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aldosterone increased O⫺
2 , which in turn increased ENaC NPo
(the product of channel number and open probability) (20).
Additional work reported that H2O2 increased ENaC Po (11).
Angiotensin II also increased ENaC NPo through a ROSdependent mechanism in rat collecting duct (18). In the lung,
oxygen tension increases at the time of birth (3% to 21%) when
the lung transitions from a fluid-filled to an air-filled organ.
This increases O⫺
2 production and leads to increased ENaC
activity, which enhances lung liquid clearance (5, 14). The
inflammatory mediator lipopolysaccharide (LPS) and epithelial
growth factor also increase O⫺
2 production and ENaC activity,
functioning via a pathway that includes Rac1 and the NADPH
oxidase Nox2 (5, 19). In contrast, there are other situations in
which ROS have the opposite effect on ENaC activity. For
example, the influenza virus M2 protein and Mycoplasma
pneumoniae increased ROS, but they paradoxically reduced
ENaC current and fluid absorption by decreasing ENaC abundance at the cell membrane (7, 9).
The mechanisms that underlie these opposing effects of ROS
on ENaC are not yet clear. Work from Ma indicates that the
stimulatory effects of ROS are mediated, at least in part,
through phosphatidylinositol 3-kinase (PI3K) (Fig. 1); H2O2
stimulates PI3K resulting in increased apical membrane local-

ENaC

α

β

Gating

γ

Channel Number

PIP3

Ethanol

Acetaldehyde

PI3K

LY294002

ROS

TEMPOL

Angiotensin II
Aldosterone
O2
LPS
EGF
Fig. 1. Model of epithelial sodium channel (ENaC) regulation by ethanol and
reactive oxygen species (ROS). Ethanol and a variety of other stimuli increase
intracellular ROS. By activating phosphatidylinositol 3-kinase (PI3K), this
increases phosphatidylinositol 3,4,5-trisphosphate (PIP3). Previous work indicates that PIP3 enhances ENaC gating and cell surface abundance, resulting in
increased Na⫹ absorption.
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in the kidney is critical for
the maintenance of extracellular volume and for the regulation
of blood pressure. Excessive Na⫹ absorption is responsible for
the majority of inherited forms of hypertension, whereas inadequate Na⫹ absorption causes Na⫹ wasting and hypotension
(10). In the lung, Na⫹ absorption maintains the quantity and
composition of airway surface liquid, which is critical for gas
exchange and host defense. In the kidney and lung, the epithelial Na⫹ channel, ENaC, plays a key role in Na⫹ absorption
(reviewed in Refs. 15, 17). ENaC is located at the apical
membrane, where it conducts Na⫹ from the extracellular environment into the cell. Coupled with Na⫹ exit at the basolateral membrane via the Na⫹-K⫹-ATPase, ENaC functions as a
pathway for Na⫹ absorption.
To respond to enormous fluctuations in Na⫹ and volume
intake, ENaC activity must vary over a wide range to maintain
Na⫹ balance. This has focused attention on the signaling
pathways that regulate ENaC and the mechanisms by which
disruption of these pathways results in disease. In this issue,
Bao et al. (2) report the surprising discovery that ethanol
enhances ENaC-mediated Na⫹ current. Using a Xenopus
model of the kidney collecting duct (A6 cells), they recorded
single-channel ENaC currents by patch clamp. Acute exposure
of the cells to ethanol had dual effects; it increased ENaC
open-state probability and it increased ENaC abundance at the
apical membrane. Both would be predicted to increase renal
Na⫹ absorption. These effects were mimicked by acetaldehyde, the first metabolic product of ethanol, and by 1-propanol
and 1-butanol. In contrast, iso-alcohols and acetone had no
effect.
There is precedent in the literature for ethanol modulation of
ion channel activity. In the central nervous system, ethanol and
other alcohols potentiate the activity of pentameric ligandgated channels [e.g., glycine receptors, ␥-aminobutyric acid
type A receptors, nicotinic acetylcholine receptors (3, 12, 13)],
which is in part responsible for their intoxicating effects. The
mechanism underlying this potentiation is thought to involve
the binding of ethanol to transmembrane cavities within these
channels (8). However, in the case of ENaC, the dual effects of
ethanol on gating and surface abundance suggest that the
mechanism might be more complex.
There is growing evidence that reactive oxygen species
(ROS) are important regulators of ENaC activity, and hence, of
epithelial Na⫹ absorption. The paper by Bao et al. suggests that
ethanol feeds into this signaling pathway (Fig. 1). In the kidney
and lung, a variety of stimuli increase production of superoxide
(O⫺
2 ) and hydrogen peroxide (H2O2). Both have been shown to
increase ENaC activity. For example, in kidney A6 cells,
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ization of phosphatidylinositol 3,4,5-trisphosphate (PIP3), a
mediator known to regulate ENaC gating (11). In addition to its
effects on gating, PI3K also increases ENaC cell surface
abundance. This occurs through a well-characterized pathway
in which PIP3 activates serum and glucocorticoid-regulated
kinase (SGK) via 3-phosphoinositide-dependent kinase. SGK
phosphorylates the E3 ubiquitin ligase Nedd4-2, reducing its
targeting of ENaC for endocytosis and degradation (16). Bao et
al. (2) provide evidence that ethanol regulates ENaC via this
signaling pathway. First, they found that ethanol increased
intracellular ROS in A6 cells. Second, the O⫺
2 scavenger
TEMPOL abolished ENaC stimulation by ethanol (Fig. 1).
Finally, ENaC stimulation by ethanol was prevented by inhibition of PI3K (Fig. 1).
The effects of ethanol on ENaC may have important consequences for total body Na⫹ and water homeostasis. Acute
ethanol exposure reduces Na⫹ excretion in rats independent of
changes in renin and aldosterone secretion (1). This may
counter the diuretic effect of ethanol, thought to occur through
decreased responsiveness of osmoreceptors in the hypothalamus, which results in reduced levels of circulating vasopressin
(4). In the rat lung, chronic ethanol ingestion causes alveolar
fluid leak by disrupting formation of tight junctions (6). In this
location, enhanced ENaC activity might function as a compensatory mechanism to minimize alveolar liquid to maintain
adequate gas exchange.
Because ethanol consumption and ethanol abuse are common, it is important to understand how ethanol alters epithelial
salt and water transport. The work by Bao et al. provides an
intriguing first step. However, several questions remain. First,
although ENaC gating and surface expression were altered by
relatively high concentrations of ethanol (0.5–5%), do lower
concentrations, as found in the blood after ethanol ingestion
(⬃0.1%), have similar effects? Second, the current work focused on acute effects of ethanol. Does chronic ethanol exposure alter ENaC expression and activity? Third, why does ROS
increase ENaC activity under some circumstances (e.g., ethanol) but inhibit ENaC under others (e.g., influenza)? Fourth,
are the ethanol effects observed in Xenopus A6 cells generalizable to other epithelia (e.g., lung) and to other species?
Finally, it will be important to extend these in vitro studies to
determine whether ethanol alters ENaC activity in the whole
organism.

