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Regulation of alveolar epithelial function by

hypoxia
G. Zhou, L.A. Dada and J.I. Sznajder

ABSTRACT: Patients with acute respiratory distress syndrome and high-altitude pulmonary

oedema build up excess lung fluid, which leads to alveolar hypoxia. In patients with acute

respiratory distress syndrome and hypoxia, there is a decrease in oedema fluid clearance, due in

part to the downregulation of plasma membrane sodium–potassium adenosine triphosphatase

(Na,K-ATPase).

In alveolar epithelial cells, acute hypoxia promotes Na,K-ATPase endocytosis from the plasma

membrane to intracellular compartments, resulting in inhibition of Na,K-ATPase activity. Exposure

to prolonged hypoxia leads to degradation of plasma membrane Na,K-ATPase.

The downregulation of plasma membrane Na,K-ATPase reduces adenosine triphosphate

demand, as part of a survival mechanism of cellular adaptation to hypoxia. Hypoxia has also

been shown to disassemble and degrade the keratin intermediate filament network, a fundamental

component of the cell cytoskeleton, affecting epithelial barrier function.

Accordingly, better understanding of the mechanisms regulating cellular adaptation to hypoxia

may lead to the development of novel therapeutic strategies for acute respiratory distress

syndrome and high-altitude pulmonary oedema patients.

KEYWORDS: Alveolar epithelium, hypoxia, keratin intermediate filament, oedema fluid clearance,

reactive oxygen species, sodium–potassium adenosine triphosphatase

T
he alveolar epithelium contributes to the
maintenance of surface tension, basic host
defence properties, gas exchange and

oedema clearance [1]. It is normally well oxygen-
ated since oxygen is exchanged across the
alveolocapillary membrane. However, under a
number of conditions, the alveolar epithelium is
exposed to low oxygen levels (hypoxia). For
example, during ascent to high altitude, the
partial pressure of oxygen drops due to the
decline in barometric pressure, which can con-
tribute to high-altitude pulmonary oedema
(HAPE) [2]. In turn, HAPE exaggerates alveolar
hypoxia as a consequence of alveolar flooding [3].
In addition, patients with acute respiratory
distress syndrome or congestive heart failure
develop pulmonary oedema, resulting in
impaired oxygen transfer from the airspaces into
the pulmonary circulation [1, 4, 5]. Patients who
cannot clear oedema efficiently have worse

outcomes, suggesting that hypoxia plays a
deleterious role in alveolar epithelial function
[1, 6]. The mechanisms contributing to alveolar
epithelial dysfunction during hypoxia are not
completely understood. Recent advances on this
topic are reviewed herein.

ALVEOLAR EPITHELIUM
In the human lungs, the alveolar epithelium is
populated by squamous alveolar type (AT)I and
cuboidal ATII cells. There are similar numbers of
ATI and ATII cells; however, ATI cells are
elongated, with long thin cytoplasmic extensions,
and cover 95% of the surface area [7, 8]. ATII
cells, which produce, secrete and recycle surfac-
tant, cover the remaining 5% of the surface area
and are thought to differentiate into ATI
cells. Recent studies have demonstrated that both
ATI and ATII cells express sodium–potassium
adenosine triphosphatase (Na,K-ATPase) and the

AFFILIATIONS

Division of Pulmonary and Critical

Care Medicine, Feinberg School of

Medicine, Northwestern University,

Chicago, IL, USA.

CORRESPONDENCE

J.I. Sznajder

Division of Pulmonary and Critical

Care Medicine

Feinberg School of Medicine

Northwestern University

240 E. Huron

McGaw Pavilion M-326

Chicago

IL 60611

USA

Fax: 1 3129084650

E-mail: j-sznajder@

northwestern.edu

Received:

November 19 2007

Accepted:

November 27 2007

SUPPORT STATEMENT

This study was supported, in part, by

grants from the National Institutes of

Health (Bethesda, MD, USA; HL-

071643 and HL-48129) and a Parker

B. Francis Foundation (Dept of

Environmental Health, Harvard

School of Public Health, Boston, MA,

USA) fellowship (to G. Zhou).

STATEMENT OF INTEREST

None declared.

European Respiratory Journal

Print ISSN 0903-1936

Online ISSN 1399-3003Previous articles in this series: No. 1: Wagner PD. The biology of oxygen. Eur Respir J 2008; 31: 887–890.

EUROPEAN RESPIRATORY JOURNAL VOLUME 31 NUMBER 5 1107

Eur Respir J 2008; 31: 1107–1113

DOI: 10.1183/09031936.00155507

Copyright�ERS Journals Ltd 2008

c



amiloride-sensitive epithelial sodium channel (ENaC), and
thus contribute to active Na+ transport and alveolar fluid
resorption [7–10].

Interactions between adjacent epithelial cells through domains
such as tight junctions and adherens junctions provide a
physical barrier between the alveolar airspaces and the
interstitium (fig. 1). Tight junctions surround the cells like
rubber O-rings, preventing large molecules from crossing the
epithelial layer [11]. The relative impermeability of the alveolar
epithelium to paracellular solute diffusion is predominantly
regulated by tight junctions [12–14]. Tight junctions consist of
integral membrane proteins: occludins, claudins and junctional
adhesion molecules [15, 16]. Cytoplasmic plaque proteins
transduce signals between tight junctions and cytoplasmic
signalling molecules or the actin cytoskeleton [16, 17]. In
addition, tight junctions divide the epithelial plasma mem-
brane into the apical and basolateral domains [15, 16]. Ion
transporters and other membrane proteins are asymmetrically
distributed in these two domains [15, 16].

Alveolar fluid resorption is accomplished through active Na+

transport across alveolar epithelium [18, 19]. As depicted in
figure 1, Na+ is taken in on the apical surface of alveolar
epithelial cells, primarily through ENaC. Subsequently, Na+ is
actively extruded through the basolateral surface into the lung
interstitium by the Na,K-ATPase, generating a transepithelial
osmotic gradient. Water then follows the osmotic gradient into
the interstitial space and pulmonary circulation, leading to the
resorption of alveolar fluid [18, 19].

The apical surface of epithelial cells expresses the ENaC, which
is a major Na+ transporter and widely distributed in the lung,
kidney and colon [20–23]. It comprises three subunits (a, b and
c) and usually exists as a tetramer made up of two a-, one b-
and one c- subunit or a much larger complex containing three
of each subunit [24, 25]. Maximal transport requires the
presence of all three subunits. ENaC-mediated ion transport

is voltage-dependent, activated by calcium ions (at high doses)
and inhibited by 1 mM amiloride [26]. a-ENaC knockout mice
die due to pulmonary oedema immediately after birth [27],
whereas b- or c-ENaC knockout mice show a compromised
rate of fluid clearance [28, 29]. The ENaC inhibitor amiloride
does not completely inhibit Na+ transport in alveolar epithelial
cells, suggesting the presence of amiloride-insensitive path-
ways that contribute to fluid resorption. Among these are
cyclic nucleotide-gated cation channels, the Na+–glucose trans-
porter and other co-transporters (e.g. Na+–amino acid) [25].

The Na,K-ATPase resides in the basolateral membrane of the
cells. It utilises the energy released from adenosine triphos-
phate (ATP) hydrolysis to pump 3Na+ out of cells in exchange
for 2K+ into cells, generating Na+ and K+ gradients across the
plasma membrane [30]. Na,K-ATPase is a heterodimer of a-
and b-subunits, both of which are necessary for its activity [31].
It is believed that the a- and b- subunits are synthesised
independently and then assembled into a dimer in the
endoplasmic reticulum and delivered to the plasma membrane
[31, 32]. The a-subunit is a transmembrane protein that
catalyses ATP hydrolysis and contains the binding sites for
Na+, K+ and the inhibitor ouabain [30]. Four a-subunit
isoforms, a1– a4, have been described [31]. These isoforms
are highly conserved, each containing a .77% identical
primary amino acid sequence. The a1-isoform is found in
most tissues, whereas the other isoforms are tissue-specific
[30]. Mice with deletion of either the a1- or a2-isoform do not
survive, suggesting a fundamental role of the a1- or a2-isoform
in organ development [33, 34]. Loss-of-function mutations in
the a2-subunit are associated with familial hemiplegic
migraine type 2 [35–37], and missense mutation of the a3-
subunit causes dystonia-Parkinsonism [38]. The b-subunit has
four isoforms and contains three glycosylation sites. It
controls heterodimer assembly and insertion into the plasma
membrane [30].

CELLULAR ADAPTATION TO HYPOXIA
During hypoxia, cells respond to this stress through adaptive
mechanisms [39, 40]. One response is to increase the level of
expression of genes responsible for angiogenesis, in order to
provide more efficient blood flow, and of genes involved in
glycolytic pathways [39]. This regulation of gene expression
during hypoxia is carried out by turning on the master
transcription factor, hypoxia-inducible factor (HIF), a dimer
consisting of the subunits HIF-a and -b [41]. HIF-a is a short-
lived protein, whereas HIF-b is constitutively expressed [42].
Under normoxic conditions, oxygen- and iron-dependent prolyl
hydroxylase hydroxylates HIF at prolines 402 and 564, two
highly conserved amino acids within the oxygen-dependent
degradation domain of HIF-a [43]. In turn, von Hippel–Lindau
protein (pVHL) recognises and binds to the prolyl-hydroxyla-
tion sites, targeting HIF-a for ubiquitination and eventual
degradation in the proteasome [42, 44–46]. Under hypoxic
conditions, prolyl hydroxylase activity is inhibited; therefore,
HIF-a is stabilised, since it is neither hydroxylated nor degraded
in the proteasome. After stabilisation, HIF translocates into the
nucleus and activates downstream genes, such as vascular
endothelial growth factor, erythropoietin, glucose transporter 1
and enzymes involved in the glycolytic cascade, to improve
delivery of oxygen and glucose to cells [41, 42].
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FIGURE 1. Schematic diagram of the alveolar epithelium. Tight (in orange) and

adherens junctions (in red) on adjacent epithelial cells provide a restrictive barrier in

order to maintain selective permeability. The asymmetrically distributed epithelial

sodium channel (in green) and sodium–potassium adenosine triphosphatase (in

light blue) confers the vectorial transport of sodium ions, which is crucial for alveolar

fluid resorption. ?: paracellular transport.
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Cells can also adapt to hypoxia by maintaining ATP homeo-
stasis [40]. During hypoxia, insufficient oxygen limits ATP
production through mitochondrial oxidative phosphorylation,
and thus cellular ATP levels decrease [47, 48]. In order to
maintain ATP homeostasis, cells can either increase ATP
production via anaerobic glycolysis or decrease ATP demands
via inhibition of ATP-consuming enzymes, such as Na,K-
ATPase and the protein synthesis machinery [40]. Na,K-
ATPase activity may account for ,40% of ATP consumption
in cells, dependant upon cell type [40, 49, 50]. It has been
reported that hypoxia decreases ATP demand by reducing the
amount of plasma membrane Na,K-ATPase [51, 52].

EFFECTS OF HYPOXIA ON ALVEOLAR FLUID
RESORPTION
Hypoxia has been shown to impair alveolar fluid clearance by
inhibiting transepithelial active Na+ transport [53, 54]. It has
been demonstrated that exposure of rodents to hypoxia results
in a significant decrease in alveolar fluid resorption, which is
associated with a decrease in ENaC, as well as Na,K-ATPase,
activity [54–56]. In cultured alveolar epithelial cells, hypoxia-
mediated downregulation of Na,K-ATPase is time and oxygen
concentration-dependent [52, 57, 58]. Short-term exposure to
hypoxia decreases Na,K-ATPase activity and its protein
abundance at the plasma membrane without significant
changes in its total amount, suggesting that endocytosis of
Na,K-ATPase occurs during hypoxia [52].

The endocytosis of Na,K-ATPase during hypoxia appears to be
mediated by mitochondrial reactive oxygen species (ROS),
since ROS scavengers prevented the hypoxia-induced down-
regulation of Na,K-ATPase [52]. Moreover, treatment with
hydrogen peroxide is sufficient to cause both Na,K-ATPase
endocytosis from plasma membrane and a decrease in Na,K-
ATPase activity [52]. The source of ROS in this process was
further assessed in mitochondrial-DNA-depleted (r0) A549
cells [59]. These cells lack a competent electron transport chain
and are thus incapable of generating ROS during hypoxia [60]. In
r0 A549 cells, hypoxia failed to induce Na,K-ATPase endocytosis
and decrease Na,K-ATPase activity. Furthermore, in rodents
exposed to hypoxia, overexpression of manganese superoxide
dismutase inhibited mitochondrial ROS production and blocked
the decrease in Na,K-ATPase abundance and alveolar fluid
resorption [54]. Together, these studies suggest a role for
mitochondrial ROS in the hypoxia-mediated endocytosis of
Na,K-ATPase.

During hypoxia, mitochondrial ROS activate protein kinase Cf,
leading to Na, K-ATPase a1-subunit phosphorylation at serine
18 [52]. In addition, plasma membrane Na,K-ATPase was
ubiquitinated; however, mutation of the four lysines surround-
ing serine 18 to arginine prevented Na,K-ATPase ubiquitina-
tion, implying that these are the ubiquitination sites [61].
Mutation of serine 18 to alanine prevented ubiquitination and
endocytosis of the Na,K-ATPase a1-subunit, suggesting that
serine 18 phosphorylation is a prerequisite for these processes
(fig. 2) [52, 61].

Endocytosis of Na,K-ATPase has been reported to be clathrin-
dependent [62]. In alveolar epithelial cells, hypoxia-induced
endocytosis of Na,K-ATPase requires the binding of adaptor
protein 2 to the tyrosine-based motif (tyrosine 537) located in

the Na,K-ATPase a1-subunit, leading to the incorporation of
Na,K-ATPase into clathrin vesicles [63]. Trafficking of clathrin
vesicles requires the actin cytoskeleton in mammalian cells
[64]. Activation of Rho GTPase leads to rearrangement of the
actin cytoskeleton, thus regulating trafficking of clathrin
vesicles [64]. Rho GTPases can activate two types of actin
nucleators that directly stimulate actin polymerisation and also
regulate cofilin to affect actin reorganisation via Rho-associated
protein kinase (ROCK)/p21-activated kinase/LIM domain
kinase signalling [64]. More recently, it has been suggested
that hypoxia-mediated endocytosis of Na,K-ATPase is depen-
dent upon the activation of RhoA/ROCK signalling and actin
stress fibre formation [65]. During hypoxia, mitochondrial ROS
activate the small GTPase RhoA, leading to the formation of
actin stress fibres in alveolar epithelial cells [65], and dominant
negative RhoA and ROCK inhibitor prevent the hypoxia-
mediated Na,K-ATPase endocytosis [65].

Prolonged hypoxia leads to the mitochondrial ROS-dependent
degradation of plasma membrane Na,K-ATPase, and both the
proteasome and the lysosome are involved in this process [51,
54]. Since the ubiquitination of plasma membrane Na,K-
ATPase is required for its endocytosis [61], it is likely that
Na,K-ATPase ubiquitination acts as a signal for its endocytosis,
stimulating its merger with the proteasome and/or the
lysosome for degradation. In contrast, hypoxia did not alter
the half-life of total pool Na,K-ATPase, suggesting that
degradation of total pool Na,K-ATPase is not affected by
hypoxia [51]. A recent study reported that loss of pVHL
prevented hypoxia-mediated degradation of plasma mem-
brane Na,K-ATPase [66]. Although this process required the
pVHL E3 ligase activity, HIF stabilisation was not required,
indicating a role for pVHL in hypoxia-mediated Na,K-ATPase
degradation independent of HIF [66]. This study suggests that
pVHL may play a dual function during hypoxia: 1) hypoxia
inhibits pVHL–HIF interaction, resulting in stabilisation of HIF
and upregulation of HIF-responsive genes for glycolytic ATP
production and better oxygen delivery; and 2) pVHL facilitates
plasma membrane Na,K-ATPase degradation to decrease ATP
demands through an HIF-independent mechanism. Taken
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FIGURE 2. Hypoxia induces endocytosis and degradation of plasma

membrane sodium–potassium adenosine triphosphatase (Na,K-ATPase; in purple).

In alveolar epithelial cells exposed to hypoxia, generation of mitochondrial reactive

oxygen species activates protein kinase Cf, which phosphorylates (in red) plasma

membrane Na,K-ATPase, leading to its ubiquitination (in light blue). This series of

events triggers Na,K-ATPase endocytosis via clathrin (in yellow)-coated vesicles.

Na,K-ATPase-containing endosomal vesicles merge to form the late endosome

(LE) and Na,K-ATPase is degraded.
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together, these data suggest that hypoxia increases mitochon-
drial ROS generation and induces endocytosis and degradation
of plasma membrane Na,K-ATPase, resulting in the inhibition
of Na,K-ATPase activity and impaired alveolar fluid clearance.

EFFECTS OF HYPOXIA ON KERATIN INTERMEDIATE
FILAMENTS
Keratin intermediate filaments (IFs) are the major cytoskeletal
component of epithelial cells and play a crucial role in
maintaining the structural integrity of cells [67]. Although it
was originally thought that the IF is a static structure,
accumulating data suggest that keratin IFs can undergo rapid
deformation/displacement in epithelial cells in response to
stress, suggesting that the IF cytoskeleton transmits mechanical
signals from the cell surface to all regions of the cytoplasm [68].

Keratin IFs are assembled as heteropolymers of type I and type
II IF proteins. Keratins consist of a conserved central a-helical
domain, a non-a-helical N-terminal head and a C-terminal tail
domain containing all of the known phosphorylation sites [69].
Lung alveolar epithelial cells primarily express keratins K8 and
K18 in equal amounts [70, 71]. Phosphorylation of K8 and K18
promotes their depolymerisation and redistribution in vitro [72].

Exposure to hypoxia caused a time-dependent disassembly of
K8 and K18, which was associated with an increase in
phosphorylation of K8 [73]. In alveolar epithelial cells, the
hyperphosphorylation and disassembly of keratin during
hypoxia was mediated by mitochondrial ROS, which activate
PKC and phosphorylate keratin, leading to disassembly of the
keratin IF network [73].

In rats exposed to hypoxia, there was a significant decrease in
keratin in alveolar epithelial cells compared to normoxic rats,
due to degradation of keratin IFs [73, 74]. Keratin was
degraded in alveolar epithelial cells exposed to hydrogen
peroxide, suggesting that ROS are necessary for the degrada-
tion of keratin [74]. The proteasome inhibitor MG132
(carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) prevented the
degradation of keratin IFs in alveolar epithelial cells exposed
to hypoxia, suggesting that keratin degradation was mediated
via the ubiquitin/proteasome pathway [74]. These data suggest
that keratin IF dynamics may play a role in adaptation to
hypoxia in alveolar epithelial cells.

POTENTIAL THERAPIES FOR EPITHELIAL FUNCTION
IMPROVEMENT DURING HYPOXIA
Since downregulation of Na,K-ATPase contributes to alveolar
epithelial dysfunction, its upregulation may improve epithelial
function during hypoxia or other pathological conditions.
Indeed, overexpression of the Na,K-ATPase b1-subunit via
viral and nonviral gene transfer resulted in an increase in
alveolar fluid resorption in normal and injured rat lungs [75–
79]. These studies suggest a potential therapeutic application of
Na,K-ATPase gene transfer in the improvement of epithelial
function and lung oedema clearance [80, 81].

Administration of catecholamines, such as dopamine, terbuta-
line and isoproterenol, has been shown to be effective in
increasing Na,K-ATPase activity and alveolar fluid resorption.
Parallel to this, treatment with dopamine and isoproterenol
was associated with increases in Na,K-ATPase protein abun-
dance at the cell basolateral membrane [82]. This increase in

protein abundance was mediated by exocytosis of Na,K-
ATPase from endosomal compartments into the basolateral
membrane [83]. More importantly, the impaired alveolar
function of injured lungs can be reversed by administration
of dopamine, terbutaline and isoproterenol in animal models
of hypoxia, hyperoxia, increased left atrial pressure or
ventilation-induced lung injury [53, 54, 84, 85]. The data from
these animal model studies led to the development of a clinical
trial, in which patients receiving salbutamol, a b-adrenergic
agonist, showed a significant reduction in extravascular lung
water [86]. Moreover, inhalation of salmeterol has been shown
to prevent HAPE in susceptible subjects [87]. These findings
support the hypothesis that b-adrenergic agonists accelerate
the resolution of alveolar oedema and may improve survival.

SUMMARY
Epithelial dysfunction, in acute respiratory distress syndrome
and high-altitude pulmonary oedema patients, is associated
with increased oedema formation, and results in a hypoxic
environment. Hypoxia contributes to the impaired lung fluid
clearance via the downregulation of sodium–potassium adeno-
sine triphosphatase, which regulates active sodium ion
transport and alveolar fluid clearance. Hypoxia also results
in disassembly and degradation of the keratin intermediate
filament network, which may aggravate the epithelial dysfunc-
tion. b-Adrenergic agonists have been demonstrated to
increase active sodium ion transport, suggesting that it may
form part of the therapeutic armamentarium for acute
respiratory distress syndrome and high-altitude pulmonary
oedema patients.

ACKNOWLEDGEMENTS
The authors are grateful to A. Kelly and L. Welch (Division of
Pulmonary and Critical Care Medicine, Feinberg School of
Medicine, Northwestern University, Chicago, IL, USA) for
their critical review of this manuscript.

REFERENCES
1 Ware LB, Matthay MA. Alveolar fluid clearance is

impaired in the majority of patients with acute lung injury
and the acute respiratory distress syndrome. Am J Respir
Crit Care Med 2001; 163: 1376–1383.

2 Bartsch P, Mairbaurl H, Maggiorini M, Swenson E.
Physiological aspects of high-altitude pulmonary edema.
J Appl Physiol 2005; 98: 1101–1110.

3 Mairbaurl H. Role of alveolar epithelial sodium transport
in high altitude pulmonary edema (HAPE). Respir Physiol
Neurobiol 2006; 151: 178–191.

4 Fromm RE Jr, Varon J, Gibbs LR. Congestive heart failure
and pulmonary edema for the emergency physician.
J Emerg Med 1995; 13: 71–87.

5 Ware LB, Matthay MA. The acute respiratory distress
syndrome. N Engl J Med 2000; 342: 1334–1349.

6 Sznajder JI. Alveolar edema must be cleared for the acute
respiratory distress syndrome patient to survive. Am J
Respir Crit Care Med 2001; 163: 1293–1294.

7 Johnson MD, Widdicombe JH, Allen L, Barbry P,
Dobbs LG. Alveolar epithelial type I cells contain transport
proteins and transport sodium, supporting an active role

HYPOXIA AND THE ALVEOLAR EPITHELIUM G. ZHOU ET AL.

1110 VOLUME 31 NUMBER 5 EUROPEAN RESPIRATORY JOURNAL



for type I cells in regulation of lung liquid homeostasis.
Proc Natl Acad Sci USA 2002; 99: 1966–1971.

8 Ridge KM, Olivera WG, Saldias F, et al. Alveolar type 1
cells express the a2 Na,K-ATPase, which contributes to
lung liquid clearance. Circ Res 2003; 92: 453–460.

9 Borok Z, Verkman A. Lung edema clearance: 20 years of
progress: invited review: role of aquaporin water channels
in fluid transport in lung and airways. J Appl Physiol 2002;
93: 2199–2206.

10 Johnson MD, Bao HF, Helms MN, et al. Functional ion
channels in pulmonary alveolar type I cells support a role
for type I cells in lung ion transport. Proc Natl Acad Sci USA
2006; 103: 4964–4969.

11 Nusrat A, Turner JR, Madara JL. Molecular physiology and
pathophysiology of tight junctions. IV. Regulation of tight
junctions by extracellular stimuli: nutrients, cytokines, and
immune cells. Am J Physiol Gastrointest Liver Physiol 2000;
279: G851–G857.

12 Cavanaugh K Jr, Oswari J, Margulies S. Role of stretch on
tight junction structure in alveolar epithelial cells. Am J
Respir Cell Mol Biol 2001; 25: 584–591.

13 Jain M, Sznajder JI. Effects of hypoxia on the alveolar
epithelium. Proc Am Thorac Soc 2005; 2: 202–205.

14 Rajasekaran SA, Palmer LG, Moon SY, et al. Na,K-ATPase
activity is required for formation of tight junctions,
desmosomes, and induction of polarity in epithelial cells.
Mol Biol Cell 2001; 12: 3717–3732.

15 Ebnet K, Aurrand-Lions M, Kuhn A, et al. The junctional
adhesion molecule (JAM) family members JAM-2 and
JAM-3 associate with the cell polarity protein PAR-3: a
possible role for JAMs in endothelial cell polarity. J Cell Sci
2003; 116: 3879–3891.

16 Mitic LL, Anderson JM. Molecular architecture of tight
junctions. Annu Rev Physiol 1998; 60: 121–142.

17 Rajasekaran AK, Rajasekaran SA. Role of Na-K-ATPase in
the assembly of tight junctions. Am J Physiol Renal Physiol
2003; 285: F388–F396.

18 Matalon S, Lazrak A, Jain L, Eaton DC. Invited review:
biophysical properties of sodium channels in lung alveolar
epithelial cells. J Appl Physiol 2002; 93: 1852–1859.

19 Sznajder JI, Factor P, Ingbar DH. Invited review: lung
edema clearance: role of Na+-K+-ATPase. J Appl Physiol
2002; 93: 1860–1866.

20 Rossier BC, Canessa CM, Schild L, Horisberger JD.
Epithelial sodium channels. Curr Opin Nephrol Hypertens
1994; 3: 487–496.

21 Burch L, Talbot C, Knowles M, Canessa C, Rossier B,
Boucher R. Relative expression of the human epithelial Na+

channel subunits in normal and cystic fibrosis airways. Am
J Physiol 1995; 269: C511–C518.

22 Matsushita K, McCray PB Jr, Sigmund RD, Welsh MJ,
Stokes JB. Localization of epithelial sodium channel
subunit mRNAs in adult rat lung by in situ hybridization.
Am J Physiol 1996; 271: L332–L339.

23 Farman N, Talbot CR, Boucher R, et al. Noncoordinated
expression of alpha-, beta-, and gamma-subunit mRNAs of
epithelial Na+ channel along rat respiratory tract. Am J
Physiol 1997; 272: C131–C141.

24 Snyder PM. Minireview: regulation of epithelial Na+

channel trafficking. Endocrinology 2005; 146: 5079–5085.

25 Mutlu GM, Sznajder JI. Mechanisms of pulmonary edema
clearance. Am J Physiol Lung Cell Mol Physiol 2005; 289:
L685–L695.

26 Feng ZP, Clark RB, Berthiaume Y. Identification of
nonselective cation channels in cultured adult rat alveolar
type II cells. Am J Respir Cell Mol Biol 1993; 9: 248–254.

27 Hummler E, Barker P, Gatzy J, et al. Early death due to
defective neonatal lung liquid clearance in aENaC-defi-
cient mice. Nat Genet 1996; 12: 325–328.

28 McDonald FJ, Yang B, Hrstka RF, et al. Disruption of the b
subunit of the epithelial Na+ channel in mice: hyperkal-
emia and neonatal death associated with a pseudohypoal-
dosteronism phenotype. Proc Natl Acad Sci USA 1999; 96:
1727–1731.

29 Barker P, Nguyen M, Gatzy J, et al. Role of cENaC subunit
in lung liquid clearance and electrolyte balance in newborn
mice. Insights into perinatal adaptation and pseudohypo-
aldosteronism. J Clin Invest 1998; 102: 1634–1640.

30 Blanco G, Mercer R. Isozymes of the Na-K-ATPase:
heterogeneity in structure, diversity in function. Am J
Physiol 1998; 275: F633–F650.

31 Kaplan JH. Biochemistry of Na,K-ATPase. Annu Rev
Biochem 2002; 71: 511–535.

32 Therien AG, Blostein R. Mechanisms of sodium pump
regulation. Am J Physiol Cell Physiol 2000; 279: C541–C566.

33 Barcroft L, Moseley A, Lingrel J, Watson A. Deletion of the
Na/K-ATPase a1-subunit gene (Atp1a1) does not prevent
cavitation of the preimplantation mouse embryo. Mech Dev
2004; 121: 417–426.

34 Moseley AE, Lieske SP, Wetzel RK, et al. The Na,K-ATPase
a2 isoform is expressed in neurons, and its absence
disrupts neuronal activity in newborn mice. J Biol Chem
2003; 278: 5317–5324.

35 De Fusco M, Marconi R, Silvestri L, et al. Haploinsufficiency
of ATP1A2 encoding the Na+/K+ pump a2 subunit
associated with familial hemiplegic migraine type 2. Nat
Genet 2003; 33: 192–196.

36 Segall L, Scanzano R, Kaunisto MA, et al. Kinetic
alterations due to a missense mutation in the Na,K-
ATPase a2 subunit cause familial hemiplegic migraine
type 2. J Biol Chem 2004; 279: 43692–43696.

37 Vanmolkot KR, Kors EE, Hottenga JJ, et al. Novel mutations
in the Na+, K+-ATPase pump gene ATP1A2 associated with
familial hemiplegic migraine and benign familial infantile
convulsions. Ann Neurol 2003; 54: 360–366.

38 de Carvalho Aguiar P, Sweadner KJ, Penniston JT, et al.
Mutations in the Na+/K+ -ATPase a3 gene ATP1A3 are
associated with rapid-onset dystonia parkinsonism. Neuron
2004; 43: 169–175.

39 Semenza GL. Oxygen-regulated transcription factors and
their role in pulmonary disease. Respir Res 2000; 1: 159–162.

40 Boutilier R, St-Pierre J. Surviving hypoxia without really
dying. Comp Biochem Physiol A Mol Integr Physiol 2000; 126:
481–490.

41 Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-
inducible factor 1 is a basic-helix-loop-helix-PAS hetero-
dimer regulated by cellular O2 tension. Proc Natl Acad Sci
USA 1995; 92: 5510–5514.

42 Semenza GL. O2-regulated gene expression: transcriptional
control of cardiorespiratory physiology by HIF-1. J Appl
Physiol 2004; 96: 1173–1177.

G. ZHOU ET AL. HYPOXIA AND THE ALVEOLAR EPITHELIUM

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 31 NUMBER 5 1111



43 Masson N, Willam C, Maxwell PH, Pugh CW, Ratcliffe PJ.
Independent function of two destruction domains in
hypoxia-inducible factor-a chains activated by prolyl
hydroxylation. EMBO J 2001; 20: 5197–5206.

44 Jaakkola P, Mole DR, Tian Y-M, et al. Targeting of HIF-a to
the von Hippel–Lindau ubiquitylation complex by O2-
regulated prolyl hydroxylation. Science 2001; 292: 468–472.

45 Ivan M, Kondo K, Yang H, et al. HIFa targeted for VHL-
mediated destruction by proline hydroxylation: implica-
tions for O2 sensing. Science 2001; 292: 464–468.

46 Iwai K, Yamanaka K, Kamura T, et al. Identification of the
von Hippel–Lindau tumor-suppressor protein as part of an
active E3 ubiquitin ligase complex. Proc Natl Acad Sci USA
1999; 96: 12436–12441.

47 Liu L, Cash TP, Jones RG, Keith B, Thompson CB,
Simon MC. Hypoxia-induced energy stress regulates
mRNA translation and cell growth. Mol Cell 2006; 21:
521–531.

48 Mansfield KD, Guzy RD, Pan Y, et al. Mitochondrial
dysfunction resulting from loss of cytochrome c impairs
cellular oxygen sensing and hypoxic HIF-a activation. Cell
Metab 2005; 1: 393–399.

49 Boutilier R. Mechanisms of cell survival in hypoxia and
hypothermia. J Exp Biol 2001; 204: 3171–3181.

50 Michiels C. Physiological and pathological responses to
hypoxia. Am J Pathol 2004; 164: 1875–1882.

51 Comellas A, Dada L, Lecuona E, et al. Hypoxia-mediated
degradation of Na,K-ATPase via mitochondrial reactive
oxygen species and the ubiquitin-conjugating system. Circ
Res 2006; 98: 1314–1322.

52 Dada LA, Chandel NS, Ridge KM, Pedemonte C,
Bertorello AM, Sznajder JI. Hypoxia-induced endocytosis
of Na,K-ATPase in alveolar epithelial cells is mediated by
mitochondrial reactive oxygen species and PKC-f. J Clin
Invest 2003; 111: 1057–1064.

53 Vivona ML, Matthay M, Chabaud MB, Friedlander G,
Clerici C. Hypoxia reduces alveolar epithelial sodium and
fluid transport in rats: reversal by b-adrenergic agonist
treatment. Am J Respir Cell Mol Biol 2001; 25: 554–561.

54 Litvan J, Briva A, Wilson MS, Budinger GR, Sznajder JI,
Ridge KM. b-Adrenergic receptor stimulation and adeno-
viral overexpression of superoxide dismutase prevent the
hypoxia-mediated decrease in Na,K-ATPase and alveolar
fluid reabsorption. J Biol Chem 2006; 281: 19892–19898.

55 Tomlinson LA, Carpenter TC, Baker EH, Bridges JB,
Weil JV. Hypoxia reduces airway epithelial sodium
transport in rats. Am J Physiol Lung Cell Mol Physiol 1999;
277: L881–L886.

56 Carpenter T, Schomberg S, Nichols C, Stenmark K, Weil J.
Hypoxia reversibly inhibits epithelial sodium transport but
does not inhibit lung ENaC or Na-K-ATPase expression.
Am J Physiol Lung Cell Mol Physiol 2003; 284: L77–L83.

57 Planes C, Friedlander G, Loiseau A, Amiel C, Clerici C.
Inhibition of Na-K-ATPase activity after prolonged
hypoxia in an alveolar epithelial cell line. Am J Physiol
Lung Cell Mol Physiol 1996; 271: L70–L78.

58 Wodopia R, Ko HS, Billian J, Wiesner R, Bartsch P,
Mairbaurl H. Hypoxia decreases proteins involved in
epithelial electrolyte transport in A549 cells and rat lung.
Am J Physiol Lung Cell Mol Physiol 2000; 279: L1110–L1119.

59 King MP, Attardi G. Human cells lacking mtDNA:
repopulation with exogenous mitochondria by comple-
mentation. Science 1989; 246: 500–503.

60 Chandel N, Schumacker P. Cells depleted of mitochondrial
DNA (rho0) yield insight into physiological mechanisms.
FEBS Lett 1999; 454: 173–176.

61 Dada L, Welch L, Zhou G, Ben-Saadon R, Ciechanover A,
Sznajder J. Phosphorylation and ubiquitination are neces-
sary for Na,K-ATPase endocytosis during hypoxia. Cell
Signal 2007; 19: 1893–1898.

62 Khundmiri SJ, Bertorello AM, Delamere NA, Lederer ED.
Clathrin-mediated endocytosis of Na+,K+-ATPase in
response to parathyroid hormone requires ERK-dependent
phosphorylation of Ser-11 within the a1-subunit. J Biol
Chem 2004; 279: 17418–17427.

63 Chen Z, Krmar R, Dada L, et al. Phosphorylation of adaptor
protein-2 m2 is essential for Na+,K+-ATPase endocytosis in
response to either G protein-coupled receptor or reactive
oxygen species. Am J Respir Cell Mol Biol 2006; 35: 127–132.

64 Ridley AJ. Rho GTPases and actin dynamics in membrane
protrusions and vesicle trafficking. Trends Cell Biol 2006; 16:
522–529.

65 Dada L, Novoa E, Lecuona E, Sun H, Sznajder J. Role of the
small GTPase RhoA in the hypoxia-induced decrease of
plasma membrane Na,K-ATPase in A549 cells. J Cell Sci
2007; 120: 2214–2222.

66 Zhou G, Dada L, Lecuona E, et al. Hypoxia-mediated
degradation of Na,K-ATPase is von Hippel–Lindau pro-
tein dependent but HIF independent. Proc Am Thorac Soc
2006; 3: A692.

67 Steinert PM, Jones JC, Goldman RD. Intermediate fila-
ments. J Cell Biol 1984; 99: 22s–27s.

68 Helfand BT, Chang L, Goldman RD. Intermediate fila-
ments are dynamic and motile elements of cellular
architecture. J Cell Sci 2004; 117: 133–141.

69 Herrmann H, Aebi U. Intermediate filaments and their
associates: multi-talented structural elements specifying
cytoarchitecture and cytodynamics. Curr Opin Cell Biol
2000; 12: 79–90.

70 Paine R, Ben-Ze’ev A, Farmer SR, Brody JS. The pattern of
cytokeratin synthesis is a marker of type 2 cell differentia-
tion in adult and maturing fetal lung alveolar cells. Dev Biol
1988; 129: 505–515.

71 Woodcock-Mitchell J, Mitchell JJ, Reynolds SE, Leslie KO,
Low RB. Alveolar epithelial cell keratin expression during
lung development. Am J Respir Cell Mol Biol 1990; 2:
503–514.

72 Ridge KM, Linz L, Flitney FW, et al. Keratin 8 phosphory-
lation by protein kinase c d regulates shear stress-mediated
disassembly of keratin intermediate filaments in alveolar
epithelial cells. J Biol Chem 2005; 280: 30400–30405.

73 Ridge K. Insights into the cellular mechanisms responsible
for hypoxia-induced lung injury: disassembly of the
keratin intermediate filament network in alveolar epithe-
lial cells. Proc Am Thorac Soc 2005; 2: A825.

74 Jaitovich A, Sitikov A, Schneider JL, Ridge KM. Hypoxia-
mediated degradation of keratin intermediate filaments is
regulated by the ubiquitin–proteasome pathway in alveo-
lar epithelial cells. Am J Respir Crit Care Med 2007; 175:
A340.

HYPOXIA AND THE ALVEOLAR EPITHELIUM G. ZHOU ET AL.

1112 VOLUME 31 NUMBER 5 EUROPEAN RESPIRATORY JOURNAL



75 Factor P, Saldias F, Ridge K, et al. Augmentation of lung
liquid clearance via adenovirus-mediated transfer of a
Na,K-ATPase b1 subunit gene. J Clin Invest 1998; 102:
1421–1430.

76 Factor P, Dumasius V, Saldias F, Sznajder JI. Adenoviral-
mediated overexpression of the Na,K-ATPase b1 subunit
gene increases lung edema clearance and improves
survival during acute hyperoxic lung injury in rats. Chest
1999; 116: Suppl. 1, 24S–25S.

77 Machado-Aranda D, Adir Y, Young JL, et al. Gene transfer
of the Na+,K+-ATPase b1 subunit using electroporation
increases lung liquid clearance. Am J Respir Crit Care Med
2005; 171: 204–211.

78 Factor P, Mendez M, Mutlu GM, Dumasius V. Acute
hyperoxic lung injury does not impede adenoviral-
mediated alveolar gene transfer. Am J Respir Crit Care
Med 2002; 165: 521–526.

79 Azzam ZS, Dumasius V, Saldias F, Adir Y, Sznajder JI,
Factor P. Na,K-ATPase overexpression improves alveolar
fluid clearance in a rat model of elevated left atrial
pressure. Circulation 2002; 105: 497–501.

80 Adir Y, Factor P, Dumasius V, Ridge K, Sznajder J. Na,K-
ATPase gene transfer increases liquid clearance during
ventilation-induced lung injury. Am J Respir Crit Care Med
2003; 168: 1445–1448.

81 Mutlu GM, Dumasius V, Burhop J, et al. Upregulation
of alveolar epithelial active Na+ transport is dependent
on b2-adrenergic receptor signaling. Circ Res 2004; 94:
1091–1100.

82 Ridge KM, Dada L, Lecuona E, et al. Dopamine-induced
exocytosis of Na,K-ATPase is dependent on activation of
protein kinase C-e and -d. Mol Biol Cell 2002; 13: 1381–1389.

83 Bertorello A, Komarova Y, Smith K, et al. Analysis of
Na+,K+-ATPase motion and incorporation into the plasma
membrane in response to G protein-coupled receptor
signals in living cells. Mol Biol Cell 2003; 14: 1149–1157.

84 Saldias FJ, Comellas A, Ridge KM, Lecuona E, Sznajder JI.
Isoproterenol improves ability of lung to clear edema in
rats exposed to hyperoxia. J Appl Physiol 1999; 87: 30–35.

85 Saldias FJ, Lecuona E, Comellas AP, Ridge KM, Sznajder JI.
Dopamine restores lung ability to clear edema in rats
exposed to hyperoxia. Am J Respir Crit Care Med 1999; 159:
626–633.

86 Perkins GD, McAuley DF, Thickett DR, Gao F. The b-
agonist lung injury trial (BALTI): a randomized placebo-
controlled clinical trial. Am J Respir Crit Care Med 2006; 173:
281–287.

87 Sartori C, Allemann Y, Duplain H, et al. Salmeterol for the
prevention of high-altitude pulmonary edema. N Engl J
Med 2002; 346: 1631–1636.

G. ZHOU ET AL. HYPOXIA AND THE ALVEOLAR EPITHELIUM

EUROPEAN RESPIRATORY JOURNAL VOLUME 31 NUMBER 5 1113


