 μM in CF subjects. The portion of the total GSH concentration that was

reduced also differed significantly between healthy controls and CF patients (4.3 μM and 2.6

μM, respectively). Conversely, GSSG concentration were not statistically different in CF

(0.1 μM) and healthy (0.4 μM) patients. While not measured in the original study, redox

potentials (Eh) can be measured by inputting these values into the Nernst equation. There is

not a substantial difference in GSH Eh in the plasma between CF and healthy individuals,

measuring −139 and −138 mV, respectively. While the GSH Eh is similar between CF and

healthy individuals, lower concentrations would suggest an impaired ability to deal with

exogenous oxidative insults. Equally potent systemic oxidative insults would likely affect

the GSH Eh to a greater degree in CF than in healthy subjects. Other mediators to redox

states probably include protein thiols. Most notably, albumin and alpha1 antitrypsin, which
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are cysteine rich are believed to significantly contribute to the regulation of plasma redox

states but this has not been studied in the context of CF.

Although the mechanism for total plasma GSH concentration differences in CF is not

entirely understood, but the cystic fibrosis transmembrane conductance regulator (CFTR),

has been implicated in the transport of GSH (discussed below under Involvement of CFTR

section). The plasma constitutes the largest extracellular compartment in the body, and

moreover, plasma redox states are likely to regulate numerous aspects of endothelial

function. Regardless of the mechanisms by which GSH is exported to the extracellular

space, the observations that GSH levels are depleted in CF are consistent, suggesting that

these may serve as an avenue of potential therapy or biomarker discovery and are an

important area for further study.

Intracellular compartment

Within cells, redox balance is regulated mainly by the levels of GSH/GSSG, with a

significant contribution from TRX1/TRX1s-s in nuclei and TRX2/TRX2s-s in mitochondria.

The mitochondrion, the most significant source of ROS in the cell, has been the subject of a

number of CF focused studies since the late 1970’s. Early studies by Shapiro and colleagues

(27,28) in fibroblasts reported significant increases in mitochondrial oxygen consumption in

CF patients versus non-CF control subjects. Later studies of epithelial cells from nasal

polyps demonstrated a ~50% increase in oxygen consumption in CF versus non-CF controls,

and found that this increase was reversed by ouabain treatment, suggesting that increased

energy demands by CF cells were due to increased Na+ K+ ATPase activity (29). While

abnormalities in Na+ K+ ATPase activity in CF have not been widely reported, findings of

increased oxygen consumption by polarographic oxygen electrode measurement in different

CF cells have been consistent (27–29). If CF cells consume more oxygen then CF

mitochondria may be the source of increased superoxide (O2−) and peroxide (H2O2) levels

(30).. Importantly, this suggested increase in O2− and H2O2 in CF cells does not necessarily

indicate a redox imbalance in CF cells if they exhibit an increase in antioxidant capacity. In

fact, elegant studies by Schwarzer and colleagues in non-polarized nasal epithelial cell lines

did not find any significant differences in the redox potential of the mitochondria of CF

(homozygous for F508del) versus wildtype CFTR-corrected controls (31). These studies

employed organelle-targeted redox sensitive GFP, and also showed no difference in redox

potential in the endoplasmic reticulum (ER), at the cell surface or in the cytosol of CF versus

non-CF cells. Notably, redox sensing molecules, such as the GFP used in these studies, can

themselves affect the redox environment by acting as a reductant. Nevertheless, the

Schwarzer et al. studies remain to be the most global examination of intracellular redox

balance in CF epithelial cells.

Despite some controversy over the presence of steady state intracellular redox imbalance or

oxidative stress in CF, investigators have provided a range of evidence that collectively

suggests increased oxidant stress in CF. Significant increases in urinary 8-

hydroxydeoxyguanosine in CF patients versus controls indicate DNA oxidation and damage,

although these data did not correlate with disease severity (32). Later studies by Velsor and

colleagues found significant increases in DNA oxidation and lipid peroxidation in lungs
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from Cftr knockout mice versus wildtype controls (33). The investigators found no

difference in GSH levels in CF versus control lungs, a finding which supports similar

observations made earlier by Gao and colleagues (34) in human epithelial cell lines, and by

Mangione and colleagues in erythrocytes (35). However, follow up studies by Velsor and

colleagues in Cftr knockout mice and human epithelial cell lines revealed a significant

decrease in mitochondrial GSH coupled with significant increases in mitochondrial DNA

oxidation and decreased aconitase activity (usually resulting from the oxidation of aconitase)

in CF versus non-CF controls (36). The importance of mitochondrial GSH was further

demonstrated when treatment with a mitochondria permeable GSH analog, glutathione

monoethylester (GSH-EE), restored aconitase activity and reduced ROS production (37).

These findings highlight the importance of examining cellular compartments such as the

cytosol, mitochondrion, and nucleus separately.

Redox regulation is of much importance in inflammatory cells, which play a pivotal role in

CF. The production of ROS by neutrophils and macrophages is essential to their bactericidal

functions. As early as 1977, oxidase activity in granulocytes from 50 CF patients was found

to be elevated compared to controls by colorimetric nitro blue tetrazolium analysis (38).

Importantly, these studies found no correlation of this increase with bacterial killing or

clinical status. More recent studies suggest that CF phagocytes may actually exhibit

decreased bactericidal function despite of increased ROS production due to the lack of

chloride transport in the CF phagosome (39). These studies highlight the importance of

chloride as a substrate of myeloperoxidase (MPO)-mediated production of hypochlorous

acid (HOCl), and the importance of chloride transport in bacterial killing. In addition to

MPO, the NADPH/Dual oxidase (NOX/DUOX) family of oxidases play a significant role in

ROS production by neutrophils and macrophages, as well as epithelial cells. However, no

significant examination of the differential behavior of these oxidases in CF versus non-CF

has been performed.

Involvement of CFTR

There is some evidence that CFTR may serve as an efflux channel for GSH. CFTR shares a

structural similarity to ABCC proteins, including multidrug resistant proteins (MRPs),

which are believed to export glutathione and/or glutathione-S-conjugates (40,41). Using

current recordings from excised membrane patches, GSH was shown to be permeant in

CFTR (42). Utilization of inhibitors, such as glibenclamide and dinitrostilbene-2,2’-

disfulonate (DNDS), prevented GSH efflux. Furthermore, in other studies, inside-out

membrane vesicles were used to evaluate CFTR-mediated GSH efflux (43). Vesicles

expressing CFTR demonstrated an increased uptake in radiolabeled GSH ([35S] GSH)

compared to vesicles lacking CFTR. In this same report, mutant CFTR (R347D) showed a

decreased ability to traffic GSH compared to wild-type. While these studies suggest GSH

export through CFTR, reproducibility of these results and inconsistencies have been

problematic for the notion that CFTR is a GSH transporter. In terms of its primary function

the inhibition of CFTR mediated chloride transport in primary blood neutrophils and a

neutrophil cell line was linked to significant decreases of neutrophil phagosome HOCl that

result in the decrease of Pseudomonas aeruginosa protein chlorination (44). Follow up

studies demonstrated the importance of chloride transport to both oxidant dependent and
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independent killing of bacteria in primary blood neutrophils from CF patients and non-CF

controls (39).

CFTR appears to be susceptible to redox regulation. A direct impact of redox potential on

CFTR was not demonstrated until the 1990’s (45). Stutts and colleagues studied CFTR

sensitivity to acute variations in the ratio of NADPH/NADP+ in whole cell patch

experiments. Under these conditions, treatment with NADP+ (oxidized) significantly

increased basal and forskolin stimulated Cl− currents through CFTR. Treatment with the

reduced couple, NADPH, inhibited the channel. Similar results were observed for other

oxidants. However, this phenomenon may not occur physiologically as concentrations 6–7

times the normal cellular levels were used in the study. Nevertheless, a sensitivity of CFTR

to redox potential was clearly demonstrated. Concordantly, in studies of inside out patches

and single channel recording, Harrington and colleagues (46) found that oxidants slow

channel kinetics and increase channel open probability, while high level reducing agents

speed up channel gating kinetics and decrease open probability. Interestingly, these studies

were also the first to demonstrate that CFTR channel function can be modulated by S-

nitrosylation reagents and that this oxidation increases open probability. Later studies by

Zaman and colleagues further demonstrated that S-nitrosylation not only increases the

expression of CFTR, but also its maturation by modifying interacting chaperones (47,48).

Finally, some studies indicate that oxidant generated signaling molecules, such as 8-iso-

prostaglandin E(2), induce CFTR channel function (49,50).

Oxidation and oxidative stress have also been shown to suppress CFTR channel function.

The channel can be reversibly inhibited by directly glutathionylation, albeit at levels of

GSSG that are 10 times physiological concentrations (51). Although others of the 18

cysteine residues in CFTR may be susceptible to glutathionylation, mutant channels lacking

cys-1344 are largely resistant to inhibition by oxidation, highlighting the importance of this

residue in redox modulation of the channel. Interestingly, these studies also demonstrate a

decrease in channel function following treatment with proposed therapeutic levels of S-

nitrosylation reagents. Cantin and colleagues observed a decrease in CFTR message stability

following cell exposure to oxidants, which translated into decreased protein expression (52).

This decrease in CFTR was concomitant with an increase in γ-glutamylcysteine synthase

(the rate limiting enzyme in GSH synthesis), and GSH. This finding suggested that

decreased CFTR protein expression was a cellular adaptive response to decrease GSH efflux

and increase intracellular levels to address the exposure to oxidants, suggesting a regulatory

link between redox balance and CFTR expression. Interestingly, some bacteria may also

exploit CFTR’s redox susceptibility. For example, Pseudomonas aeruginosa produces

pyocyanin, a molecule that inhibits cellular peroxidases and disrupts the redox balance of

nicotinamide nucleotide, and thus acts as an oxidant. Exposure of CF and non-CF human

bronchial epithelial cell lines to clinically relevant levels of pyocyanin increased depleted

GSH and ATP levels in both CF and non-CF cells (53). No impact on Cl− current was

observed in treated CF cells. In non-CF cells pyocyanin slightly increased basal Cl− current,

but markedly inhibited forskolin stimulated current, indicating a significant inhibition of

CFTR. Taken together, the evidence points to interplay between the regulation of CFTR and

redox regulation, and suggests that CFTR can be both activated and inhibited by oxidation.
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Nrf2 dysregulation in CF

Nuclear factor erythroid 2 [NF-E2] - related factor 2 (Nrf2) is the central transcription factor

of the antioxidant response element (ARE) pathway (54). The ARE is the cell’s chief

protective response to changes in redox balance. Under conditions of increased oxidant

production, the Nrf2 inhibitory protein Keap1 is oxidized and dissociates from Nrf2

allowing for subsequent transcriptional activation that can entrain the expression of over 200

antioxidant/protective proteins. Many of these proteins are primary regulators of redox

balance and oxidative damage repair, and include: γ-glutamylcysteine synthase (the rate

limiting enzyme in glutathione synthesis), Trx1 (the predominant regulator of nuclear redox

balance), and catalase (the chief cellular peroxidase). Importantly, Nrf2 regulated proteins

play an active role in suppressing inflammatory signaling and are antagonistic to pro-

inflammatory transcription factors, such as NF-κB. Because of this antioxidant / anti-

inflammatory role, Nrf2 dysfunction has been linked to disease progression and pathology in

a number of inflammatory lung diseases, including COPD.

There is some evidence that Nrf2 is dysfunctional in CF airway epithelial cells. Targeted

proteomic studies in human primary bronchial epithelia and airway epithelial cell lines

revealed a significant decrease in the expression of a number of Nrf2 regulated antioxidant

proteins and a significant increase in steady intracellular H2O2 in CF versus non-CF cells

(55). Furthermore, a large decrease (~70%) in Nrf2 basal transcriptional activity that was

further exacerbated by inflammatory stimulation was observed in CF versus non-CF cells,

and could also be produced by inhibition of CFTR, suggesting a link between Nrf2

dysregulation and cellular adaptive responses to the loss of CFTR function (55). Further

examinations revealed that in CF cells, the interaction of Nrf2 with CREB binding protein

(CBP) that is necessary for maximal transcriptional activation is diminished by a cAMP-

dependent mechanism (56).

Nrf2 regulation in non-epithelial CF cells may differ. For example, the expression of heme

oxygenase 1 (HO-1), a Nrf2 regulated gene, is significantly elevated in CF patient

macrophages versus non-CF controls (57). However, this same study reported that the CF

IB3 epithelial cell line fails to increase HO-1 expression in response to stimuli, supporting

our findings on Nrf2. Furthermore, the investigators demonstrated that transfection with and

over expression of an HO-1 construct protected against effects of Pseudomonas aeruginosa

infection, suggesting that manipulations that compensate for Nrf2 dysfunction in CF can be

beneficial. Further studies are required to definitively define Nrf2 behavior in CF, but a

report that CF patients, versus controls, do not exhibit Nrf2 activation in response to the

conventional Nrf2 activator sulforaphane (58) supports the notion of Nrf2 dysregulation.

Lung lumen

Unlike other extracellular compartments, the lumen of the lung possesses a unique redox

environment. Dissimilar to the plasma, where the predominate small biothiol is Cys, GSH

concentrations far outweigh those for Cys, where total concentrations are estimated to be

approximately 120 μM and a Eh of nearly −110 mV (59). Generally, total GSH

concentrations in the airway surface liquid (ASL) have been estimated to be 275–500 μM in

healthy patients (26,60,61) and are comparable to some mouse models where total GSH is
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approximately 600 μM (36). Most of this pool is reduced and is representative of

approximately 80–90% of the total pool. With these measurements, GSH Eh potentials can

be generated to show that in healthy patients are relatively reduced compared to the plasma,

ranging from −175 to −210 mV (approximately −130 to −140 mV in plasma) (62). The

mechanism by which extracellular GSH redox states are regulated is currently unknown, but

may occur through GSH breakdown by enzymes such as gamma-glutamyltranspeptidase

(GGT), subsequent Cys uptake by cells (Figure 4), and GSH resynthesis and secretion.

While a better understanding of extracellular GSH redox state regulation is needed, minimal

research has been conducted, especially in the airway.

In CF patients, total GSH concentrations in ASL are greatly diminished and are

representative of only a fraction of that in healthy individuals. Total GSH concentrations are

only 92 μM, constituting only 20–30% of totals in a healthy pulmonary ASL (26).

Glutathione in the CF ASL was measured to be 78 μM and are significantly lower than

healthy lung ASL of 257 μM. However, GSSG concentrations were not significantly

different with GSSG in the healthy lung ASL at 14 μM and in the CF lung ASL at 2 μM.

Significant loss of GSH appears to dictate changes to GSH Eh in the ASL. Normal ASL

GSH Eh is approximately −175 mV but in the CF ASL, GSH Eh increased by over +45 mV

to −129 mV (26). Interestingly, CF mouse models also demonstrate severe loss of GSH as

well, where in CFTR deficient mice, ASL GSH concentrations were approximately 35% of

that in normal mice. In gut corrected CFTR-deficient mice (expressing human CFTR in the

gut epithelium), GSH concentrations demonstrated a similar loss of GSH (63).

Other antioxidants in the lung lumen may be important in CF. The antioxidant lipid lipoxin

A4 is significantly decreased in CF lung ASL (64). Furthermore, administration of

exogenous lipoxin A4 to CF mouse lungs significantly decreased neutrophilia and infection

severity. Thiocyanate, which was speculated to be transported by CFTR based on studies of

CF patient sweat in the 1960s (65), serves as an antioxidant in the ASL. In the Cftr knockout

mice, thiocyanate levels are significantly decreased and, interestingly, hypertonic saline

treatment significantly increased the levels of both GSH and thiocyanate (66). In non-CF

mice, thiocyanate helps maintain levels of GSH in the lung and protects against HOCl

damage during infection (67). No exhaustive analysis have been conducted in human CF

lungs, although a very brief report shows a ~20% decrease in the thiocyanate levels in CF

patient saliva compared with non-CF controls (68). Collectively, these data demonstrate

significant decreases in antioxidant levels in CF ASL and suggest that oxidant buffering

capacity may be diminished in the CF lung lumen.

Increases of oxidants in the CF lung lumen have been reported since the mid-1990s. Most

notably, a study by Witko-Sarsat and colleagues of CF patient sputum revealed significant

increases in active MPO levels (69). MPO mainly derives from the neutrophil in the lung,

catalyzes the H2O2-mediated production of a number of damaging oxidants, and has been

reproducibly found to be elevated in CF sputum (70) and bronchoalveolar lavage fluid

(BALF) (71). Later studies would discover that a polymorphism in MPO tracks with CF

disease severity (72). MPO also catalyzes the halogenation (oxidation) of proteins at

tyrosine residues, and thus investigators have examined the levels of chloro- and
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bromotyrosine. Most recently, researchers examining early CF pathology found significant

increases in MPO and halogenated tyrosine that correlated with infection status (73).

Large-scale changes to extracellular redox states have a multitude of implications to lung

physiology and to CF pathology. Physiological impacts of increased oxidation have been

found to be elevated in the CF airway, including significant increases in general protein

oxidation (74), and more specifically nitration (75) and halogenation (73). As for the exact

role of GSH in the lung ASL, it is not entirely understood, but may revolve around (1)

scavenging ROS, (2) regulating redox states of membrane bound proteins, (3) regulating

viscosity of mucus, and/or (4) controlling aspects of the pulmonary immune response (76).

Reducing the oxidative environment in the CF airway may serve to alleviate many of the

oxidative features of the CF lung. For that reason, GSH (or related compounds)

supplementation has been of interest as a potential therapy in CF.

Oxidant and antioxidant therapy in CF

Antioxidant therapy has been proposed in CF since the early 1980’s. The seminal study by

Ratjen and colleagues explored N-acetylcysteine (NAC) because of interest in its mucolytic

properties, and delivered the drug orally in a double-blinded 12 week trial with 36 CF

patients in Germany (77). The studies showed no differences in clinical outcomes in NAC-

treated patients versus placebo-treated controls. However, due to deterioration in placebo-

treated controls that was not observed in NAC-treated patients, significant differences in

lung function and air trapping were observed. NAC was revisited as a therapeutic for CF in

Europe and North America for the subsequent 3 decades. A Danish study of the effects of

oral NAC treatment for 3 months in 41 CF patients found significant, but slight,

improvements in FEV1 in the 3 months following the treatment (78). In a follow up study,

the investigators examined the effect of alternating treatment with oral placebo or NAC for

two 3-month periods (79). They studied 52 CF patients with chronic Pseudomonas

aeruginosa infection, and examined clinical measures that included sputum bacteriology and

titers of antimicrobial antibodies, as well as changes in lung function. In this study, no

significant differences in clinical responses were observed, but NAC treatment of the sickest

CF patients (treated during the autumn) significantly improved FEV1 versus same subject

placebo pre-treatment. This finding suggested that any NAC benefit may be due to its

antioxidant / anti-inflammatory properties rather than its mucolytic properties.

More recently, investigators used high dose oral NAC (600−1000 mg three times daily for 4

weeks) in a phase I study of 18 CF patients and 9 non-CF controls (80). Significant increases

in blood cell GSH concentrations and diminished pulmonary neutrophil counts were

observed following treatment. ASL GSH concentrations were not determined, so it is

unclear whether decreases in neutrophils were an outcome of redox shifts occurring in the

lung lumen. No significant improvement in FEV1 was observed, perhaps due to the short

duration of the study. Other investigators examined the effect of oral NAC dose in 21 CF

patients, with 11 receiving a low dose (700 mg/daily) and 10 receiving a high dose (2800

mg/daily) over a 12 week period (81). In this study ASL GSH was measured and found to

significantly increase with treatment, but no clinical or FEV1 improvement was observed

following treatment with either dose of NAC. A follow up to the original high dose studies
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increased the number of CF patients to 70 and the duration of study to 6 months in a phase

IIB trial (82). The study was completed in late 2011 and safety criteria for this study were

met. However, data on efficacy has not yet been published.

Direct GSH supplementation has been given to CF patients with varied results. Studies by

Griese and colleagues have shown that GSH inhalation in CF patients increases GSH (83)

and lymphocyte number (84) in the airway, while decreasing prostaglandin E(2) (84).

Interestingly, airway levels of the oxidative stress markers 8-isoprostane, ascorbic acid, uric

acid, and MPO were either not changed or trended towards increases (84). Most recently, a

randomized, double-blind, placebo-controlled trial was completed in Germany where

nebulized GSH (646 mg) was given twice a day for 6 months. This treatment regimen did

not show any significant changes in FEV1, number of pulmonary exacerbations or a

reduction in biomarkers of oxidative damage to proteins and lipids (85). Interestingly, at 3

months, there was a significant FEV1 improvement in the GSH treatment group which was

lost at 6 months. While in a smaller pilot trial peak expiratory flow did show improvement

with GSH treatments, again FEV1 did not (86). In mouse models, oral GSH supplementation

(a single oral dose of 300 mg/kg) was given to various CF mouse models. In wild-type mice

possessing functional CFTR, GSH in ASL, lung and plasma increased dramatically

following GSH administration (63). In the ASL, GSH concentrations increased by nearly 5-

fold from basal levels after only 60 min of initial treatment. Cftr knockout mice expressing

human CFTR in the gut also showed an increase in these same compartments albeit to a

much lower extent. Specific to the ASL, GSH levels increased by just over 2-fold compared

to baseline concentrations. However, GSH oral supplementation did not show any

significant increase in CFTR knockout mice that do not have the gut correction. These data

suggest that with oral administration of GSH, CFTR is an essential facilitator of proper

trafficking of GSH, especially into the lumen of the lung. Therefore, oral administration of

GSH may be problematic in restoring ASL redox states in CF patients.

Other strategies for antioxidant therapy in CF have focused on diet supplementation.

Selenium supplementation results in a significant decrease in CF patient plasma lipid

peroxidation (87). Long-term oral β-carotene supplementation in CF patients resulted in a

~50% decrease in plasma lipid peroxidation, as well as an increase in plasma α-tocopherol

and retinol (88). Supplementation with 10 grams of whey protein twice daily for 3 months

increased lymphocyte GSH levels by ~47%, but failed to improve FEV1 (89). Zinc

supplementation for 1 year in CF patients decreased the number of days on antibiotics only

in trial subjects with inadequate zinc concentrations, but did not significantly decrease

inflammatory cytokine levels in plasma (90). As with NAC and GSH treatment, studies on

supplementation with antioxidants have produced mixed results, and it is important to note

that almost all NAC, GSH, and supplement studies have failed to demonstrate significant

improvement in lung function, as assessed by FEV1. Nevertheless, most antioxidants

therapies have been very well tolerated and have shown some benefits.

Although many antioxidant therapies have failed to show significant benefit in CF, some

proposals of oxidant / antioxidant therapies remain promising. Treatments with the oxidant

nitric oxide (NO) or donors of NO such as S-Nitrosoglutathione (GSNO), both of which are

decreased in CF, hold promise for improved bacterial killing, as well as maximal activation
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of CFTR (91). Work in non-CF models that indicates airway delivery of thiocyanate (SCN−)

improves infection outcomes (67) holds the promise that deficiencies of SCN− in the CF

airway (92) may be corrected. SCN− spontaneously reacts with H2O2 to form

hypothiocyanate (OSCN−), a bacteriocidal molecule, and water. Finally, activating Nrf2

may be more beneficial than the use of high turnover antioxidant molecules. Studies with a

potent activator of Nrf2, the synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9(11)-

dien-28-oic acid (CDDO), report significant decrease in lung neutrophilia and inflammatory

signaling following simulation with Pseudomonas aeruginosa LPS or flagellum (93).

However, another triterpenoid, 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid methyl

(CDDO-Me) has been reported to increase mortality in patients with stage 4 chronic kidney

disease (94), although this outcome has not been clearly linked to Nrf2 activation.

Therefore, while therapeutically targeting Nrf2 may address one of the underlying causes of

the dysregulation of redox balance and inflammation in CF, a better understanding of drug

mechanisms is necessary.

Omics-based studies

One development that can potentially lead to improved antioxidant therapy in CF is the

emerging application of omics technologies. Transcriptomics, proteomics, and

metabolomics have been the most widely used approaches, with lipidomics gaining much

interest in recent years. Although few studies have been conducted, findings demonstrate the

utility and promise of applying these approaches to the study of redox in CF. Given the

knowledgebase of redox regulation in CF, omics approaches can significantly improve our

understanding of the universe of oxidants and antioxidants in CF. Furthermore, omics

technologies such as mass spectrometry can very efficiently and rapidly examine markers of

redox regulation on a broad basis, allowing for more complete analyses of individual

samples. Table 1 summarizes markers of redox regulation that are amenable to analysis by

omic approaches. These molecules can be detected by conventional proteomic (95),

metabolomic (96), and lipidomic (97) methodologies.

Gene array studies have alluded to redox dysregulation in F508del mutant Cftr mice versus

non-CF controls (98). Investigators glimpsed potential evidence of antioxidant abnormalities

in CF mutant mice that exhibited significantly lower expression of many antioxidant genes,

including glutathione S transferase (GST) m2, peroxiredoxin (PRDX) 2, and a number of

lipoxygenases. In an elegant study by Wright and colleagues, gene expression was examined

in the nasal respiratory epithelia of CF patients with either mild or severe lung disease (99).

Significant abnormalities in the expression of genes involved in lipid metabolism,

ubiquination, and mitochondrial / whole-cell redox regulation were present and segregated

based on disease severity. Although transcriptomics studies are powerful and can point to

the presence of redox imbalance, it is important to note that gene expression levels do not

always correlate with protein levels, and the majority of accepted markers of oxidative or

reductive stress are proteins, lipids, or other metabolites.

Electrospray and matrix-assisted laser desorption ionization mass spectrometry-based

techniques have been applied to the study of biological molecules. These approaches now

allow for rapid, sensitive, and accurate analysis of proteins. Extensive proteomic analysis of
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CF sputum discovered a significant relationship between MPO and pulmonary inflammation

(100), which has been validated in BALF (73). When the proteome of CF patient nasal

epithelia was examined, a significant decrease in the expression of a number of antioxidant

proteins, including GST pi and PRDX6 was revealed (101). These studies were closely

followed by independent proteomic studies that also observed significant decreases in

PRDX2 (102) in CF epithelial cell lines, and GST mu, GST pi, PRDX1, 3, and 6 in CF

primary epithelial cells (55,56). In concert, proteomic studies on oxidants and antioxidants

in a number of different CF airway epithelia strongly agree on the observation that a number

of important antioxidant proteins are down regulated in CF versus non-CF controls.

Subsequent studies based on proteomic studies of CF identified one mechanism for

antioxidant down regulation in CF, namely Nrf2 dysfunction (55,56). Importantly, analysis

of the CF redox proteome has yet to be performed, but this application of proteomics would

be beneficial for a better global understanding of the determinants of redox balance in CF.

High throughput metabolomic analyses of human primary airway epithelia measured

significant decreases in GSH, GSSG, S-lactoylglutathione (a metabolite of GSNO), and

ophthalmate in CF versus non-CF cells (103). This study highlights glutathione synthesis as

the most impacted pathway related to oxidants and antioxidants in CF. Importantly, the ratio

of GSH / GSSG was significantly diminished in CF cells, strongly suggesting the presence

of oxidative stress. Interestingly, metabolomic analysis of non-fasted CF patients revealed a

decrease in β-oxidation of fatty acids, a marker of mitochondrial dysfunction (104), but did

not detect significant differences in markers of oxidative stress in the blood between CF and

non-CF cohorts. Similarly, lipidomic analyses of CF patient plasma (105,106) failed to

detect differences in prostanes, lipids that are classically associated with CF plasma

oxidative stress (24). However, CF plasma lipidomic studies have detected significant

decreases in thiol-containing lipids (105). In CF sputum, a metabolomic / lipidomic analysis

by Yang and colleagues identified a number of redox modulated lipids (oxylipins),

previously not identified in the CF lung (107). These studies also found a significant

decrease in lipoxin A4 in CF lungs, which had previously been identified and validated by

other approaches (64). The fact that these broad analysis studies also accurately detected the

known lipoxin A4 deficiency in CF increases confidence in lipidomic analyses of redox

balance in CF. The precise details and potential promise of large broad scale analyses in CF

have been recently reviewed (108).

Although omics approaches hold much promise for the study of oxidants and antioxidants in

CF, it is important to note that mass spectrometry-based analyses are semi-quantitative, and

therefore it is essential that observations made in proteomic, metabolomic, and lipidomic

studies are validated by other approaches. This is especially true for high-throughput

analyses that are non-targeted. In addition, the levels of proteins, metabolites, and lipids in

patient tissues are very sensitive to diet. The potential influence of diet is a particularly

important consideration studies that examine samples from non-fasted animal or human

subjects. Nevertheless, continuing advances in the reliability and sensitivity of mass

spectrometers now make proteomic, metabolomic, and lipidomic approaches very

informative and these cutting edge approaches may lead to additional avenues of discovery

and redox balance focused treatment in CF.
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Conclusion

Redox state depends on the global balance of oxidant and antioxidants, which is regulated

differently in the plasma, cells, and ASL. Many studies have reported significant

abnormalities in CF in these compartments, and there may be links between these and the

disease pathophysiology. There have been repeated reports about CFTR interplay with

redox, and the presence of significant differences in oxidants and antioxidants in CF plasma,

cells, and ASL. However, definitive mechanistic evidence of the links between

abnormalities in redox balance and the primary defect in CF, as well as evidence of the

benefits of oxidant and/or antioxidant therapies, have yet to be demonstrated. Contributors

to this state of the field include the complexity of studying oxidants and antioxidants, and

the variety of mechanisms that may give rise to abnormalities. Furthermore, the use of

different cell culture and animal models, and methodologies complicate the issue. A good

approach is to study abnormalities that have been found in patient samples in models that are

amenable to mechanistic examination, such as primary cells and cell lines. Once some

mechanisms are gleamed, they should be validated in patients, before further study of

potential therapies. Many oxidants and antioxidants, as well as markers of redox imbalance,

are amenable to sensitive and accurate analysis by high throughput or targeted omics

technologies. The use of omics strategies can help provide the global analyses necessary for

a better understating of redox status in CF and the regulatory mechanisms involved, which is

necessary for the development of more efficacious treatments.
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GSH glutathione

GSSG glutathione disulfide

Cys cysteine

Cys-Cys cystine

CFTR Cystic fibrosis transmembrane conductance regulator

Nrf2 nuclear factor erythroid 2 - related factor 2

Trx Thioredoxin

PRDX Peroxiredoxin

H2O2 hydrogen peroxide

ROS Reactive oxygen species

RNS Reactive nitrogen species
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Figure 1.
Classic definition of oxidative stress. Cellular redox homeostasis is maintained as a balance

between oxidizing and reducing equivalents (Eq). Because thiol moieties can undergo

reversible oxidation/reduction that provide a mechanism to facilitate, protein function,

protein-protein interactions, protein-DNA interactions and protein trafficking, many Eq

couples of interest contain thiol resides including GSH/GSSG, Cys/CySS and Trxred/Trxox,

but other non-thiol based redox Eq can include NADH/NAD and NADPH/NADP among

others. Regulation is a consequence of cellular ROS tone, balance of reductases and

oxidases and metabolic equilibrium. During periods of ROS overproduction, reduced Eq can

be overwhelmed allowing oxidized Eq to predominate. In turn, increasing concentrations of

ROS can augment interaction with various macromolecules, such as DNA, proteins and

lipids, causing often irreversible damage. If unchecked, accumulation of damage will lead to

cellular apoptosis.
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Figure 2.
The effects of reducing and oxidizing redox states on cell signaling and cell death. Redox

states are a continuum ranging from normal, reducing environments to disrupted, oxidized

ones. As redox states shift there is a disruption on the maintenance of normal redox

signaling (arrow A). Often, redox states become sufficiently oxidized to induce a number of

re-regulation systems to restore cellular redox states to optimal levels and preserve cellular

function. However, in cases where redox states are not rapidly restored (arrow B), redox-

sensitive elements are perturbed and thus, alter cellular function (short dotted line). When

cell signaling fails to regulate important aspects of redox-related cell survival, oxidative

damage occurs and there is an increase in cellular apoptosis (arrow C; long dotted line). In

disease, redox states that are not sufficiently oxidizing will not promote apoptosis but rather

would promote a disruption in cell signaling and function (the area in between arrows A and

B).
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Figure 3.
Redox nodes and circuitry: A mechanism of redox control and dysfunction during oxidative

stress. Various redox couples are maintained at various redox states. As these couples are

independently regulated, they could serve to control specific subsets of proteins. For

example, a hypothetical redox-sensitive protein (diamond labeled ‘3’) may be reduced by

thioredoxin but oxidized by GSH. During homeostasis (on left), this protein is maintained in

a specific state. However, during periods where GSH becomes oxidized (shifting Eh to a

more oxidizing state), hypothetical protein 3 would become increasingly oxidized as the

influence of a more oxidizing GSH Eh would cause changes to its redox state and affect its

function. Similarly, other proteins (hypothetical proteins 2, 4 and 6) under the regulation of

the GSH Eh would also be affected. However, proteins that are not under the control of the

GSH Eh would be unaffected, such as proteins 1, 5 and 7. This model of oxi dative stress

demonstrates specificity of redox-signaling and provides rationale for ROS-mediated signal

transduction.
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Figure 4.
Extracellular metabolism of glutathione (GSH). Glutathione is the largest pool of

intracellular, non-protein small biothiols and can be transported to extracellular spaces (i.e.

plasma, airway surface liquid, etc.). Once transported, GSH is metabolized by γ-

glutamyltranspeptidase (γGT) to yield glutamate and the dipeptide of cysteine-glycine (Cys-

Gly). Dipeptidases (DP) can digest Cys-Gly to single amino acids. As such, GSH

concentrations are relatively low in extracellular compartments compared to intracellular

stores. Conversely, Cys levels are much higher and constitute the primary small biothiol.

The free Cys forms an equilibrium to produce its oxidized form, cystine (CySS).
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Figure 5.
Extracellular redox regulation of membrane protein thiols via GSH redox potential and

control intracellular signaling and function. Extracellular GSH exists primarily in its reduced

form (left). Redox potentials can be tightly regulated through cellular ROS production, GSH

export and Cys transporting. In a reducing extracellular environment, protein thiols are

reduced. In an oxidizing extracellular environment (increase in GSSG concentrations),

alterations to extracellular thiols can occur to yield sulfenic acid formation (−SOH) or S-

glutathionylated (−SSG) modifications. Although the mechanism but which this occurs

remains unknown, an outcome of these modifications is the intracellular production of

mitochondria-derived ROS, which can contribute to changes in cell function, signaling and

protein redox states and prime cells to become apoptotic. Thus, crosstalk between

extracellular and intracellular environments has profound effects of cellular physiology and

may contribute to cellular pathophysiology.
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Table 1

List of oxidants and antioxidants that are amenable to omics analysis.

Molecule Species

Glutathione; GSH Peptide

Glutathione disulfide; GSSG Peptide

Cysteine; Cys Amino acid

Cystine; Cys-s Amino acid

Reduced nicotinamide adenine dinucleotide phosphate; NADPH Nucleotide

Oxidzed nicotinamide adenine dinucleotide phosphate; NADP+ Nucleotide

Reduced nicotinamide adenine dinucleotide; NADH Nucleotide

Reduced nicotinamide adenine dinucleotide; NAD+ Nucleotide

Malondialdehyde Aldehyde

8-hydroxydeoxyguanosine Nucleotide

Thioredoxin; Trx 1, 2, and 3 Protein

γ-glutamyl cysteine synthase; γ-GCS Protein

Peroxiredoxin; PRDX 1, 2, 3, 5, and 6 Protein

8-iso-prostaglandin E(2); 8-IsoPGE2 Isoprostane lipid

8-iso-prostaglandin F(2α); 8-IsoPGF2α Isoprostane lipid

2,3 dinor 8 isoprotaglandin F2α; 2,3 dinor 8-lsoPGF2α Isoprostane lipid

Chlorotyrosine Amino acid

Nitrotyrosine Amino acid

Bromotyrosine Amino acid

Pyocyanin Bacterial toxin

Protein carbonyls Protein
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