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Role of NADPH Oxidase and GSH in Cystic Fibrosis
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Abstract

Cystic fibrosis (CF), an autosomal recessive disorder that is resulted from
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR} gene,
leading to a reduction in apical membrane chloride transport. The mechanism of CF has
been the subject of debate that it may be associated with nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases and depletion of glutathione (GSH). NADPH
oxidases are proteins that transfer electrons across biclogical membrane, resulting in
the reactive oxygen species (ROS) production and play a key role in host defenses in
CF. Depletion of GSH in CF because of defect in CFTR may alter GSH availability by
modulating epithelial GSH transport, and then contributes to an imbalance in the
antioxidant defense and results in oxidative stress. These effects can make cells

damage from ROS,
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Cystic Fibrosis (CF)

CF is the most common lethal genetic disorder in Caucasians, which is caused
by mutation in the cystic fibrosis transmembrane conductance regulator (CFTR), gene
locates on chromosome 7. In CF patients, pulmonary disease is the major cause of
morbidity and mortality, which resulting from respiratory complications, such as mucus
plugging, frequent bacterial infections and declining lung function over time. The most
common cause of death is respiratory failure secondary to Pseudomonas aeruginosa
infections.>*

The CFTR gene was first discovered in 1989 and currently, more than 1000
mutations within the CFTR gene have been identified. CFTR is known to be a
temperature-sensitive, cAMP-mediated chloride channel that is found in the exocrine
glands, secretory epithelia and airway epithelial cells. The CFTR also directly regulates
other ion channels, such as the outwardly rectifying chloride channel (ORCC) and the
amiloride-sensitive sodium channel {ENaC), thereby playing a major role in the control
of ion and water balance in body tissues. Elevated sweat chlorides, pancreatic exocrine
insufficiency, and chronic sinopulmonary inflammation and infection are common
features of CF. This a multi-organ disease reflects the consequences of mutations in the
CFTR gene. The most common mutation is the deletion of phenyalanine at position 508
(AFSOS), which is found on 70% of CF alleles and identified in 50% CF patients. This
mutation results in an immature protein that is not fully glycosylated, and instead, is
ubiquitinated and targeted in the ER for subsequent proteciytic degradation.
Approximately 99% of the AF508 proteins are degraded in a pre-Golgi compartment,
thus never reaching the cell surface. However, a small amount of AF508 CFTR has
been shown to reach the plasma membrane of certain tissues in vivo and can caused

- ] 24587
abnormality in several organs, especially the lungs.

The molecular mechanisms of pulmonary infection and lung damage have been
the subject of debate. They may involve in excessive reactive oxygen species (ROS)
which play a role in host defense. Furthermore, they may associate with decrease in
glutathione (GSH) level that leading to an oxidative stress and resulted in cell damage.
ROS are normally generated from phagocytic cells. Activating these cells undergo a
respiratory burst discharging superoxide as a result of stimulation of the nicofinamide
adenine dinucleotide phosphate oxidases (NADPH oxidases: NOX). Then, superoxide

dismutase (SOD) will catalyze the conversion of superoxide into hydrogen peroxide and
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then change to hypochiorus acid. Hypochiorus acid is the major oxidant produced by

phagocytic cells, and is the potential cause of tissue injury.a'g'10

NADPH oxidases

It was found In 1933 that phagocytic cells, mainly the polymorphonuclear
neutrophil (PMN), showed markedly increased oxygen consumption, or a respiratory
burst, during phagocytosis which was postulated to be related to an increased energy
demand for the phagocytic process. In inflammation, neutrophils appeared to be the
principal phagocytic cells, which associated with host defense. Activated neutrophils
utilize molecular oxygen to kill microbial pathogens. The immense rise in oxygen
consumption and the associated production of oxygen-free radicals are designated

“respiratory burst” that are catalyzed by NADPH oxidases.ﬂ'm

The NOX family NADPH oxidases are the proteins that transfer electrons across
biological membranes. In general, the electron acceptor is oxygen and the product of
the electron transfer reaction is superoxide. Therefore, the biological function of NOX
enzymes is the ROS production. Thereby the NOX family consists of 7 members:
NOX1, NOX2 (gp91™™), NOX3, NOX4, NOXS5, DUOX1, and DUOX2. All of them share
a core structure consisting of 6 transmembrane domains with two heme binding regions,
and a long cytoplasmic C-terminus containing falvin adenine dinucleotide (FAD) and
NADPH-binding regior'as,,ﬁ'v1

NOX2 (gp91™"™)

The phagocyte NADPH oxidases {NOX) is a multicomponent enzyme that
transfers electrons from cytoplasmic NADPH onto extracellular (or intraphagosomal)
molecular oxygen, resulting in superoxide generation. The overall reaction catalyzed by

this enzyme is:
NADPH +2 O, — NADP +2 0, + H'
The electron transfer from NADPH to oxygen is a multistep process, during
which the electrons are transported sequentially along several moieties of the oxidase: "
NADPH —> FAD — 2 Heme — 2 O,

This NOX2 consists of the flavocytochrome bggg, which is a heme-binding
heterodimer composed of a large (gp91™™) and a small (p22”™) subunit. In 6
transmemmbrane of gp91”™ subunit consists of N terminus and C-terminal portion,
containing the FAD and NADPH binding domains that are essential for activity. The

control of oxidase activation is the recruitment of regulatory proteins to the
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flavocytochrome, including the p40™™, pa7™™ and p67°™. of which p47""™ and pe7™™
are essential for activity. Thus, gp91™™ contains the enfire transmembrane redox
machinery, in which electrons are transferred from NADPH on the cytoplasmic side via FAD

16,17
and two hemes to molecular oxygen in the extracellular or intraphagosomal space.

NADPH oxidase activity
The NOX core enzyme comprises five components: p40"h°x {(phox for phagocyte
oxidase), p47”", p67™"™, p22”™ and gp91™. In the resting cell, p40™"™, p47"" and

pB7"™ exist in the cytosol as a complex. On the other hand, p22™* and gp91™™ are
located in the membranes of secretory vesicles where they occur as a heterodimeric
flavohemoprotein {cytochrome bsgg). When the resting cell is exposed to any of a wide
variety of stimuli, the cytosolic component p47” " becomes heavily phosphorylated and
the entire cytosolic complex migrates to the membrane, where it associates with
cytochrome bggs to assemble the active oxidase. It can transfer electrons from the
NADPH to oxygen by means of its electron-carrying prosthetic groups, its flavin and then
its heme group(s). Activation requires the participation of two low-molecutar-weight
guanine nucleotide-binding proteins: Rac2, which in the resting cell is located in the
cytoplasm in a dimeric complex with Rho-GDI. During activation, Rac2 binds guanosine
triphosphate (GTP) and migrates to the membrane along with the core cytosolic
complex. When phagocytosis takes place, the plasma membrane is internalized as the
wall of the phagocytic vesicle, with the enzyme pours O, into the vesicle, and the rapid
conversion of this O, into its successor products bathes the internalized target in a

lethal mixture of corrosive oxidants (Figure ‘I).18
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Figure 1 Activation and assembily of the phagocyte NADPH oxidase
(Adapted from Bokoch and Dieboid, 2002).

NADPH oxidase and host defense

The action of host defense apparatus is its ability to produce a group of highly
reactive oxidizing agents, including oxidized halogens, oxidizing radicals, and singlet
oxygen to kill the microbial. The phagocytes (neutrophils, eosinophils, and mononuclear
phagocytes) and B lymphocytes generate superoxide, which is the precursor of reactive
oxidants. Thereby, the phagocyte NADPH oxidases play a key role in host defense by

generating large amounts of O, and other ROS that call as the respiratory burst, *>*"2

The non phagocytic NOX1-5/DUOX1-2 enzymes participate in an NADPH
oxidase activity in some non phagocytic celi (NOX1-5/DUOX1-2), generating ROS in
intra and extra-cellular medium. New insights have been brought by the study of the
role of NADPH oxidases in human airway epithelial cells. Investigations of a panel of
tissues revealed the high expression of Dual oxidase 1-2 in whole lung as showed by
Schwarzer and colleagues (2004) in human tracheal surface epithelium where both
DUOX1-2 are expressed at levels 1000x fold superior to other NOX isoforms and thus
represent the major NOX's isoforms in airway epithelial cells. Concerning their functions,

Matt and coworkers (2005) have shown that Dual oxidase 1 plays a critical role in
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mucin expression through Protein Kinase C (PKC) signalling pathway. In the same
manner, Yan and colleagues (2008) have recently reported that the bacterium P.
aeruginosa uses ROS to up-regulate mucin expression via a PKC-NADPHoxidase
signalling pathway in human airway epithelial cells. In a recent paper, Moskwa and
coworkers (2007) have presented a novel host defense system of normal airways that
implies the Dual oxidases as H.0, generating enzyme which permits the formation of
the bactericidal hypothiocyanite (OSCN) from the red-ox system (OSCN/SCN).
Moreover, in CF airway epithelium OSCN is diminished due to a CFTR-dependent
defect in SCN  secretion, which leads to a collapse of the oxidative antimicrobial
mechanism. They have demonstrated for the first time that CFTR is critical for this
transepithelial SCN™ secration process. As the oxidative antimicrobial system is inactive
in CF cells, they suggest a new cellular and molecular basis for defective airway

. P . . 23242526
Imrmunity in cystic fibrosis.,

Glutathione (GSH)

The tripeptide L-Y-glutamyl-L-cysteinyl-glycine (Y-L-Glu-L-Cys-Gly), or GSH
plays a major role in maintaining intracellular reduction-oxidation (redox) balance and
regulating signalling pathways augmented by oxidative stress. GSH is the most
abundant low molecular weight thiol-containing substance in cells, is synthesized from
glutamate, cysteine, and glycine.ﬂza’?g GS8H plays an important roles in proliferation of
lymphocytes, spermatogenesis and cytokine production. It serves as an important
antioxidant defenses for ROS and etectrophilic compounds. GSH has been implicated in
immune modulation and inflammatory respenses. It has been shown to be critical to the
lungs’ antioxidant defenses. Alterations in reduced GSH levels in the lung have been
displayed in various inflammatory conditions. A low GSH concentration in the lung may
contribute to an imbalance between oxidants and antioxidants and may amplify

. . 3031
inflammatory responses and potentiate lung damage. °

The mechanisms of GSH-related inflammation have shown by the ability of
oxidative stresses or changes in the intracellular GSH redox status to frigger signal
transduction and hence the transcription of specific genes via the activation of redox-
sensitive transcription factors. Protective antioxidant genes are induced by modulation of
cellular GSH/GSSG levels in response to various oxidative stresses, including
inflammatory mediators in lung cells. Therefore, modulation of GSH redox status causes
increased gene expression of both proinflammatory genes via activator protein-1 (AP-1}

and nuclear factor-keppa B (NF-kB), and also activation of antioxidant-protective genes.
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The balance may exist between pro- and anti-inflammatory gene expression related to
GSH redox status in response to oxidative stress and during inflammation. Theses
effects may lead to cell injury or protection against the injurious events of inflammation
(Figure 2)*'

GSH| GssGl

i
NF-kB, AP-1 activation

Prodnflammatory = Inflammation =g Antiinflammatory,
genes i antioxidant genes

Figure 2 GSH/GSSG-related inflammation
{Adapted from Rahman and Macnee, 2000)31

Role of GSH in cystic fibrosis

CF is characterized by progressive GSH deficiency. The defect in CFTR may
alter GSH availability in cells. The study of Henrion-Caude and colleagues {2002)
showed that CFTR modulated epithelial GSH transport, and recent findings have shown
that CFTR genetic defects induce a decrease in the concentrations of GSH, which
contributes to an imbalance in the antioxidant defense. - Reduction of intracellular GSH
may result in oxidative stress, making cells less able to resist cell damage from
electrophiles. Reduction of GSH can alter the profile of important inflammatory
medizator:--..33 GSH is also an important antioxidant in the lung, and the GSH
concentration is greatly reduced in airway surface fluid of CF patients. These defects
can be attributed directly to missing or defective CFTR channels, because the GSH in
the lung epithelial lining fluid of CFTR-deficient mice is decreased by haif, compared
with that in wild-type mice.”’ CFTR maintains a cellular homeostatic balance of ions,
including sodium, chloride and GSH. The presence of GSH in the lung provides a
sensor system for maintaining surfactant production, as well as gz trigger for
inflammation. Cellular GSH deficiency has been associated with an increased NF-kB
transcription, which participates in the inflammatory cytokines regulation. Reduced GSH

levels lead to inflammation, a hallmark of CF and oxidative stress that can result in

=66




UA 5 auidouunstay - iousuainy 2553

damage to cell membrane, cellular proteins and DNA.35 Childer and colleagues (2007)
have displayed apoptosis sensitivity could be correlated to GSH levels. While a reduced
intracellular state is normal in epithelial cells, during the process of apoptosis, depletion
of GSH is required and it has been repeatedly demonstrated that CF appear to have a

defect in the process of normal cell de:ath.36

Conclusion

In summary, the ROS and an oxidative stress in CF may associate with
NADPH oxidases and depletion of GSH, which is related to apoptosis. The finding NOX
in CF is correlated to host defense via inflammation and alsc ROS production.
Moreover, the depletion of GSH in CF that may involve in defective CFTR can result in
oxidative stress, making cells less able to resist cell damage. The defective CFTR may
participate in an early phase of inflammation. With the discovery of NOX as a source of
ROS generation and depletion of GSH, a very exciting area has begun, paving the way
to more thorough understanding of ROS-production process, especially in CF. The

exact function of non-phagocytic NOX proteins and molecular mechanism of reduced

GSH remain to be explored.

References

1. Pilewski JM, Frizzell RA. Role of CFTR in airway disease. Physiological
Reviews 1999; 79: $215-8255,

2. Baconnais S, Delavoie F, Zahm JM, et al. Abnormal ion content, hydration and
granule expansion of the secretory granules from cystic fibrosis airway glandular
cells. Experimental Cell Research 2005; 309; 296-304,

3. Kellerman D, Evans R, Mathews D, et al. Inhaled P,Y, receptor agonists as a
treatment for patients with cystic fibrosis lung disease. Advanced Drug Delivery
Reviews 2002; 54 1463-74.

4. Kiechie FL, Holland-Staley CA. Genomics, franscriptornics, proteomics, and
numbers. Arch Pathol Lab Med 2003; 127: 1088-97.

3. Chmiel JF, Davis PB. State of the art: why do the lungs of patients with cystic
fibrosis become infected and why can't they clear the infection? Respiratory
Research 2003; 4: 1-12.

6. Powell K, Zeitlin PL. Therapeutic approaches to repair defects in AF508 CFTR
folding and cellular targeting. Advanced Drug Delivery Reviews 2002; 54: 1395-
1408.

67 &




Inglnwreivus (ati’un’rsv‘r’nuwiotdaamomefafmams’)

10.

11

12.

13.

14.

15.

186.

17.

18.

19.

20.

=68

Boucher RC. An overview of the pathogenesis of cystic fibrosis lung disease.
Advanced Drug Delivery Reviews 2002; 54: 1359-71.

Dakin CJ, Numa AH, Wang H, et al. Inflammation, infection, and pulmonary
function in infants and young children with cystic fibrosis. Am J Respir Crit Care
Med 2002; 165: 904-10.

Turan NLN, Ryrek A, Tuncay D, et al. Hypochlorous acid-induced responses in
sheep isclated pulmonary artery rings. Phammacological Research 2000; 41:
589-96,

Geiszt M, Leto TL. The Nox family of NAD(P)H oxidases: Host defense and
beyond. The Journal of Biological Chemistry 2004; 279: 5171 5-8,

. Sheppard FR, Keiher MR, Moore EE, et al. Structural organization of the

neutrophil NADPH oxidase: phosphorylation and translocation during priming
and activation. Journal of Leukocyte Biology 2005; 78: 102542

Schumann MA, Leung CC, Raffin TA. Activation of NADPH-oxidase and its
associated whole-cell H™ current in human neutrophils by recombinant human
tumor necrosis factor ¢ and formyl-methionyl-leucyl-phenylalanine. The Journal
of Biological Chemistry 1995; 270: 131 24-32,

Bedard K, Krause K-H. The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol Rev 2007; 87: 245-313.

Krause K-H. Tissue distribution and putative physiological function of NOX
family NADPH oxidase. Jpn J Infect Dis 2004; 57: $28-829.

Roos D, Van Bruggen R, Meischt C. Oxidative killing of microbes by neutrophils.
Microbes and infection 2003; 5: 1307-15.

Hordijk PL. Regulation of NADPH oxidase: The role of Rac proteins. Circulation
Research 2006; 98: 453-62.

Sumimoto H, Miyano K, Takeya R. Molecular composition and regulation of the
NOX family NADPH oxidases. Biochemical and Biophysical Research
Communications 2005; 1-10.

Babior BM. NADPH oxidase: an update. Blood 1999; 93: 1464-76.

Bokoch GM, Dieboid BA. Current molecular models for NADPH oxidase
regufation by Rac GTPase. Blood 2002; 100(8): 2692-5.

Chanock SJ, Ei-Benna J, Smith RM, et al. The respiratory burst oxidase, The
Journal of Biological Chemistry 1994; 269: 24519-22.




UA 5 avuidounnsay - dousuriay 2553

21

22.

23.

24,

25.

26,

27,

28.

29,

30.

31

. Dang Pham M-C, Elbim C, Marie J-C, et al. Anti-inflammatory effect of
interleukin-10 on human neutrophil respiratory burst involves inhibition of GM-
CSF-induced p47"™™ phosphorylation through a decrease in ERK1/2 activity.
The FASEB Journal 2006; 20: EG98-E709.

El-Benna J, Faust LRP, Johnson JL, et al. Phosphorylation of the respiratory
burst oxidase subunit p47ph°x as determined by two-dimensional phosphopeptide
mapping. The Journai of Biological Chemistry 1996; 271: 6374-8.

Schwarzer C, Machen TE, lllek B, et al. NADPH Oxidase-dependent acid
production in airway epithelial cells. The Journal of Biological Chemistry 2004:
279: 36454-61.

Matt X, Shao MX, Nadel JA. Dual oxidase 1-dependent MUCSA5 mucin
expression in cultured human airway epithelial cells PNAS 2005; 102; 767-72.
Yan F, Li W, Jono H, et al. Reactive oxygen species regulate Pseudomonas
aeruginosa LPS induced MUCSAC mucin expression via PKC-NADPH oxidase-
ROS-TGF6alpha signaling pathways in human epithelial cells Biochem
Biophysic Res Commun 2008; 366; 513-9.

Moskwa P, Lorentzen D, Exoffon KJDA, et al. A novel host defense system of
airways is defective in cystic fibrosis. Am J Respire crit care Med 2007; 175:
174-83,

Bharath 8, Hsu M, Kaur D, et al. Glutathione, iron and parkinson’s disease.
Biochemical Pharmacology 2002; 64: 103748,

Fang Y-Z, Yang S, Wu G. Free radicals, antioxidants, and Nutrition. Nutrition
2002; 18: 872-9.

Hddad M, and Harb HL. L-Y-Glutamyl-L-cysteinyl-glycine (glutathione; GSH) and
GSH-related enzymes in the regulation of pro- and anti-inflammatory cytokines:
a signaling transcriptional scenario for redox{(y) immunologic sensor(s)?
Molecular Immunology 2005; 42: 987-1014.

Wu G, Fang Y-Z, Yang S, et al. Tumer ND Glutathione metabolism and its
implications for health. J Nutr 2004; 134: 489-92,

Rahman |, Macnee W, Regulation of redox giutathione levels and gene
transcription in lung inflammation: Therapeutic approaches. Free Radical Biology
& Medicine 2000; 28: 1405-20.

69 =25




Inglnvredwus (UUMsAnwndoiivonwindgmans)

32.

33.

34.

33.

&0

Henrion-Caude A, Flamant C, Roussey M, et al. Liver disease in pediatric
patients with cystic fibrosis is associated with glutathione S-transferase P1
polymorphism. HEPATOLOGY 2002; 36: 913-7.

Lantz RC, Lemus R, Lange RW, et al Rapid reduction of intracellular
glutathione in human bronchial epithelial cells exposed to occupational levels of
toluene diisocyanate. Toxicological Sciences 2001; 60: 348-55.

Jungas T, Motta |, Duffieux F, et al. Glutathione level and BAX activation during
apoptosis due to oxidative stress in cells expressing wild-type and mutant cystic
fibrosis transmembrane conductance regulator. The Journal of Biological
Chemistry 2002; 277: 27912-18.

Townsend DM, Tew KD, Tapiero H. The importance of giutathione in human
disease. Biomedicine & Pharmacotherapy 2003; 57: 145-55.




VA § aduideuunsay — dousimmay 2553

1w

1. Cystic fibrosis ulsfsnriuaonsle
1. Pulmonary disease

Liver disease

Heart disease

Brain

Blood

SO A

2. Cystic fibrosis IiadMNTUNWIB97 gene 1o
1. ORCC

2. ENaC

3. CFTR

4, CFTE

5. CFTY

3. Telaliifizdaetiunannmda Cystic fibrosis

ROS production

GSH depletion

-

Apoptosis

Inflammation

a ks oM

Sodium channel

4. Tolalaifpadoery NADPH oxidases

-

Respiratory burst
ROS generation
Inflammation
GSH depletion

Electron transfer

B T S

5. falalaiif Tty NADPH oxidase

1. DUOX
2. FAD
3. gpo1™™
4. NOX6
5. NOX1

7 ES




Inelnvveiwys (au"umso‘fnuwion’feonwrna"vmaas’)

6. aadlsznavladmenlunsinamses NADPH oxidases
1. Pe7™™
2. pa7™™
3. pao™
4. p2™
5. p21”™

7. dolaflaunumuas NADPH oxidases Tu cystic fibrosis
1. Host defense
Osteoarthritis

2

3. Edema
4. Trauma
5

Autoimmune

8. Tolalaiifirdaenu GSH deficiency
1. 1Ay NF&B

l.ﬁ'u oxidative stress

/% infection

VWY apoptosis

a &~ oown

WA inflarmmation

9. GSH ferls

ROS
Antioxidant
Oxidative stress
NADPH oxidase
FAD

a@ bk o

10. Folaluavasiu GsH cystic fibrosis
Decreased ROS

—

Decreased infection
Defective CFTR

Synthesis NADPH oxidases
ROS production

I O

™72




