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Abstract Reactive oxygen species (ROS) production by

the phagocyte NADPH oxidase is essential for host

defenses against pathogens. ROS are very reactive with

biological molecules such as lipids, proteins and DNA,

potentially resulting in cell dysfunction and tissue insult.

Excessive NADPH oxidase activation and ROS overpro-

duction are believed to participate in disorders such as

joint, lung, vascular and intestinal inflammation. NADPH

oxidase is a complex enzyme composed of six proteins:

gp91phox (renamed NOX2), p22phox, p47phox, p67phox,

p40phox and Rac1/2. Inhibitors of this enzyme could be

beneficial, by limiting ROS production and inappropriate

inflammation. A few small non-peptide inhibitors of

NADPH oxidase are currently used to inhibit ROS pro-

duction, but they lack specificity as they inhibit NADPH

oxidase homologues or other unrelated enzymes. Peptide

inhibitors that target a specific sequence of NADPH oxi-

dase components could be more specific than small

molecules. Here we review peptide-based inhibitors, with

particular focus on a molecule derived from gp91phox/

NOX2 and p47phox, and discuss their possible use as

specific phagocyte NADPH oxidase inhibitors.
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Introduction

Reactive oxygen species (ROS) production by phagocytes

such as neutrophils, monocytes and macrophages are

essential for host defenses against bacteria and fungi, by

reacting with pathogen DNA, proteins and lipids [1–3].

ROS are produced in large quantities when phagocytes are

stimulated by pro-inflammatory agents or by particles such

as bacteria. Superoxide anion (O2
�-), the precursor of the

other ROS species, is first produced by the enzyme

NADPH oxidase. Superoxide anion (O2
�-) is unstable and

gives rise to hydrogen peroxide (H2O2), hydroxyl radical

(OH�) and hypochlorous acid (HOCl) [2]. The vital role of

phagocyte NADPH oxidase in host defenses against

pathogens is illustrated by a human genetic disorder called

chronic granulomatous disease, which is associated with

life-threatening recurrent bacterial and fungal infections [3,

4]. However, excessive ROS production by neutrophils

could result in ROS leakage from the phagosome and is

believed to cause direct tissue insult in a broad range of

inflammatory diseases, including rheumatoid arthritis,

inflammatory bowel diseases, acute respiratory distress

syndrome, sepsis, diabetic complications, cardiovascular

disease, ischemic tissue injury and neurodegenerative dis-

eases [5, 6]. Pharmacological inhibition of the phagocyte

NADPH oxidase might therefore be beneficial in these dis-

orders. To develop specific inhibitors of the phagocyte

NADPH oxidase, one strategy is to use peptide-based

inhibitors derived from specific subunits of the enzyme. In

this review we will first describe the structure of the

NADPH oxidase and its activation, underlining the advan-

tages of the cell free system for assessing peptide inhibitors.

Finally, we will describe existing NADPH oxidase inhibi-

tors, with a special focus on peptide inhibitors and the use of

cell-penetrating peptides for delivery to intact cells.
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Université Paris 7 Denis Diderot, 75018 Paris, France

J. El-Benna (&)

INSERM U773, CRB3, Faculté de Médecine Xavier Bichat,
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Structure of the phagocyte NADPH oxidase

and its homologues

The active phagocyte NADPH oxidase is a multicompo-

nent enzyme complex composed of six proteins: p22phox

(phox: phagocyte oxidase), gp91phox/NOX2, p47phox,

p67phox, p40phox and the small G-protein Rac1 or Rac2

[7–9]. In resting cells, p47phox, p67phox, p40phox and

Rac1/2 are localized in the cytosol, whereas p22phox and

gp91phox are located in the plasma membrane and mem-

branes of specific granules. Together, these two

membranous proteins form the flavocytochrome b558.

When cells are activated, the cytosolic components migrate

to the membranes where they associate with the mem-

brane-bound components to assemble the catalytically

active oxidase [7, 8]. The flavocytochrome b558 is the

central membrane-bound component of NADPH oxidase

with catalytic activity [9]. Human cytochrome b558 is

composed of a 1:1 complex between a glycosylated 91-kDa

protein subunit (gp91phox) of 570 amino acids and a non-

glycosylated 22-kDa subunit (p22phox) of 195 amino

acids. Flavocytochrome b558 contains one FAD and two

hemes, and forms the NADPH oxidase electron transfer

chain [9]. Also it serves as the central docking site for the

cytosolic components via numerous interaction sites [7, 8].

In resting cells the cytosolic components p47phox,

p67phox and p40phox may form a complex or remain free

in the cytosol. Human p47phox is a protein composed of

390 amino acids that contains one phox homology (PX)

domain in the N-terminal region, two src-homology 3

(SH3) domains, a sequence called the auto-inhibitory

region (AIR) and a proline-rich region. P47phox binds to

the flavocytochrome b558 during NADPH oxidase activa-

tion and is the subunit responsible for transporting the

cytosolic complex (p47phox-p67phox-p40phox) from the

cytosol to the membrane during oxidase activation, and for

organizing the NADPH oxidase complex. Human p67phox

is composed of 526 amino acids, with four tetratricopep-

tide-rich regions, two SH3 domains, a PB1/PC domain and

a proline-rich region [7]. During activation, p67phox

interacts with Rac1/2 and flavocytochrome b558, and can

regulate its catalytic activity via a sequence called the

activation domain [10]. Human p40phox is a 339-amino-

acid protein that was initially identified through its binding

to p67phox [11]. It contains one PX domain, one SH3

domain and one PB1/PC domain. Rac2 is the most abun-

dant rac protein in human neutrophils, while rac1 is the

most abundant rac protein in monocytes and macrophages.

In resting cells, Rac1 and Rac2 bind GDP and are part of a

tight cytosolic complex with RhoGDI.

Five homologues of gp91phox have been identified in

human tissues and in various cell types [6, 12]. They are

called NOX1 (NOX for NADPH oxidase), NOX2

(formerly gp91phox), NOX3, NOX4 and NOX5. Two

homologues of gp91phox and myeloperoxidase (MPO)

have been identified and are named Duox, for dual oxidase

(Duox1 and Duox2) [13, 14]. These new findings con-

cerning NOX family proteins suggest that ROS might be

involved in several cellular functions such as local tissue-

specific bactericidal activity (in colon and lung) and

intracellular signaling. Concerning their regulation, NOX1,

NOX3 and NOX4, like NOX2, are associated with

p22phox and require Rac1 for their activation [12]. NOX1

and NOX3 are regulated by two homologues of p47phox

and p67phox, called NOX organizer 1 (NOXO1) and NOX

activator 1 (NOXA1) [15–18]. Like p47phox, NOXO1

‘organizes’ the assembly of the fully active NOX1 enzyme

complex at the plasma membrane.

Activation of the phagocyte NADPH oxidase in intact

cells versus cell-free systems

Activation of NADPH oxidase in phagocytes can be

induced by a large number of inflammatory stimuli such as

opsonized bacteria, opsonized zymosan, bacterial formy-

lated peptides such as formyl-Met-Leu-Phe (fMLF), C5a

and platelet-activating factor, and also by pharmacological

agents such as calcium ionophores A23127, ionomycin and

PKC activators such as phorbol myristate acetate (PMA)

[19]. In intact cells, NADPH oxidase activation is accom-

panied by phosphorylation of p47phox, p67phox, p40phox,

p22phox and gp91phox, along with several protein-protein

interactions [20–24]. P47phox is phosphorylated on mul-

tiple sites located in its carboxy-terminal portion, including

serines 303–379, which play a central role in NADPH

oxidase activation and regulation [19]. In human neutro-

phils, various protein kinases have been implicated in the

activation of NADPH oxidase, among which the PKC and

MAP kinase families appear to play a major role [19].

Parallel to these events, Rac1/2 replace GDP by GTP and

translocate to the plasma membranes (Fig. 1). During

neutrophil activation, 10–20 % of cytosolic NADPH oxi-

dase components migrate to the plasma membrane, where

they bind to flavocytochrome b558 [7–9].

NADPH oxidase can also be activated in a cell-free

system (Fig. 2) containing cytosol and plasma membranes

from resting cells (neutrophils or monocytes or macro-

phages) in the presence of Mg??, GTP and an anionic

amphiphile, such as arachidonic acid or sodium/lithium

dodecyl sulfate (SDS, LDS) [25, 26]. Anionic amphiphiles

are believed to mimic phosphorylation by providing neg-

ative charges. Active NADPH oxidase can also be

reconstituted from recombinant or highly purified cyto-

chrome b558, p47phox, p67phox and Rac proteins.

However, p40phox is not required for NADPH oxidase
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activation in a cell-free system. Use of this cell-free system

led to major advances in enzymologic characterization of

the enzyme and identification of NADPH oxidase compo-

nents, and has been used to assess the effect of various

peptides and macromolecules on NADPH oxidase activa-

tion, thus allowing the identification of several NADPH

oxidase peptide inhibitors.

Phagocyte NADPH oxidase inhibitors

Non peptide inhibitors

The best-known inhibitor of NADPH oxidase is diphen-

ylene iodonium (DPI), which directly inhibits the activity

of gp91phox/NOX2 [27]. This molecule targets the FAD

binding sequence found in other flavoproteins and is

therefore not specific for NOX2. Indeed, DPI inhibits not

only all NOXs and DUOXs, but also NO synthase and

other flavoproteins [28]. The second NADPH oxidase

inhibitor is apocynin (4-hydroxy-3-methoxyacetophenone-

substituted), a natural molecule structurally related to

vanillin [29, 30]. Apocynin is believed to act on p47phox,

and its effect requires a peroxidase such as MPO [31]. It

might also inhibit NOX1 via NOXO1 in the presence of

peroxidase, and also scavenges ROS, making it non-

specific for NOX2 [32]. Many other small molecules

have been shown to inhibit the phagocyte NADPH oxi-

dase and other NOXs [33–36], but there are currently no

specific chemical inhibitors of the phagocyte NADPH

oxidase. Peptide inhibitors could be more specific than

chemical inhibitors because they are derived from spe-

cific subunit sequences. The next part of this review

describes existing peptide inhibitors and examines their

specificity.

Peptide inhibitors

The cell-free activation system has been used to examine

the effect of various macromolecules such as peptides on

NADPH oxidase activity. This system notably helped to

identify 12 peptides derived from gp91phox/NOX2, 7

peptides derived from p22phox, 13 peptides derived from

p47phox, 6 peptides derived from Rac1 and a few peptides

not derived from NADPH oxidase components [37]. As

p22phox is a protein common to NOX1, NOX2, NOX3 and

NOX4. As Rac1, in addition to its requirement for NOX1,

NOX2, NOX3 and NOX4, is involved in a multitude of

other functions. Peptides derived from p22phox and Rac1

cannot be specific for NOX2. For this reason, p22phox- and

Rac1-derived peptides will not be examined here. To our

knowledge no peptide sequences derived from p67phox or

p40phox have yet been shown to inhibit the phagocyte

NADPH oxidase. P67phox sequences such as the activation

domain [10] might be used to develop new competitive

inhibitory peptides. The reason for the lack of p40phox-

derived peptides may be that p40phox is not required for

NADPH oxidase activation in the cell-free system, making

it more difficult to assess the effect of p40phox-derived

peptides in intact cells.

Fig. 1 NADPH oxidase/NOX2

activation in intact cells. The

active phagocyte NADPH

oxidase is a multicomponent

enzyme complex composed of

six proteins: p22phox (phox:

phagocyte oxidase), gp91phox/

NOX2, p47phox, p67phox,

p40phox and the small G-protein

Rac1 or Rac2. In resting cells

p47phox, p67phox, p40phox and

Rac1/2 are localized in the

cytosol, and p22phox and

gp91phox are at the plasma

membrane and membranes of

specific granules to form

flavocytochrome b558. When

cells are activated by a receptor-

dependent agonist, the cytosolic

components are phosphorylated

and migrate to the membranes,

where they associate with the

membrane-bound components to

assemble the catalytically active

oxidase (FRO=ROS)
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Peptide inhibitors derived from gp91phox/NOX2 are

located throughout the protein, from the N-terminal to

C-terminal (Table 1). The peptide concentrations that

inhibit 50 % of the NADPH oxidase activity in cell-free

systems (IC50) range from 1 to 50 lM for peptides that

target three main sequences: a p47phox interaction

sequence, a Rac1/2 interaction sequence and the NADPH

binding consensus sequence. The NOX2 carboxy-terminal

peptide RGVHFIF (amino acids 559–565) inhibits NADPH

oxidase activation in the cell-free system, but its mecha-

nism of action remains unknown. Most NOX-derived

peptide inhibitors also lie in, or share homology with,

sequences of NOX1, NOX3 or NOX4, and cannot thus be

specific for NOX2. The reason for this lack of specificity is

that these peptides were characterized before the discovery

of the new NOX2 homologues. However, other NOX2

sequences could be used to develop new specific peptide

inhibitors.

Peptide inhibitors derived from p47phox are also located

throughout the protein (Table 2). In the cell-free system

these peptides have IC50 s of between 3 and 31 lM. They

are derived from the PX domain, the SH3 domain, the AIR

domain and the PRR. These peptides could exert their

effect by inhibiting the binding of p47phox to membrane

phospholipids or to p22phox or p67phox, or alternatively

by inhibiting p47phox phosphorylation by inhibiting pro-

tein kinase activity. The PX-, SH3- and PRR-derived

peptide inhibitors share homology with sequences of the

p47phox homologue NOXO, except for AIR-derived pep-

tides, which are specific for p47phox and could thus

specifically inhibit NOX2.

Delivering NADPH oxidase peptide inhibitors

into living cells

The main problem with the use of peptides to inhibit

NADPH oxidase in intact living cells is their inability to

cross the plasma membrane lipid bilayer. The use of cell-

penetrating peptides (CPP) or protein transduction domains

(PTD) is an attractive solution to this problem [51–53]. The

most widely used CPPs are derived from the human

immunodeficiency virus (HIV1) transactivator protein TAT

(amino acid sequence 47–59: YGRKKRRQRRRPP), the

Drosophila transcription factor antennapedia protein, also

called penetratin (amino acid sequence 43–58: RQI-

KIWFQNRRMKWKK), a peptide called transportan

(GWTLNSAGYLLGKINLKALAALAKKIL), a polyargi-

nine peptide called R9 (RRRRRRRRR) and the herpes

simplex virus (HSV) type 1 protein VP22. Although the

exact mechanism of peptide transduction is not entirely

clear, these peptides can deliver biologically active pro-

teins, DNA and RNA across plasma membranes [51–53].

The peptide most widely used for neutrophils is TAT,

which has been shown to localize in the cytosol of human

neutrophils [54]. Several NADPH oxidase peptide inhibi-

tors coupled to the TAT peptide have been shown to inhibit

ROS production in vitro and in vivo [42, 55–57]. The most

widely used is gp91ds-tat, corresponding to the TAT

sequence and the amino acid sequence 85–93 of the mouse

gp91phox/NOX2 (RKKRRQRRR-CSTRIRRQL) [55].

Although this peptide does not inhibit ROS production very

efficiently in neutrophils (35 % inhibition at the highest

peptide concentration of 100 lM), it is widely used as a

Fig. 2 NADPH oxidase/NOX2

activation in the cell-free

system. The phagocyte NADPH

oxidase can be activated in a

reaction mix containing cytosol,

which provides cytosolic

components (p47phox, p67phox

and Rac1/2), plasma membranes

(which provide cytochrome

b558) isolated from resting cells

(neutrophils, monocytes or

macrophages), Mg??, GTP and

an anionic amphiphile, such as

arachidonic acid or sodium/

lithium dodecyl sulfate (SDS,

LDS). Although p40phox is

present in the cytosol and in the

complex, this protein is not

necessary for NADPH oxidase

activation in the cell-free system

(FRO=ROS)
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NOX2 inhibitor in vitro and in animal models [58, 59]. It is

noteworthy that this gp91phox/NOX2 sequence is con-

served in NOX1 and NOX4, meaning that it is not specific

for the phagocyte NADPH oxidase/NOX2.

Another inhibitory peptide of NADPH oxidase in cell-

free systems was coupled to TAT peptide and was shown

to inhibit NADPH oxidase in neutrophils. This peptide

contains the Rac interaction site within NOX2 and corre-

sponds to amino acids 419–430 (ILKSVWYKYCNN) [42].

When used at 20 lM, this peptide inhibited ROS produc-

tion in neutrophils stimulated by fMLF or PMA. This

NOX2-Rac binding domain is also conserved in NOX1 and

NOX3 but not in NOX4, NOX5 or DUOXs, making it

selective for NOX1, NOX2 and NOX3.

Other strategies have been used to inhibit the phagocyte

NADPH oxidase in intact cells. One was designed to inhibit

NOX2 hyperactivation by targeting a TNFa-induced p47phox

phosphorylation site [56]. This peptide, containing the Ser345

sequence (amino acids 334–347) and a TAT sequence,

inhibited NADPH oxidase hyper-activation induced by TNFa

in human neutrophils and also hyperactivation of neutrophils

isolated from synovial fluid of rheumatoid arthritis patients,

while preserving the physiological ability of bacterial N-for-

myl peptide to activate neutrophils [56].

Another strategy was designed to specifically target

p47phox expression. A cell-permeable dominant negative

peptide (DN-Ets-1-TAT) derived from Ets-1, a transcrip-

tional regulator of p47phox, was found to lower

angiotensin II-induced p47phox expression and ROS pro-

duction in vitro, and also to attenuate medial hypertrophy

of the thoracic aorta in mice [57]. This strategy could be

used to target p47phox expression in monocytes, macro-

phages or other cells which continuously express p47phox.

Conclusion

Excessive ROS production by the phagocyte NADPH oxi-

dase NOX2 has been implicated in many inflammatory

diseases, such as rheumatoid arthritis, inflammatory bowel

Table 1 Peptide inhibitors

derived from human gp91phox/

NOX2

IC50 corresponds to the peptide

concentration required to

achieve 50 % NADPH oxidase

inhibition in the cell-free

system. The colors correspond

to different sequences with

different functions

Table 2 Peptide inhibitors

derived from human p47phox

IC50 corresponds to the peptide

concentration required to

achieve 50 % NADPH oxidase

inhibition in the cell-free

system. The colors correspond

to sequences found in different

peptides
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disease, acute respiratory distress syndrome, sepsis, diabetic

complications, cardiovascular diseases, ischemic tissue

injury and neurodegenerative diseases, in which ROSs are

believed to cause direct tissue injury, thus contributing to

inflammatory reactions. Pharmacological targeting of the

phagocyte NADPH oxidase might therefore be beneficial as

an anti-inflammatory strategy. Peptide-based inhibitors

show promise, provided the target sequence is specific for a

particular phagocyte NADPH oxidase component. The best

targets for NADPH oxidase inhibitors are gp91phox/NOX2,

p47phox and p67phox, because their expression is more

specific for phagocytes and some sequences are specific for

these proteins. The p47phox-AIR sequence is not found in its

homologue NOXO, making AIR-derived peptides more

specific than other sequences. This tends to rule out the use of

peptides derived from p22phox and Rac1/2, which are

components common to all NOXs.

Peptide inhibitors could be more specific than small-

molecule inhibitors. The main problem with inhibitory

peptides is their cell delivery, but this can now be achieved

by coupling to cell-permeable peptides such as TAT or

antennapedia peptides. Several cell-permeant peptide

antagonists of NOX2 have already been shown to inhibit

ROS production in vitro and in vivo. The other problem

with peptides is their stability in live organisms. This

problem can be solved by the use of peptides synthesized

with amino acid stereoisomers. Subcutaneous or intrave-

nous infusion of NOX2-inhibitory peptides has been shown

to attenuate vascular disorders in experimental animals.

Oral administration is unlikely to provide efficient peptide

delivery because of the hostile gastrointestinal environ-

ment. Identification of new stable peptides and new

delivery strategies such as nanotechnologies could improve

the efficiency of peptide inhibitors in vivo.
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