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A B S T R A C T

Motile cilia on airway cells are necessary for clearance of mucus-trapped particles out of the lung. Ciliated
airway epithelial cells are uniquely exposed to oxidants through trapping of particles, debris and pathogens in
mucus and the direct exposure to inhaled oxidant gases. Dynein ATPases, the motors driving ciliary motility, are
sensitive to the local redox environment within each cilium. Several redox-sensitive cilia-localized proteins
modulate dynein activity and include Protein Kinase A, Protein Kinase C, and Protein Phosphatase 1. Moreover,
cilia are rich in known redox regulatory proteins and thioredoxin domain-containing proteins that are critical in
maintaining a balanced redox environment. Importantly, a nonsense mutation in TXNDC3, which contains a
thioredoxin motif, has recently been identified as disease-causing in Primary Ciliary Dyskinesia, a hereditary
motile cilia disease resulting in impaired mucociliary clearance. Here we review current understanding of the
role(s) oxidant species play in modifying airway ciliary function. We focus on oxidants generated in the airways,
cilia redox targets that modulate ciliary beating and imbalances in redox state that impact health and disease.
Finally, we review disease models such as smoking, asthma, alcohol drinking, and infections as well as the direct
application of oxidants that implicate redox balance as a modulator of cilia motility.

1. Introduction

Functional motile cilia are key components of human biology. The
collection of cytoskeletal structure and motility components that make
up cilia is referred to as the axoneme. The axoneme is mostly conserved
throughout all instances in human biology including the tail of the
sperm, the oviducts, the ventricular system of the brain and spinal cord,
the embryonic node and the airways. Additionally, instances of non-
motile, primary cilia occur on nearly every cell type and have become
increasingly recognized as central hubs for many signaling cascades
related to proliferation and differentiation, and to determine left-right
asymmetry [1,2]. Left-right asymmetry is associated with motile cilia at
the embryonic node and potentially with non-motile cilia surrounding
the node. While cilia are present in many locations throughout the

body, this review is focused on oxidant regulation of airway-localized
cilia and therefore is not intended be a comprehensive review of all cilia
types. The motile cilia that line the epithelium of the airways are un-
iquely exposed to a variety of oxidants through inhalation and de-
position of gases, particles and debris. Mucociliary clearance, driven by
airway lining cilia, is a necessary defense system to remove pathogens
from the lungs and out of the airways to be swallowed or expectorated.

Housed within the cilium are all of the necessary components for
cilia bending. Upon addition of exogenous substrates and cofactors
(nucleotides, ATP, metals), isolated demembranated cilia can beat in-
dependently of the cell [3–5]. These proteins include those of the cy-
toskeletal structure, regulatory motor proteins (such as specialized
dyneins), ATP/ADP-generating enzymes (Nucleoside diphosphate ki-
nases) and many phosphatases (PP1 and PP2A) and kinases (PKA and
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PKC) that regulate cilia motility [6,7]. Moreover, cilia contain or are in
close proximity to oxidant-generating systems such as nitric oxide
synthases (NOS) or NADPH oxidases (NOX/DUOX) and mitochondria,
respectively [8,9] (Fig. 1).

Changes in reduction/oxidation (redox) state are gaining increased
appreciation as signaling mechanisms for many cellular processes in-
cluding proliferation, senescence, differentiation, transcription factor
activation, apoptosis and motility [10]. The redox state within the cy-
toplasm is normally kept in a reduced state by an abundance of thiol-
based enzymatic systems such as the thioredoxin and glutathione

families. Local regulation of protein thiol-oxidation, however, can have
a profound transient or irreversible impact on tertiary and quaternary
structure, protein stability, protein-protein interaction and enzymatic
activity [11]. Motile cilia are rich in thiol-dense and thiol-regulatory
proteins [6,7], of which the local redox environment governs function.
Redox species are often short-lived due to their reactive nature, and
thus proximity of production of redox species to the moieties with
which they react is a common characteristic of redox-regulated events.

Fig. 1. Cilia Structure and regulatory redox systems. Upper: Graphical representation of a cross section of an individual cilium depicting “9+2” arrangement with
inner and outer dynein arms, radial spokes and nexin links making up the axoneme. Lower left: Localization of known oxidant-generating systems. Nitric oxide
synthase (NOS) 1 and dual oxidase 1 (DUOX1) localize along the length of the ciliary membrane. NOS2 localizes to the cytoplasm and NOS3 localizes to the basal
body. The NOS enzymes produce nitric oxide (•NO) or superoxide (O2

•-). The NADPH oxidase (NOX) 1–4 enzymes localize to the apical surface of the cell membrane.
The apical portion of ciliated cells is packed with mitochondria near basal bodies. NOX and DUOX enzymes and mitochondria generate hydrogen peroxide (H2O2)
and O2

•-. Lower right: Localization of antioxidant systems. Both the ciliary matrix and cytoplasm of airway ciliated cells are densely packed with thioredoxin 1 (Trx1),
thioredoxin reductase 2 (TrxR2) peroxiredoxin 6 (Prx6). Additionally, several thioredoxin domain-containing (TXNDC) proteins are anchored along the length of the
axoneme in close proximity to dynein. *Note – Outer Arm Dynein (ODA) is represented with two heavy chains as in mammalian species (other species such as
Chlamydomonas reinhardtii have three heavy chains).
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2. Reduction/oxidation (redox) signaling and stress

Ambient air comprises 78% nitrogen and 21% oxygen, where
oxygen exists as a diatomic molecule of two atoms of oxygen covalently
bound (O2). The electron configuration of oxygen is such that each
oxygen atom of O2 holds a single unpaired electron (free radical). This
electron configuration gives oxygen a special reactivity, resulting in
other atoms or molecules gaining or losing electrons in the presence of
oxygen. These reactions are generally referred to as oxidation/reduc-
tion or redox reactions.

Redox signaling refers to the shift of electrons, or change in oxi-
dation states from one atomic, ionic or molecular species to another.
Specifically, an oxidation consists of an electrophilic species (oxidant)
acquiring electrons from a nucleophile (reductant), leaving the nu-
cleophile in a more oxidized state. The complementary reaction, or
donation of an electron from a nucleophile to an electrophile is a “re-
duction”. In both cases, one species is oxidized (loses an electron) and
the other species is reduced (gains an electron). One or two electrons
can be transferred resulting in one of three scenarios: 1) A single
electron is transferred, and one or both reactants are left with an un-
paired electron (free radical); 2) a two electron oxidation (pre-
dominant), which results in an oxidized nucleophile plus a neutralized
electrophile or; 3) an addition reaction in which a covalent bond is
formed (adduct) between the nucleophile and an electrophile (example:
disulfide, RSSR; or nitrosothiol, RSNO; Fig. 2).

2.1. Oxidants in biological systems

The major oxidant species in biology are reactive oxygen and ni-
trogen species (RONS), which are molecules derived from oxygen
alone, from nitrogen or from a combination of nitrogen and oxygen.
Free radicals as described above consist of any atom or molecule with
an unpaired electron, which include some species of RONS. Indeed, O2

having two unpaired electrons is a free radical, and serves a crucial
function as the final electron acceptor for electron transport during
mitochondrial respiration and numerous other reactions in biology. Not
all RONS, however, are free radicals. Common examples of RONS that
are not free radicals include but are not limited to hydrogen peroxide
(H2O2) and peroxynitrite (ONOO−).

In general, RONS come from endogenous oxygen metabolizing en-
zymes such as NADPH oxidases (NOX/DUOX), nitric oxide synthases
(NOS1-3), cytochrome P450 enzymes, xanthine dehydrogenase/oxidase
(XDH/XO), or exogenous sources such as radiation/UV, products of

combustion (i.e. smoking), air pollutants and metals.
Thiol redox status is perhaps the best-described mechanism of

protein regulation by oxidant signaling. Thiols, compared to other side
chains of amino acids, have the potential to be more reactive due to a
relatively low dissociation constant (pKa). Specifically, when a thiol
residue (pKa < 6.5) is in proximity to a basic amino acid, a metal
center or aromatic amino acid, the sulfur moiety becomes increasingly
susceptible to biologically relevant oxidation [11]. A reduced thiol
(RSH) can be oxidized to sulfenic (RSOH), sulfinic (RSO2H) or sulfonic
(RSO3H) acids or form a disulfide (RSSR; Fig. 2) by reactive oxygen
species, or to a nitrosothiol (RSNO) by a reactive nitrogen species.
Oxidation of a key thiol (or thiols) results in gain or loss of function due
to post-translational modifications such as conformational changes or
protein-protein interactions. In some cases a thiol can be irreversibly
oxidized, resulting in permanent functional changes to a protein [12].

2.1.1. Motile cilia: organelle structure
The basic cytoskeletal structure of a cilium (or axoneme) as ob-

served by electron microscopy is a circular arrangement of 9 doublet
microtubules. In motile airway cilia there is a 10th pair of microtubules
positioned at the center of the 9-doublet ring. This conformation is
referred to as the “9 + 2” arrangement, where 9 refers to the ring of
doublet microtubules and 2 refers to the two microtubules in the center.
There are two distinct densities seen projecting from the outer micro-
tubules toward the inner microtubules and projecting from one outer
microtubule pair to the next; referred to as “radial spokes” and “nexin
links”, respectively (Fig. 1).

Positioned along the length of the axoneme on the outer doublets
are the complexes of molecular motors, dynein ATPases. These dynein
complexes, which consist of combinations of multiple heavy and light
chain dynein molecules, repeat along the long axis of the microtubules
at a periodicity of 96-nm. Two primary complexes of dynein function as
the motors for ciliary motility: inner dynein arms (IDA) and outer dy-
nein arms (ODA). IDAs are implicated in regulating waveform, while
ODAs drive beat frequency [13]. Initial understanding of the precise
mechanisms by which dyneins take these configurations and how they
are integrated into a functional regulated system with other structural
and regulatory components has only recently been elucidated. For a
detailed comprehensive review of motile cilia structure refer to recent
review by Ishikawa [14]. Many components of cilia structure and reg-
ulation rely on a specific redox state to maintain the function and in-
tegrity of the cilium as an organelle.

Fig. 2. Common thiol redox signaling reactions. A) One electron oxidation of a protein thiol (RSH) by hydroxyl radical (OH•) to form a thiyl radical (RS•) B) A two
electron oxidation of RSH by hydrogen peroxide (H2O2) to sulfenic (RSOH), sulfinic (RSO2H) or sulfonic (RSO3H) acids. C) Adduction of a thiyl radical with a thiyl
radical or nitric oxide (•NO) to form a disulfide (RSSR) or nitrosothiol (RSNO).
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3. Cilia-localized redox-sensitive thiol-regulatory proteins

3.1. Direct evidence of redox regulation of ciliary motility

Several cilia regulatory components have been suggested by ex-
perimental evidence to be sensitive to redox regulation.

3.1.1. Dynein
Perhaps the best-studied redox-sensitive component key to cilia

motility is dynein. Within the ODAs and IDAs are multiple heavy and
light chains (HC and LC). A significant portion of published work has
been focused on the ODAs of the model organism Chlamydomonas re-
inhardtii. Within the ODA, the HCs contain the ATPase motors and LCs
are generally thought to be regulatory molecules.

3.1.1.1. Thioredoxin motifs within dynein subunits. Three subunits of the
ODA (i.e. DC3, LC3 and LC5) contain thioredoxin redox motifs [15,16].
Two light-chains (LC) of Chlamydomonas ODA, LC3 and LC5, have full
copies of the thioredoxin active site redox sensitive motif, which
contains two reactive cysteine moieties (i.e. WCGPCK). This special
orientation of amino acids results in low pKa and high reactivity of the
flanking cysteines.

Wakabayashi and King found in Chlamydomonas that detergent-ex-
tracted reactivated cell models of motility showed a clear decrease in
beat frequency upon increased presence of oxidants, and conversely, an
increase in beat frequency with reducing conditions depending on the
light adapted state. Importantly, mutants lacking LC5 were resistant to
oxidant-mediated slowing, but also did not demonstrate increased
beating with reducing agents [15]. Oxidation experiments coupled with
two-dimensional gel electrophoresis and mass spectrometry revealed
that the oxidations that occur within the LCs create transient disulfides
to other thiol containing protein in close proximity. Specifically, these
experiments revealed LC interaction with two thioredoxin proteins and
two uncharacterized flagellar proteins [15]. The importance of these
thioredoxins is clear since disruption of the mammalian/human or-
thologues of LC3 and LC5, TXNDC3 (NM23-H8) and TXNDC6 (TXL-2/
NME9) are associated with lung diseases [17,18]. Indeed, recent evi-
dence has identified that a common variant of TXNDC3 causes a genetic
disease of dysfunctional mucociliary clearance known as Primary
Ciliary Dyskinesia (PCD) [19].

3.1.1.2. DC3. For ODAs to be positioned on the correct site on
microtubules, they must come in to contact with a specialized group
of interacting proteins, called the ODA-docking complex (ODA-DC).
The ODA-DC consists of three subunits, DC1, DC2 and DC3. Loss of DC1
or DC2 results in the complete loss of ODAs leading to erratic and slow
swimming in Chlamydomonas. Loss of DC3 results in a similar, but less
pronounced phenotype with only partial loss of ODAs. Mutants lacking
DC3 are unable to swim backward upon photoshock [20]. The ODA-DC
likely serves in part as a calcium sensor because calcium is a key
regulator of cilia motility. Of the ODA-DC subunits, DC1 and DC2 likely
serve as regulatory proteins to modulate calcium binding of DC3, which
contains four EF-hand domains (EF1-4) [20]. Within the four EF-hand
domains of DC3, EF2 contains three cysteines, two of which are located
in the calcium-binding loop [21]. Moreover, when studied in vitro, DC3
only binds calcium in the presence of dithiothreitol (a strong reducing
agent), indicating redox-sensitivity. Despite this, upon reconstitution of
DC3–lacking mutants with DC3 having altered EF-domains,
Chlamydomonas swimming was apparently restored to normal by all
means tested. This suggests that the calcium-binding activity of DC3
may not play a role in vivo, despite clear evidence that DC3 binds
calcium in vitro. Additionally, while DC3 shows a stronger affinity for
calcium, it also shows affinity for magnesium. Given the relative
concentrations of calcium and magnesium in cilia, it is possible that
DC3 is normally magnesium-loaded and that shifts in calcium
concentration displace magnesium as a component of regulation.

Further work is needed to determine the role of DC3 as a redox-
sensitive calcium sensor to transmit a signal to the ODA via the
thioredoxin-like light chains of the ODA.

3.1.1.3. Gamma heavy chain (HC). Early evidence in sea urchin sperm
and tetrahymena demonstrated the redox sensitivity of the dynein
ATPases. These experiments demonstrated enhanced outer dynein arm
activity in the presence of irreversible oxidizing agents such as N-
ethylamide, p-hydroxymercury benzoate and p- sulfonate suggesting a
role for reduced thiols to govern dynein activity [22]. Experimental
evidence from Chlamydomonas also suggests that dynein is directly
regulated by oxidation. Direct redox regulation of the gamma heavy
chain (HC) dynein ATPase has been demonstrated to be biphasic. In
isolated axonemes from Chlamydomonas, treatment with increasing
amounts of up to 10 μM DTNB, revealed a 50% increase in ATPase
activity. Further increasing DTNB up to 10mM resulted in a decline in
ATPase activity to 10% of the rate in the absence of DTNB [23]. In
Chlamydomonas mutants lacking the ODAs, but not IDAs, ATPase
activity was not stimulated at lower concentrations of DTNB but still
showed inhibition upon high doses. In mutants lacking the LC5 and
alpha HC domain the magnitude of activation is blunted. However, this
limitation disappears upon removal of the beta HC motor domain,
suggesting that multiple intra dynein protein-protein interactions are
involved in modulating ATPase activation of the gamma HC [23].

3.1.2. Phosphoregulatory systems
Anchored within the cytoskeletal structure of the axoneme and lo-

calized in close proximity to the dyneins associated with radial spokes
are several phosphoregulatory enzymes; the kinases and phosphatases
[24]. Several of these phosphoregulatory enzymes have been shown to
be redox-sensitive in purified form or in contexts other than cilia, and
there is direct evidence for a redox regulatory component of two en-
zymes, protein phosphatase 1 (PP1) and protein kinase C PKC.

3.1.2.1. Protein phosphatase 1. The PP1 catalytic subunit (PP1c)
predominately localizes to the central pair in Chlamydomonas with a
small fraction localizing near ODAs [25]. There are at least two putative
redox sensitive elements of PP1: 1) PP1 contains metals (likely Fe2+

and Zn2+; the metals in the active site vary based on whether the
enzyme is recombinant or native) in its native active site [26]; and 2)
PP1 contains a putative oxidoreductase active site [27]. Recombinant
PP1 (rPP1) activity can be enhanced or suppressed by H2O2. Sommer
et al. reported an approximately 2-fold increase in PP1 activity after
incubation with an oxidant generating system (Xanthine/Xanthine
Oxidase) [28]. Importantly, stimulation of rPP1 activity was blocked
by catalase, but not superoxide dismutase, implicating H2O2 as the
activating oxidant [28]. The precise mechanism of PP1 activation by
H2O2 has not been further reported. NADPH oxidase 4 (NOX4)
generated H2O2 has been demonstrated to inhibit recombinant PP1
by one electron oxidation within a dinuclear metal center [29].
Additionally, PP1 inactivation coincides with oxidation of residues
Cys62 and Cys105 to sulfenic, sulfinic, or irreversibly to sulfonic acid
[30]. Results obtained studying recombinant PP1, however, may not
reflect the in vivo redox sensitivity of PP1, as the metals contained in
recombinant PP1 are likely different and subject to different oxidation
energies [26]. In this context, the precise mechanisms by which PP1 can
be redox regulated can only be speculated. Oxidation of PP1 could alter
binding with any of the over 250 identified binding partners of
PP1directly or alter PP1 catalytic activity directly [31]. Recently, our
laboratory identified S-nitrosation of Cys155 that correlated with
activation of PP1, and subsequent cilia dysfunction (discussed later)
[32].

3.1.2.2. Protein kinase C. Several studies demonstrate Protein Kinase C
(PKC) activation decreases CBF in mammalian cells [33–35]. Salathe
and colleagues found that PKC dependent phosphorylation of a single

M.E. Price and J.H. Sisson Redox Biology 27 (2019) 101146

4



membrane-bound 37-kDa target was associated with decreased CBF in
cilia from sheep tracheal rings [36]. Furthermore, Kobyashi
demonstrated that H2O2 could slow cilia, and blocking PKC activity
could reverse this cilia inhibition [37]. Several PKC isoforms exist and
have varying functions within the cell. Wyatt et al. demonstrated
localization of the ε isoform in bovine isolated axonemes [35]. PKC is
implicated in cilia slowing related to cigarette smoking [35,38–40],
aging [34], H2O2 [37] and fungal aflatoxin exposure [41].

PKC contains cysteine residues that are susceptible to posttransla-
tional redox modifications in both the C-terminal catalytic domain and
the N-terminal regulatory domain [42]. Reversible activation or in-
activation can occur by disulfide formation within the regulatory do-
main or catalytic domain, respectively [43]. Redox modification of the
C-terminus results in phorbol ester-independent activation of PKC ac-
tivity, resulting in activation of PKC without a need for translocation of
the enzyme to membrane. In some cases, H2O2 activates PKC in cor-
relation with a reverse, membrane to cytosol, distribution [42,44].

3.2. Putative redox sensitive ciliary motility regulatory components

Several other axoneme-localized proteins that have been shown to
regulate ciliary motility also have been shown to be redox-sensitive in
other biologic systems. The redox-sensitivity of these proteins has yet to
be formally examined in the context of cilia regulation. These include
but are not limited to protein phosphatase 2A (PP2A) [45], soluble
guanylyl cyclase (sGC) [8], protein kinase A (PKA) [7,8,46] and heat
shock protein 90 (Hsp90) [47].

3.3. Antioxidant enzymes and oxidant generating systems

3.3.1. Antioxidant proteins
Several canonical antioxidant proteins are present in cilia. In addi-

tion to the dynein subunits described previously, tracheal and lung
tissue show enhanced staining for the redoxin family proteins TrxR2,
Prx6, Trx1 from both mice and humans under baseline conditions
[48,49]. Additionally, specialized nucleoside diphosphate kinases con-
tain multiple copies of thioredoxin domains, but have yet been de-
monstrated to function in redox reactions governing cilia function
(Fig. 1) [19].

3.3.2. Oxidant generating systems
There are several RONS sources in close proximity to the axoneme.

RONS are often generated from enzymes that metabolize oxygen
creating more reactive products including superoxide O2%

-, H2O2, and %

NO.

3.3.2.1. Nitric oxide synthases. %NO is a key regulatory molecule for
airway ciliary motility. %NO is a highly reactive molecule first
characterized as the signaling molecule originally called endothelial
derived relaxing factor (EDRF) [50]. Biological %NO comes primarily
from the three isoforms of the homodimeric %NO synthase (NOS)
enzymes: 1) neuronal NOS (nNOS or NOS1); 2) inducible NOS (iNOS
or NOS2); and 3) endothelial NOS (eNOS or NOS3) [51–53]. NOS1 and
NOS3 are constitutively expressed and posttranslationally activated,
while NOS2 is transcriptionally regulated and constitutively active. The
NOS enzymes share the common mechanism of catalyzing the reaction
of oxygen, NADPH, tetrahydrobiopterin (BH4) and L-Arginine to the free
radical NO% and L-citrulline [51]. %NO then acts as a signaling
intermediate by autocrine or paracrine mechanisms [54]. A well-
characterized “canonical” example of this is the covalent binding of %
NO to the heme of guanylyl cyclase to stimulate the production of
cGMP, which activates PKG [51,54]. In contrast, signaling properties of
aberrant or non-canonical %NO production are poorly characterized. In
the absence of NADPH, BH4 or L-Arginine, the passing of electrons
between the domains of the NOS enzyme becomes uncoupled, resulting
in the additional production of the reactive free radical anion O2%

- [55].

The reaction of O2%
- with %NO, one the fastest known biological

chemical reactions, results in the formation of the highly reactive
anion peroxynitrite (ONOO−) [55,56]. %NO and ONOO−, as RONS, can
catalyze the reversible nitrogen oxidation adduction of protein thiols,
termed S-nitrosation or oxidation of tyrosine residues, termed nitration
[57]. Our group found that alcohol exposure of isolated axonemes
rapidly and robustly increased %NO production and CBF. By adding the
stereo-specific NOS inhibitor L-NAME (NOS isoform non-specific pan-
NOS inhibitor), both NOS production and CBF responsiveness to alcohol
exposure were blocked [58]. Upon addition of the %NO donor, sodium
nitroprusside, CBF responsiveness was restored. These data suggest
both %NO producing capacity localized to the axoneme, and a %NO
responsive element of the axoneme. Additionally, %NO is key to many
receptor-mediated increases in CBF such as bitter taste receptors and
adrenergic receptors. All three NOS isoforms have been differentially
localized in ciliated airway epithelial cells and reports of localization of
NOS in ciliated airway epithelial cells are varied (Fig. 1).

3.3.2.2. NOS1. NADPH diaphorase staining of NOS1 knockout mice
and immunohistochemistry for NOS1 from human bronchioles revealed
strong localization of NOS1 to airway epithelium [59,60]. Recently,
NOS1 has been localized directly and specifically to cilia of airway
epithelial cells [9]. In this study, NOS1 was found at the proximal
portion of the axoneme in human explants as well as primary cells
cultured at an air-liquid interface [9]. Despite these data, no published
reports demonstrate a specific role for NOS1 to regulate cilia function.

3.3.2.3. NOS2. NOS2 enzyme has great affinity for calcium and
therefore does not require a burst of calcium to produce %NO
resulting in abundant production of %NO far greater than that of
NOS1 or NOS3 [61]. From a redox perspective, the levels of %NO
radicals generated by NOS2 result in oxidizing conditions and can
quickly deplete antioxidant stores. In vivo NOS2 is constitutively
expressed in airway epithelial cells, but this expression is lost in vitro
[62]. Cytosolic expression of NOS2 in cultured ciliated cells can be
maintained upon addition of cytokines IL-4 and Interferon γ [62]. In
sinus explants treated with TNFα, rapid and abundant expression of
NOS2 is associated with a decrease in CBF [63].

3.3.2.4. NOS3. In rat and bovine bronchial ciliated epithelial cells
NOS3 and PKG-1β localize near the basal body of the axoneme,
suggesting a role in the function of cilia [8,64,65]. Additionally, in
response to noxious stimuli, NOS3 has been found to translocate from
the basal body region to more distal in the axoneme in bovine cells
[47].

3.3.2.5. Nox Family of NADPH oxidases. The NADPH oxidase (Nox)
includes Nox1-4 and dual oxidase (Duox) 1 and 2. This family of
enzymes exhibit several conserved properties: 1) six conserved
transmembrane domains; 2) four highly conserved and heme-binding
histidines, and 3) and an electron flow from bound NADPH to FAD and
through the heme domains [66]. These conserved properties ultimately
result in the reduction of O2 to O2%

- through the heme domains [66].
Additionally, moieties that regulate each enzyme's calcium sensitivity
or the potential to generate H2O2, differentiate the isoforms. Bedard and
Krause provide a thorough review of the Nox Family enzymes [67].

The primary Nox family members found in ciliated airway epithelial
cells are Duox1 [68], Duox2 [69,70], Nox4 [71] and Nox2 [72,73]. In
these cells these enzymes localize to the apical surface of the cell, with
staining for Duox1 extending into the cilia (Fig. 1) [74]. Strikingly,
Duox1/2 and Nox4 have been associated with predominance toward
H2O2 versus canonical production of O2%

- [70,75]. It is likely that these
enzymes produce O2%

- that rapidly dismutates to H2O2. While these Nox
enzymes clearly play a role in airway diseases associated with dys-
functional mucociliary clearance, Nox4 is the only enzyme that has
been directly associated with cilia dysfunction [76].
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3.3.2.6. Mitochondria. In airway epithelial cells mitochondria are
densely localized to the apical surface of the cell near the basal body
of the axoneme, presumably to provide a source of ATP to meet the
demands of ciliary motility (Fig. 1). With close proximity to cilia,
mitochondria are a likely source of oxidant signaling and stress to
motile cilia. Both Murphy [77] and Mailloux [78] have written
extensive detailed reviews of the mechanisms by which mitochondria
generate and are regulated by redox signaling and stress.

3.4. Direct effects of oxidants and oxidant generating systems

Numerous studies have reported the effects of relatively stable
oxidants such as O2 or H2O2, or the direct effect of oxidant generating
systems to study the role of transient oxidants such as O2%

- or hydroxyl
radicals.

3.4.1. Oxygen stress
Increasing the fraction of inhaled oxygen (FiO2) is a common form

of cellular hyperoxia encountered clinically in the context of supple-
mental oxygen therapy. Unlike tissues that are exposed to this increased
oxygen through the circulatory system, the airways are in direct contact
with the highest levels of oxygen as an inhaled gas. Despite its ther-
apeutic role to increase hemoglobin saturation and restore tissue oxy-
genation, the effect of oxygen on ciliated cells varies based on the
length of exposure. With short exposure to increased FiO2, Stanek et al.
found an increase in CBF in cultured human nasal epithelia [79]. In
contrast, prolonged exposure to high and prolonged FiO2 decreases the
number of cilia in rat, bovine and human cultured cells and explants
[80,81]. Al-Shmangi et al. found that co-incubation with vitamin E
and/or vitamin C partially mitigated oxygen-induced cilia loss [82].
Additional reports of the mechanistic nature behind acute or chronic
oxygen exposure to cilia do not currently exist in published literature.

3.4.2. Xanthine/xanthine oxidase – opposing roles for O2%- and H2O2
Purified xanthine oxidase (XO) in combination with xanthine (X) or

hypoxanthine (HX) is a commonly used oxidant generating system. This
system generates abundant quantities of O2%

- and H2O2 depending on
the culture conditions and substrate levels. Addition of superoxide
dismutase (SOD) and or catalase (CAT) allow for the differentiation of
O2%

- or H2O2 as the acting oxidant. The effects of XO systems on CBF are
varied.

Direct exposure to X/XO or H2O2 results in ciliary slowing [83–86].
Interestingly, slowing by X/XO further declines upon preincubation
with SOD. Surprisingly, in the presence of CAT, X/XO stimulates CBF

and with the combination of SOD + CAT CBF is similar to conditions in
the absence of X/XO [83,84]. As SOD generates H2O2 and this further
slows cilia, these data suggest that H2O2 slows cilia since CAT selec-
tively consumes H2O2 and there is no slowing with the presence of CAT.
Slowing of CBF by X/XO seems to be a H2O2 and DNA damage-de-
pendent process. Feldman et al. and Min et al., found that inhibition of
DNA repair by 3-aminobenzamide blocks both X/XO or direct H2O2-
mediated CBF slowing [83,85].

Since CAT stimulates CBF in the presence of X/XO, which is atte-
nuated by SOD, this suggests that O2%

- stimulates CBF. Manzanares
et al., found that inhibition of hyaluronon (HA) synthesis prevents sti-
mulation of CBF by X/XO and that addition of exogenous HA amplifies
the stimulatory response [87]. Additionally, CBF stimulation by X/XO
was reduced upon blocking the receptor for hyaluronic acid-mediated
motility (RHAMM), which signals through recepteur d'origine nantais
(RON), a tyrosine kinase at the apical surface of the cell, to activate a
CBF stimulation pathway [87,88]. These experiments suggest that
oxidatively modified HA can activate RHAMM. In combination, the
above findings utilizing the X/XO system highlight the importance of
identifying the oxidant species generated to affect cilia function.

4. Redox associated acquired ciliopathies

Continuous and dynamic beating of airway cilia is necessary to clear
mucus and mucous-trapped pathogens, particles and debris upon in-
halation as a protective mechanism for the lung. This is evident in cases
of inherited genetic mutations in motile cilia specific proteins that re-
sult in disordered or immotile cilia function. These genetic diseases,
known as primary ciliary dyskinesia (PCD), result in chronic mucus
plugging, pneumonias and bronchiectasis. Knowles provides a detailed
review of PCD [89]. In addition to heritable genetics causing cilia
dysfunction, extrinsic elements such as exposure to pollutants, microbes
or lifestyle factors can impact ciliary motility. Many of these exposure-
associated, or “acquired ciliopathies” are driven directly or indirectly
by perturbations of redox balance (Table 1). These exposures change
redox balance by containing or altering oxidizing elements, generating
intracellular or extracellular RONS by activating local cellular defense
systems, or by driving recruitment of inflammatory cells with powerful
oxidant producing capacity. Tilley et al. has provided a broad overview
of secondary ciliary dysfunction or acquired ciliopathies [90].

4.1. Asthma

Asthma is characterized by hyperreactivity and inflammation of the

Table 1
Redox associated acquired ciliopathies.

Insult Redox Species Source Effect on Ciliary Motility

Hyperoxia O2 • Inspired O2 > 21% Low/brief CBF
High/prolonged CBF

Exogenous Xanthine Oxidase H2O2

O2%-
• Enzymatic product of XO activity CBF with XO alone or in the presence of superoxide dismutase

CBF in the presence of catalase
Asthma H2O2

Increase or decrease %NO
• Nox/Duox CBF

Respiratory Syncytial Virus H2O2 • Decreased Nrf2
• unknown

CBF
Loss of ciliated cells

Pseudomonas Aeruginosa H2O2 • Cell-free supernatant
• Pyocyanin
• Pseudomonas
• Quinolone Signal
• Increased Duox

CBF

Streptococcus pneumoniae H2O2 • H2O2 secretion via pyruvate oxidase CBF
Tobacco Smoke Aldehyde adducts

H2O2

• Direct effect of combustion products
• Aldehyde metabolism
Duox1

CBF

Alcohol Exposure %NO • NOS3 Transient CBF,
Prolonged desensitization to β-agonists

M.E. Price and J.H. Sisson Redox Biology 27 (2019) 101146

6



airways. This chronic inflammation leads to mucus cell metaplasia and
mucus plugging [91]. In addition to increased mucus production
asthma is associated with an observed slowing of CBF. Bonser et al.
reported decreased CBF in bronchial rings collected from severe asth-
matics that was reversible ex vivo by removal of apically tethered
MUC5AC. The conclusion made by the authors was that tethering of this
mucin was causative of CBF slowing, based on the observation that
upon MUC5AC removal, CBF was restored [91]. While it was demon-
strated that removal of MUC5AC correlated with CBF slowing, the
method of removal of the mucin required a strong cell-permeable re-
ducing agent dithiothreitol (DTT). Thus an alternative conclusion can
be drawn; that oxidants are responsible for CBF slowing. Consistent
with this, based on a recent study reported by Wan et al., ciliary slowing
was correlated to a redox event exclusive to neutrophilic asthma [76].
In a study of ciliary function in bronchial strips collected from 11 pa-
tients with neutrophilic asthma and 10 patients with nonneutrophilic
asthma, CBF was only slow in those patients with neutrophilic asthma
and correlated well with the percent sputum neutrophils (r=−0.70;
P < .001) and did not correlate with sputum eosinophils. Furthermore,
in bronchial strips from the same patients, Nox4 levels and ROS gen-
eration were increased in samples from neutrophilic asthmatic and
Nox4 inhibition by GKT137831 improved CBF in these strips. Inter-
estingly, when primary cells were cultured and differentiated from the
same donors, Nox4 expression remained high but there was no de-
tectable difference in cilia function. In contrast, in an ovalbumin mouse
model of asthma, which results in a neutrophilic asthma pattern, CBF
and the percent ciliated cells in tracheal rings was decreased in oval-
bumin challenged mice compared to controls. Importantly, oral ad-
ministration of the Nox4 inhibitor GKT137831 prevented cilia slowing
and loss, despite the persistence of neutrophil infiltration. These data
suggest that RONS generated by NOX4 in combination with neutrophil
infiltration drive cilia dysfunction [76].

4.2. Respiratory syncytial virus

Viruses are a common pathogen in the airways. Of these,
Respiratory Syncytial Virus (RSV) specifically targets airway epithelial
cells via the CX3CR1 receptor [92,93] receptor and results in cilia loss
[94]. In vitro RSV infection rapidly drives ciliary dyskinesia [95], loss of
cilia [96] and ballooning and detachment of ciliated cells from the
airway epithelium [97].

In airway epithelial cells RSV drives a robust increase in H2O2 and
downregulates the antioxidant defenses [98–100]. Induction of Nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) in a mouse model is protective
against RSV replication and RSV-driven pulmonary inflammation
[101]. Nrf2 is a transcription factor controlling the expression of several
antioxidant enzymes including thioredoxin reductase 1 (TXNRD1),
glutathione-cysteine ligase (GCLC), glutathione S-transferase (GST) and
heme oxygenase-1 (HO-1). Mata et al., reported that pre-incubation
with N-acetyl-L-cysteine, a precursor to the antioxidant molecule glu-
tathione (GSH), prevented viral replication and loss of ciliogenesis in
vitro in human cells [102].

4.3. Pseuodomonas aeruginosa

A common pathogenic organism in Cystic Fibrosis is Pseuodomonas
aeruginosa (PA). This organism produces several redox-active virulence
factors. In a study of sheep tracheal explants, a cell free supernatant
derived from PA resulted in ciliary slowing of sheep tracheal explants
that was blocked by co-incubation with catalase, suggesting H2O2 as the
insulting redox species [103]. Pyocyanin, a redox-active phenazine
pigment, is found in the sputa of colonized individuals near 27 μg/ml
and associated with epithelial cell disruption and cilia slowing
[104,105]. Interestingly, an array of antioxidants including catalase,
SOD and N-acetyl-L-cysteine did not prevent cilia slowing by pyocyanin
[106]. These data suggest either that ciliary slowing by pyocyanin is not

a redox-dependent event, or that the antioxidants used were unable to
target the redox-sensitive components involved. In addition to pyo-
cyanin, Pseudomonas Quinolone Signal (PQS) is another virulence
factor source of oxidative stress in airway epithelial cells, resulting in
increased apoptosis and decreased antioxidant capacity by driving
down Nrf-2 and Heme Oxygenase 1 [107]. Finally, the type-three se-
cretion system of Pseuodomonas activates Duox in airway epithelial cells
in a calcium-dependent and ATP-independent manner [108]. A specific
role of Duox-dependent cilia dysfunction with Pseuodomonas is in need
of further study.

4.4. Streptococcus pneumoniae

Streptococcus pneumoniae (S. pneumoniae) is the most common
community acquired bacterial cause of pneumonia [109]. In addition to
the pore forming toxin, pneumolysin, S. pneumoniae secretes H2O2 via
pyruvate oxidase enzymes [110]. Although the virulence of pneumo-
lysin-deficient S. pneumoniae to cause pneumonia is diminished com-
pared to their pneumolysin-positive counterparts [111], it is apparent
that this H2O2 is a strong virulence factor since equivalent levels of
H2O2 induce cilia slowing and pneumolysin deficient pneumococci are
cytotoxic to rat airway epithelial cells [112,113].

4.5. Smoke

Smoking is one of the strongest risk factors for bronchitis, chronic
obstructive pulmonary disease (COPD) and increased mortality from
pneumonia [114]. Combustion of tobacco smoke produces one of the
highest biologically relevant sources of acetaldehyde (nearly 1mg per
cigarette) in addition to several other oxidant species [115,116].
Smoking can push reversible signaling reactions toward irreversibly
oxidized moieties [117]. For over half a century cigarette smoking has
been associated with cilia slowing and cilia shortening or loss
[39,118,119].

We have shown in mice exposed to whole-body smoke from cigar-
ettes that PKCε was slightly increased by 6-weeks and increased 10-fold
by 12 weeks, which was mirrored by slowing of CBF in tracheal rings
compared to mice exposed to air alone [38]. Additionally, cell cultures
of mouse tracheal epithelium exposed to both smoke and alcohol de-
monstrate increased PKCε activity compared to control or to either
smoke or alcohol individually. Importantly, slowing does not occur in
smoke-exposed PKCε−/− mice [35]. While the precise mechanism of
PKCε activation by cigarette smoke is not fully understood, it has re-
cently been reported that smoke increases Duox1 and H2O2 and IL-8
release in an immortalized bronchial epithelial cell-line and in smoke-
exposed mice. Inhibition of Duox1 with a non-specific Nox inhibitor DPI
blocked IL-8 release [120]. In a separate bovine bronchial epithelial cell
model, exogenous IL-8 caused cilia dysfunction [121]. Moreover, as
described previously, PKCε can be activated by H2O2 and other oxi-
dants. Smoking may act on PKCε through an IL-8 or H2O2 driving
mechanism.

4.6. Alcohol

Alcohol drinking is associated with increased prevalence of treat-
ment-resistant pneumonia [122,123] and is associated with pro-oxidant
environment in the lung and airways [124–127]. Alcohol has different
effects on ciliary motility dependent on both dose and length of ex-
posure. Alcohol modifies the •NO-driven kinase-dependent mechanism
of airway ciliary regulation in two ways: 1) brief alcohol exposure
transiently stimulates airway CBF; and 2) prolonged alcohol exposure
desensitizes cilia to subsequent stimulation of motility [128,129]. For
example up to 6 h alcohol exposure (up to 100mM) to cultured airway
epithelial cells stimulates CBF. In contrast, after 24 h of alcohol ex-
posure, CBF returns to baseline and is unresponsive to a β-agonist
(desensitization), termed alcohol-induced ciliary dysfunction (AICD).
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Ethanol rapidly increases the activity of adenylyl cyclase (AC) to
produce cyclic adenosine monophosphate (cAMP), activating PKA and
subsequently increasing CBF [130,131]. In parallel, alcohol exposure
increases •NO production by activating endothelial nitric oxide synthase
(eNOS or NOS3). •NO then stimulates soluble guanylyl cyclase (GC) to
produce cyclic guanosine monophosphate (cGMP); activating PKG. CBF
stimulation by alcohol depends upon sequential activation of PKG and
PKA [129]. In conditions of prolonged stimulation by alcohol exposure,
ciliary beating returns to baseline and becomes unresponsive to other
stimulation such as β-agonists. Alcohol-induced blunting of CBF sti-
mulation occurs through the desensitization of both PKA and PKG to
cyclic-nucleotide stimulus [128]. This dual kinase desensitization is a
central molecular component of AICD [128]. We recently expanded the
ciliary metabolon to include protein phosphatase 1 (PP1) [132]. In
conditions of prolonged alcohol exposure, protein phosphatase activity
is increased at the level of the cilia organelle. PP1 inhibition can reverse
AICD, restoring CBF and cyclic nucleotide-dependent kinase respon-
siveness [132]. However, the mechanism of alcohol-driven phosphatase
activation is unknown.

Interestingly, mice drinking alcohol with concomitant feeding of
antioxidants (N-acetyl cysteine or procysteine) do not develop AICD
[133]. This suggests that PP1 is activated by alcohol-driven oxidative
stress. Three cysteine residues, Cys62, Cys105 and Cys155 (see above
subheading Protein Phosphatase 1) have been reported to have a po-
tential redox regulatory role to govern PP1. Our lab has found that
alcohol drives S-nitrosation of Cys155, reverses S-nitrosation of Cys62

and has no effect on the redox status of Cys105. These data are con-
sistent with other published literature that oxidation of Cys62 in-
activates PP1 and oxidation of Cys155 activates PP1. In this context, the
precise mechanism by which S-nitrosation stimulates PP1 activity can
only be speculated. S-nitrosation of the oxidoreductase site could di-
rectly alter PP1 catalytic activity, or alter binding with any of the over
250 identified binding partners of PP1 [31]. Our data suggest direct S-
nitrosation of PP1 as a novel mechanism of activation in bovine isolated
airway axonemes.

Additionally, Cho et al. reported an alcohol triggered increase in
CBF in mouse nasal epithelial cells but, in contrast to tracheal epithelial
cells, this increase in CBF was not •NO-dependent [134]. Attempts to
understand the effects of alcohol on motile cilia from human sources
have been conflicting. Smith et al. reported no significant increase in
CBF from nasal epithelial cells over a range of ethanol concentration
(0.1%, 0.5% and 1%) [135]. Despite these inconsistencies in vitro, there
is increased prevalence of pneumonia amongst populations of in-
dividuals with alcohol use disorder and alcohol use is associated with a
redox imbalance in the airways [126,136].

5. Conclusion and future directions

It is becoming increasingly clear that redox signaling contributes to
the regulation of many functions within the cell. Similarly, the re-
cognition of the complexity of redox systems has increased. Having a
unique exposure to the outside world, motile airway cilia contain many
components known to be sensitive to oxidation state. The redox state
within the ciliary compartment housing the axoneme is likely distinct
from that of the cytoplasm of the cell body. While small molecules such
as oxidants can likely freely travel between the cytoplasm of the cell
body and cilia (through the transition zone), the proximity of where
oxidants are produced or reduced is likely a key component to the local
redox state in the axoneme. Motile cilia are enriched with both oxidant
generating and antioxidant systems, which likely do not freely pass
through the transition zone, and these systems are perturbed in mul-
tiple diseases associated with dysfunctional mucociliary clearance.

The airway epithelium lends to a unique target of inhaled therapies
as drugs can be inhaled to come in direct contact with the epithelium
and cilia. Many inhaled oxidant targeted therapies have not resulted in
functional improvements in lung function or infections in clinical trials;

this is likely due to an incomplete understanding of the redox dynamics
of cilia function. Only a handful of studies have directly assessed in-
trinsic control of cilia regulation be redox mechanisms and have iden-
tified that the dynein motors and regulatory complexes are directly
redox sensitive. Future work should be focused on delineating the
function of these cilia regulatory proteins in the context of an oxidant
stressor. Moreover, functional clearance studies are lacking. More re-
search will likely uncover novel therapeutic redox targets, and effective
therapeutics will need to target a specific redox species within a specific
compartment.
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