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Abstract

The receptor for advanced glycation end-products (RAGE),
a multiligand member of the Ig family, may play a crucial role in
the regulation of lung fluid balance. We quantified soluble RAGE
(sRAGE), a decoy isoform, and advanced glycation end-products
(AGEs) from the bronchoalveolar lavage fluid of smokers and
nonsmokers, and tested the hypothesis that AGEs regulate lung fluid
balance through protein kinase C (PKC)–gp91phox signaling to the
epithelial sodium channel (ENaC). Human bronchoalveolar lavage
samples from smokers showed increasedAGEs (9.026 3.03mg versus
2.486 0.53mg), lower sRAGE (1,2056 292 pg/ml versus 1,9106 263
pg/ml), and lower volume(s) of epithelial lining fluid (976 14 ml
versus 1336 17 ml). sRAGE levels did not predict ELF volumes in
nonsmokers; however, in smokers, higher volumes of ELF were
predicted with higher levels of sRAGE. Single-channel patch clamp
analysis of rat alveolar epithelial type 1 cells showed that AGEs
increased ENaC activity measured as the product of the number of
channels (N) and theopenprobability (Po) (NPo) from0.1960.08 to
0.836 0.22 (P = 0.017) and the subsequent addition of 4-hydroxy-2,
2, 6, 6-tetramethylpiperidine-N-oxyl decreased ENaCNPo to 0.156
0.07 (P = 0.01). In type 2 cells, human AGEs increased ENaC NPo
from 0.126 0.05 to 0.536 0.16 (P = 0.025) and the addition of
4-hydroxy-2, 2, 6, 6-tetramethylpiperidine-N-oxyl decreased ENaC

NPo to 0.106 0.03 (P = 0.013). Using molecular and biochemical
techniques, we observed that inhibition of RAGE and PKC
activity attenuated AGE-induced activation of ENaC. AGEs
induced phosphorylation of p47phox and increased gp91phox-
dependent reactive oxygen species production, a response that
was abrogated with RAGE or PKC inhibition. Finally, tracheal
instillation of AGEs promoted clearance of lung fluid, whereas
concomitant inhibition of RAGE, PKC, and gp91phox abrogated
the response.

Keywords: acute respiratory distress syndrome; chronic
obstructive pulmonary disease; pulmonary edema; alveolar
microenvironment; lung injury

Clinical Relevance

Receptor for advanced glycation end-products (RAGE) plays
a critical role in regulating inflammation in the lung and may
be a therapeutic target in the treatment of acute and chronic
lung diseases. Herein we describe the signal transduction
pathway through which RAGE regulates the epithelial sodium
channel.
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The receptor for advanced glycation
end-products (RAGE) is a multiligand
transmembrane protein of the Ig
superfamily that functions to amplify and
perpetuate the inflammatory response
(1–3). RAGE is most abundantly expressed
on the alveolar epithelium, and is highly
expressed in alveolar epithelial type (T)
1 cells, which make up more than 95% of
the alveolar surface area (4, 5). In addition to
its full-length transmembrane form, RAGE
exists in an endogenously secreted and cleaved
form collectively termed soluble RAGE
(sRAGE). sRAGE acts as a decoy signal—that
is, sRAGE binds to ligands, thereby reducing
the bioavailability of agonists that could
activate RAGE signaling. There are many

RAGE ligands, including advanced glycation
end-products (AGEs), amyloid fibrils,
amphoterins, S100/calgranulins, and
macrophage-1 (1, 6–9).

Studies show that smoking and aging
increase AGE formation. This is significant
to chronic lung disease, because smoking is
the primary etiology, and accelerated aging
is recognized as a contributor to the
pathogenesis of chronic obstructive
pulmonary disease (COPD) (10). The
role of RAGE, RAGE ligands, and sRAGE
in the pathogenesis and progression of
pulmonary disease is gaining attention in
the biomedical community. Indeed, studies
show increased expression of RAGE in
airway biopsies of individuals with COPD,

and deficient levels of sRAGE were
observed in the plasma of individuals with
COPD (11, 12). Comprehending the role
of RAGE, RAGE ligands, and sRAGE in
disease development and progression could
lead to improved therapies for acute and
chronic lung diseases.

Appropriate lung fluid balance is
critical for effective gas exchange. Lung fluid
balance is controlled through regulated
activity of the amiloride-sensitive epithelial
sodium channel (ENaC). ENaC is a member
of the degenerin family of ion channels,
and is composed of a, b, and g subunits
arranged in a trimeric stoichiometry (13).
The a subunit is abundantly expressed at
the cell membrane, and is capable of
forming amiloride-sensitive current alone,
or alongside b-and g-ENaC subunits
(14, 15). A d subunit has recently been
characterized in the human lung, albeit
the functional role of this subunit
remains unclear (16, 17). Together,
these subunits play an important role in
reabsorbing sodium from the epithelial
lining fluid (ELF), which is then extruded
transcellularly via the basolaterally located
Na1-K1ATPases. The movement of
sodium from the apical to the basolateral
membrane creates an osmotic gradient
that drives water absorption. As such,
normal regulation of ENaC activity plays
an important role in the resolution of
pulmonary edema (18).

It is also clear that inappropriate
ENaC activity plays a critical role in
a variety of acute and chronic lung diseases,
such as acute respiratory distress syndrome
(ARDS), cystic fibrosis, and chronic
bronchitis. Recently, we have shown that
cigarette smoke extract increases ENaC
activity in T1 and T2 cells, which resulted
in altered lung fluid volumes (19). This
implicates ENaC dysfunction in smoking-
related lung diseases, such as COPD.

ENaC can be regulated through
a variety of cell signaling events. In
particular, protein kinase C (PKC) and
oxidants produced by reduced nicotinamide
adenine dinucleotide phosphate (NADPH)
oxidases (Nox) are of primary interest,
because the former is an upstream regulator
of Nox activation (20). There are multiple
PKC isoforms expressed in the human
lung, and general activation of PKC has
been shown to increase b- and g-ENaC
subunits, but not a-ENaC (21–23).
Although PKC has been shown to
directly phosphorylate ENaC when it is
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Figure 1. Advanced glycation end products (AGEs) and soluble receptor for advanced glycation end-
products (sRAGE) from bronchoalveolar lavage (BAL) fluid of smokers and nonsmokers. BAL fluid
from smokers exhibited (A) higher concentrations of AGEs and (B) lower concentrations of sRAGE. (C)
Simple linear regression showing that higher levels of sRAGE correlated with lower levels of AGEs.
n = 16/group; *P , 0.05.
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overexpressed, there is still uncertainty
as to whether endogenous ENaC is
phosphoregulated (24–26). There is
evidence in vivo that PKC acts as a
second messenger that regulates ENaC
via a complex signal transduction pathway.
Recently, PKC isoforms have been shown
to phosphorylate the p47phox subunit of
Nox leading to assembly and activation.
We, and others have recently shown that
the seven Nox isoforms (Nox1–5, dual
oxidase 1, and dual oxidase 2) are expressed
in the human lung, albeit the cellular
distribution of each Nox isoform in
the human lung remains unclear (27).
Importantly, we have shown that Nox2-
derived reactive oxygen species (ROS) are
critical regulators of lung ENaC activity

(28, 29). Evidence suggests that PKC/Nox
signaling regulates oxidant production
in a variety of pathological conditions,
such as atherosclerosis, hypertension,
diabetes, and cancer (24). Herein, we
propose that PKC/Nox signaling plays
an important role in RAGE regulation of
lung fluid balance. We show that RAGE
signaling plays an important role in the
regulation of lung fluid balance by
measuring ELF, AGEs, and sRAGE
from the bronchoalveolar lavage (BAL)
fluid of smokers and nonsmokers
residing in a major metropolitan area,
and obtained mechanistic insight by
performing single-channel patch clamp
analysis and complementary biochemical
assays.

Materials and Methods

Materials used and detailed methods are
provided in the online supplement.

Results

Differences in BAL Characteristics
between Smokers and Nonsmokers
BAL fluid obtained from 16 smokers (eight
female and eight male) and 16 nonsmokers
(eight female and eight male) was assayed
for concentration of AGEs and sRAGE.
AGE concentration in BAL was higher in
smokers compared with nonsmokers (9.06
3.03 pg/ml versus 2.5 6 0.52 pg/ml; P ,
0.05; Figure 1A). Smokers had lower levels
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Figure 2. Predictors of epithelial lining fluid (ELF) volume in smokers. ELF volume from smokers and nonsmokers calculated using (A) urea and (B) protein
methods. #P , 0.05. (C) Linear regression model depicting a characteristic of BAL fluid correlated with the level of sRAGE on the x axis and ELF
volume on the y axis. Elevated levels of sRAGE correlate with greater volume of ELF regardless of smoking status (P = 0.07). (D) Linear regression model
depicting characteristics of BAL fluid from smokers with sRAGE concentration on the x axis and ELF volume on the y axis. Greater concentrations of
sRAGE correlated with greater ELF volume in smokers (P = 0.027). There was not a significant correlation between sRAGE and ELF volume in nonsmokers
(P = 0.863).
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Figure 3. Human AGEs (hAGEs) regulate epithelial sodium channel (ENaC) activity via oxidant signaling in rat primary alveolar type 1 cells accessed in lung
tissue slices. (A) Immunohistochemistry of rat lung slices probed for RAGE and cell-specific markers (erythrina crista galli lectin for alveolar type 1 cells,
lysotracker red, which binds to surfactant-producing lysosomes in alveolar type 2 cells) demonstrate that RAGE is expressed in alveolar type 1 and
type 2 cells. Merged fluorescent signals indicate colocalization of RAGE- and cell-type markers; 49,6-diamidino-2-phenylindole (DAPI)–labeled nuclei.
Western blot from alveolar type 2 cell lysate immunoblotted for RAGE confirms that RAGE protein is expressed in type 2 cells. (B) Continuous cell-attached
single-channel recording of a primary alveolar type 1 cell accessed from a lung slice preparation. Arrow represents the closed (c) state, with downward
deflections from the arrow representing inward Na1 channel openings (240 mV holding potential [2Vp]). Enlarged portions of the representative
recording represent control, hAGE treatment, and 4-hydroxy-2, 2, 6, 6-tetramethylpiperidine-N-oxyl (TEMPO), a superoxide dismutase (SOD) mimetic,
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of sRAGE in the BAL compared with
nonsmokers (1,205 6 292 pg/ml versus
1,910.4 6 262 pg/ml; P , 0.05; Figure 1B).
Simple linear regression was performed to
ascertain the relationship between AGEs and
sRAGE in the BAL fluid. In Figure 1C, we
show that lower levels of AGEs correspond to
higher levels of sRAGE in the BAL fluid.

In Figure 2, we show that smokers
have lower volumes of ELF compared with
nonsmokers using the urea (74 6 14 ml
versus 138 6 27 ml; Figure 2A, #P , 0.05)
and protein methods (81 6 6 ml versus
121 6 14 ml; Figure 2B, #P , 0.05). In
Figure 2C, we used linear regression to
evaluate the relationship between sRAGE
levels in the BAL and ELF volume in all
subjects. Data were then dichotomized into
smoking versus non-smoking, and a linear
correlation between ELF and sRAGE level
was observed (Figure 2D). Interestingly,
greater volume of ELF obtained from the
BAL of smokers correlated with higher
levels of sRAGE, suggesting that sRAGE
may play a critical role in regulating ELF
volume. There was not a significant
relationship between sRAGE and ELF
volume in nonsmokers (Figure 2E).

Human AGEs Increase ENaC
Activity in T1 and T2 Cells via
Pro-Oxidant Signaling
Because AGE levels in BAL fluid obtained
from smokers were nearly three times
the quantity of AGEs measured in
nonsmokers after normalization to protein
concentration, we sought mechanistic
insight into the signaling events through
which RAGE regulates ELF fluid levels. First,
we assessed RAGE expression in the distal
rat lung (Figure 3A) to document the
presence of the protein in alveolar epithelial
T1 and T2 cells. RAGE expression was
observed in both cell types. Next, we
assessed the effect of human AGEs (hAGEs;
obtained from My Biosource, San Diego,
CA) on ENaC activity in primary rat T1
(Figure 3) and T2 (Figure 4) cells. We used
single-channel patch clamp analysis in the
cell-attached configuration to determine
the effects of hAGEs on the biophysical
properties of ENaC. In Figure 3B, we
provide a representative trace of a continual
patch clamp recording (z 30-min duration)

obtained from a T1 cell accessed from a rat
lung tissue slice. The arrow in Figure 3B
denotes the closed state, and downward
deflections are indicative of inward current
(e.g., sodium transport). After a 5-minute
control recording period, cells were
treated with hAGEs added to the bath
(as indicated). After approximately
15 minutes, 4-hydroxy-2, 2, 6, 6-
tetramethylpiperidine-N-oxyl (TEMPO;
a superoxide dismutase [SOD] mimetic)
was subsequently added to the cell bath.
Enlarged portions of the control, hAGE
challenge, and TEMPO treatment time
points are provided in Figure 3B to
highlight the hAGE-induced increase
in ENaC activity, followed by TEMPO
attenuation of Na1 transport. ENaC
activity was measured and averaged as the
product of the number of channels (N)
and the open probability (Po). Figure 3C
reports that ENaC NPo increased from
0.19 6 0.08 to 0.83 6 0.22 (P = 0.017)
with the addition of hAGE. ENaC NPo
decreased to 0.15 6 0.07 (P = 0.01) with
the addition of TEMPO. Point amplitude
histograms taken from the control and
hAGE- and TEMPO-treated conditions
reveal that hAGEs increase the frequency
of both types of ENaC channels, the highly
selective cation (HSC; with average
conductances near 6.1 pS) channels.
Nonselective cation (NSC; with larger
conductances near 12.9 pS) channels were
also observed, albeit at lower frequency.

Next, we examined the effects of
hAGEs in isolated primary rat T2 cells,
which make up roughly 5% of the alveolar
surface area (Figure 4). A representative
trace in the cell-attached configuration
from an isolated T2 cell is shown in
Figure 4A. The arrow denotes the closed
state, with downward deflections indicative
of inward Na1 current. Enlarged portions
from the control and hAGE- and TEMPO-
treated sections are provided to illustrate
the single-channel properties of ENaC. In
Figure 4B, we provide a dot plot of eight
independent observations showing an
increase in ENaC activity, measured as
NPo. ENaC NPo increased from 0.12 6
0.05 to 0.53 6 0.16 (P = 0.025) with
hAGE challenge, and was reduced to 0.10 6
0.03 (P = 0.013) when TEMPO was

added, demonstrating that hAGEs activate
ENaC through an oxidant-mediated
signaling pathway. Together, Figures 3
and 4 show that hAGEs stimulate an
increase in the open probability of the
ENaC in all cells comprising the alveolar
epithelium. Based on these observations, it
is likely that net salt and water absorption
will occur in the alveolar surface fluid in the
presence of AGEs.

T2 cells treated with FPS-ZM1,
a selective RAGE inhibitor (30), further
support the hypothesis that hAGEs activate
ENaC through RAGE signaling in the lung.
Figure 5A shows that hAGE failed to
induce an increase in ENaC activity in T2
cells pretreated with FPS-ZM1. The dot plot
summary of eight independent observations
shows that ENaC Po did not significantly
change after the addition of FPS-ZM1
nor hAGEs in T2 cells. Specifically,
the measured open probabilities were
0.06 6 0.02, 0.06 6 0.02 and 0.03 60.01,
respectively. After showing that hAGEs
stimulate ENaC via activation of RAGE, we
evaluated the signaling pathway through
which hAGEs act. To start, we evaluated the
role of PKC on hAGE-induced regulation
of ENaC activity by using a PKC inhibitor,
GF109203. In Figure 5B, we provide a dot
plot graph of eight independent observations
showing that T2 cells pretreated with
GF109203X failed to respond to hAGE
treatment. This study indicates that the
stimulatory effect of hAGEs on ENaC
activity is mediated via a PKC isoform.

hAGEs Activate ENaC Activity via
PKC Activation of gp91phox

Production of ROS in the Lung
PKC has been shown to regulate Nox
enzyme activity (20, 31). However, it is not
clear whether hAGEs plays an important
role in ROS production via PKC signaling
in the alveolar epithelium. We therefore
treated rat lung slices with 2 mg of hAGEs
alone or in the presence of 1 mM FPS-ZM1,
a selective RAGE inhibitor (30), or 10
mM GF109203X (a PKC inhibitor). ROS
production was determined using confocal
microscopy and the fluorescent properties
of dihydroethidium, which reacts with
ROS. hAGEs significantly increased ROS
production in lung tissue slices, whereas

Figure 3. (Continued). conditions. (C) Results from seven independent observations shown on dot plot with ENaC activity on the y axis. Challenge with
hAGEs increased ENaC number of channels (N) and the open probability (Po) (NPo) from 0.19 6 0.08 to 0.83 6 0.22 (P = 0.017), and the addition
of TEMPO decreased ENaC NPo to 0.156 0.07 (P = 0.01). (D) Point amplitude histograms demonstrate a challenge with hAGEs increases highly selective
cation (HSC) and nonselective cation (NSC) activity in primary alveolar type 1 cells.
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inhibition of RAGE or PKC signaling
pathways abrogated hAGE-induced ROS
production (Figure 6A). To illustrate that
PKC signaling is important in hAGE-
induced ROS production, we provide
representative images of GF109203X-
treated lung tissue with a challenge of
hAGEs. A challenge with hAGEs did not
affect ROS production compared with
controls, which demonstrates that PKC
signaling is required for subsequent ROS
production. Because PKC and Nox

isoforms are ubiquitously expressed, we
also assessed ROS production in T2 cells
challenged with hAGEs (Figure 6B). hAGEs
increased ROS production in isolated
alveolar T2 cells through RAGE-dependent
signaling. In addition, a challenge with
hAGEs had no effect on ROS production in
the setting of PKC signaling inhibition.

We also overexpressed the antioxidant
enzyme, SOD, to implicate hAGE-regulated
production of ROS. Isolated rat primary
alveolar T2 cells were transduced

with adeno-associated viral SOD2 vector
and then exposed to hAGEs. Ectopic
expression of SOD2 in T2 cells significantly
reduced measureable dihydroethidium
fluorescence, indicating that hAGEs indeed
increase ROS production (Figure 6C). Next,
we evaluated the effects of knocking
down gp91phox on hAGE-induced ROS
production using small interfering (si) RNA
(Figure 6D). Figure 6D shows that gp91phox

protein expression decreased roughly 20%
after siRNA inhibition of transcript. More
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importantly, knockdown of gp91phox

significantly attenuated hAGE-induced
ROS production, thus suggesting that
gp91phox is an important source of hAGE-
induced ROS production.

The Nox 2 isoform consists of cytosolic
regulator subunits (p47phox, p60phox, and
p67phox) that, when activated, translocate to
interact with gp91phox, the catalytic domain,
to produce superoxide. Studies show that
PKC phosphorylation of p47phox is involved
in the activation of the cytosolic subunits
(20, 32). We tested the effects of hAGEs
on the phosphorylation of p47phox. In
Figure 7A, we show the specificity of anti-
p47phox antibody by immunoprecipitating
for p47phox protein, followed by Western
blot analysis for p47phox. To evaluate
the effects of hAGE on p47phox

phosphorylation, we treated rat primary
isolated T2 cells with hAGEs with or
without FPS-ZM1 (a RAGE inhibitor)
or GF109203X (a PKC inhibitor).
Immunoprecipitated p47phox was then
probed for its phosphorylated form
using a pan-phosphorylation antibody,
and protein expression normalized to
total p47phox protein. Treatment with
hAGEs significantly increased p47phox

phosphorylation. Inhibition of RAGE
signaling and PKC activity decreased
p47phox phosphorylation, suggesting that
RAGE is upstream of PKC phosphorylation
of p47phox. To provide further evidence, we
measured PKC activity in the presence of
hAGE and inhibitors. Figure 7B shows that
hAGEs significantly increased PKC activity
in T2 cells, whereas FPS-ZM1 attenuated

hAGE-mediated effects. As expected,
Figure 7B shows that GX109203X
attenuated hAGE activation of PKC
activity, verifying that PKC signaling occurs
downstream of RAGE ligation.

PKC has been shown to play an
important role in regulating both Nox and
ENaC activity (20, 25). Because we have
previously shown that gp91phox is a critical
regulator of lung ENaC activity (28, 29),
we next determined whether RAGE
regulation of PKC activity regulates
Nox2 activation of lung ENaC. In
Figure 7C we provide a Western blot
of immunoprecipitated a-ENaC protein
that was immunoblotted for gp91phox.
Interestingly, a challenge with
hAGEs increased a-ENaC–gp91phox

coimmunoprecipitation, and inhibition of
RAGE and PKC signaling significantly
attenuated the effects of hAGE on
a-ENaC–gp91phox coimmunoprecipitation.
Together, these data support our hypothesis
that PKC–gp91phox signaling is involved
in RAGE regulation of ENaC.

Physiological Relevance of hAGEs in
Promoting Alveolar Fluid Clearance
In Vivo
Using real-time X-ray imaging (fluoroscopy),
we are able to determine the response
of spontaneously breathing mice after
a tracheal instillation of hAGEs alone or in
combination with 1 mM FPS-ZM1, 10 mM
GX109203X, or 10 mM diphenyliodonium,
a general Nox inhibitor, delivered in
a saline solution at 5 ml/g body weight.
Mouse lung receiving hAGEs coupled with

RAGE inhibition severely attenuated lung
fluid clearance (Figure 8A). A significant
difference in lung fluid clearance occurred
within 30 minutes of the instillation,
and persisted through the experimental
procedure (P , 0.05). We observed
no difference in the rate of lung fluid
clearance between PKC and Nox2-inhibited
mice challenged with hAGEs (Figure 8B).
In Figure 8C, we show that lung fluid
clearance in mice that received the
PKC inhibitor was not different than
that in mice receiving the PKC
inhibitor with a challenge with hAGEs,
demonstrating that hAGE-induced
lung fluid clearance requires
ligand–receptor (AGE–RAGE) binding
to activate PKC signaling.

We validated our findings using the
radiographic technique against traditional
lung wet-to-dry weight ratios, and observed
that inhibition of RAGE, PKC, and Nox
signaling significantly attenuated the
effect of hAGEs on lung fluid clearance
(Figure 8D). In Figure 8E, we knocked
down gp91phox and RAGE protein
expression, and then challenged the lung
with hAGEs. Knockdown of gp91phox and
RAGE significantly attenuated the effect of
hAGEs on lung wet-to-dry weight ratios,
further supporting the hypothesis that
RAGE regulates lung fluid balance via
PKC-gp91phox signaling to lung ENaC.

Discussion

Studies show that RAGE is highly expressed
in the lung and differentially expressed in T1
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cells compared with T2 cells (33). The role
of RAGE in the physiology of the lung and
in the pathogenesis of lung disease has
garnered considerable attention recently.
Studies have shown that RAGE plays
a role in cellular differentiation, as well
as spreading of adherent cells in culture
(34–36). However, the role of RAGE in
regulating lung fluid balance is unknown.
In the current study, we sought to provide
mechanistic insight into how RAGE
regulates lung fluid balance, and have made
several observations warranting additional
discussion.

Effect of hAGEs on Biophysical
Properties of ENaC
We have previously reported the effects
of a variety of agonists on the biophysical
properties of ENaC—in particular, the
number of inserted channels and the
molecular characteristics of these channels
(19, 28, 29, 37, 38). ENaC channels are
classified based on their selectivity for Na1

over other cations (e.g., K1), with HSC
channels being selective for Na1 (Na1:K1,
.40:1), and NSC channels being less
discriminate (Na1:K1, 1:1). In the current
study, we observed an increase in HSC

channel activity in T1 and T2 cells
when challenged with hAGEs (see point
amplitude histograms, Figures 3D and 4C).
NSC channel activity was observed, but the
preponderance of channels were HSC
channels. We did not observe a significant
increase in the number of active channels;
rather, the main effect was an increase in
open probability (see Figures 3 and 4).

RAGE and Its Isoforms Regulate Lung
Fluid Balance
RAGE functions to amplify and perpetuate
the inflammatory response. A key feature of
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inflammation is edema, so it is not
surprising that RAGE may play a critical,
if not pivotal, role in the regulation of
lung fluid balance. This has significant
implications for a variety of acute and
chronic lung diseases in which lung fluid
balance is altered.

We and others have evaluated the
effects of cigarette smoke on ion transport in

airway epithelial cells, and we have reported
an increase in ENaC activity when alveolar
epithelial cells are challenged with an
aqueous form of cigarette smoke (19, 39). In
addition, studies show an increase in the
expression of RAGE protein in the airway
and distal lung of smokers and those with
COPD (11, 12). Studies show that systemic
levels of sRAGE are deficient in individuals

with COPD and, in the current study, we
show that sRAGE levels are significantly
lower in the BAL fluid of smokers, an
observation that is coupled with lower
volumes of ELF. sRAGE consists of two
isoforms: an endogenously secreted
form (esRAGE) and a cleaved form
(cRAGE). esRAGE is produced through
alternative splicing, whereas cRAGE occurs

C
on

tr
ol

 

G
F

10
92

03
X

 +
 h

A
G

E
 

F
P

S
-Z

M
1 

+
 h

A
G

E

hA
G

E

Ig
G

C
on

tr
ol

 

G
F

 1
09

20
3X

 +
 h

A
G

E
 

F
P

S
-Z

M
1 

+
 h

A
G

E

hA
G

E

C
on

tr
ol

hA
G

E

F
P

S
-Z

M
1

+
 h

A
G

E

G
F

10
92

03
X

+
 h

A
G

E

0

0.5

1

1.5

2

2.5

3

E
N

aC
/g

p9
1p

ho
x  

E
xp

re
ss

io
n

R
el

at
iv

e 
to

 C
on

tr
ol

*

#

#

A

B

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
ct

iv
e 

P
K

C
 (

ng
)

C
on

tr
ol

hA
G

E

F
P

S
-Z

M
1

+
 h

A
G

E

G
F

10
92

03
X

+
 h

A
G

E

* 

##

C

C
on

tr
ol

hA
G

E

F
P

S
-Z

M
1

+
 h

A
G

E

G
F

10
92

03
X

+
 h

A
G

E

0

0.5

1

1.5

2

2.5

3

3.5

P
ro

te
in

 P
ho

sp
ho

ry
la

tio
n

*

# #

250 

150 

100 

75 

50 

37 

IP: p47phox

IP: p47phox

IP: p47phox

IB: p47phox

IB: p47phox

p47phox

250 
150 
100 
75 

50 p47phox
IgG

p47phox
IgG

 IB: Phosphorylated protein 

250
150
100
75

50

37

25

IB: gp91phox

IgG

gp91phox

IP
: g

p9
1p

ho
x

C
el

l L
ys

at
e

IP: α-ENaC
IB: gp91phox

Figure 7. Challenge with hAGEs increased phosphorylation of p47phox in isolated primary alveolar type 2 cells. (A) Western blot of immunoprecipitated
p47phox protein that was immunoblotted for p47phox, showing molecular weight of approximately 47 kD; the slightly larger molecular weight band is IgG.
Representative Western blot of immunoprecipitated p47phox protein immunoblotted for phosphorylated protein and normalized to total protein (lower
panel) under control, hAGE, FPS-ZM1 plus hAGE, and GF109203X plus hAGE treatment conditions. Quantification of blot shows that hAGE treatment
significantly increased 47phox phosphorylation, whereas treatment with FPS-ZM1 and GF109203X attenuated the effects of hAGE. (B) Active PKC of
isolated primary type 2 cells was determined under control, hAGE, FPS-ZM1 plus hAGE, and GF109203X plus hAGE treatment. hAGE treatment
significantly increased PKC activity, an effect that was abrogated with RAGE and PKC inhibition. (C) The left panel is an immunocontrol of
immunoprecipitated gp91phox and cell lysate (both from alveolar type 2 cells) immunoblotted for gp91phox. The right panel is immunoprecipitated a-ENaC
protein that was then immunoblotted for gp91phox (nicotinamide adenine dinucleotide phosphate [NADPH] oxidases [Nox] 2) under control, hAGE, FPS-ZM1
plus hAGE, and GF109203X plus hAGE treatment conditions. Bar graph of Western blots showing that hAGEs increased coimmunoprecipitation of ENaC-
Nox2, an effect that was attenuated when treated with either FPS-ZM1 or GF109203X. *P , 0.05 compared with control, #P , 0.05 compared with hAGEs.

ORIGINAL RESEARCH

Downs, Kreiner, Johnson, et al.: RAGE Regulation of ENaC 83



A 

hAGE

FPS-ZM1 +
hAGE

P<0.05 

–7

–6

–5

–4

–3

–2

–1

0

1

2

F
lu

id
 C

le
ar

an
ce

  (
I-

I o
)

Time (min)

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

21
0

22
5

23
0

24
0

GF109203X 

GF109203X
+ hAGE  

N.S. 

–7

–6

–5

–4

–3

–2

–1

0

1

2

F
lu

id
 C

le
ar

an
ce

  (
I-

I o
)

Time (min)

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

21
0

22
5

23
0

24
0

C

GF109203X
+hAGE 

DPI + hAGE 

N.S. 

–7

–6

–5

–4

–3

–2

–1

0

1

2

F
lu

id
 C

le
ar

an
ce

  (
I-

I o
)

Time (min)

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

21
0

22
5

23
0

24
0

B

D 

0

1

2

3

4

5

6

7

hA
G

E

F
P

S
-Z

M
1

+
hA

G
E

G
F

10
92

03
X

+
hA

G
E

D
P

I
+

 h
A

G
E

Lu
ng

 W
/D

 w
ei

gh
t r

at
io

 

*
* *

0

1

2

3

4

5

6

7

Lu
ng

 W
/D

 w
ei

gh
t r

at
io

 

S
cr

am
bl

e 
si

R
N

A
+

hA
G

E

gp
91

ph
ox

 s
iR

N
A

+
hA

G
E

R
A

G
E

 s
iR

N
A

 +
hA

G
E

 

*

*

E 

0

0.5

1

1.5

S
cr

am
bl

e

gp
91

ph
ox

P
ro

te
in

 E
xp

re
ss

io
n

 R
el

at
iv

e 
to

 C
on

tr
ol

 

*

siRNA:

P
ro

te
in

 E
xp

re
ss

io
n

R
el

at
iv

e 
to

 C
on

tr
ol

S
cr

am
bl

e

R
A

G
E

*

0

0.5

1

1.5

siRNA:

gp91phox

gp91phoxScramble

siRNA:

RAGE

RAGE

Scramble

siRNA:

β-Actin β-Actin

Figure 8. Instillation of hAGEs promotes lung fluid clearance via RAGE–PKC–Nox2 signaling. Line graphs depicting changes in lung fluid clearance in
mice receiving a tracheal challenge, with y axis representing lung fluid clearance (I 2 Io), where I represents fluid volume at a respective point in time,
and Io is fluid volume at the first X-ray exposure. (A) hAGEs versus FPS-ZM1 plus hAGEs, (B) GF109203X plus hAGEs versus diphenyliodonium
(DPI) plus hAGEs, (C) GF109203X versus GF109203X plus hAGEs. More positive values represent greater fluid clearance. n = 10 per group. N.S.,
nonsignificant. (D) Lung wet-to-dry weight ratios from mouse lung instilled with hAGEs, FPS-ZM1 plus hAGEs, GF109203X plus hAGEs, and DPI plus
hAGEs (*P , 0.05; n = 5 mice/group). (E). Lung wet-to-dry weight ratios from C57Bl/6 mice given a tracheal instillation of scramble, RAGE, or gp91phox

siRNA, and then (24 h later) challenged with hAGEs (*P , 0.05; n = 5 mice/group). Western blots of siRNA instilled lung probed for gp91phox or RAGE;
siRNA decreased protein expression roughly 30% (n = 3).

ORIGINAL RESEARCH

84 American Journal of Respiratory Cell and Molecular Biology Volume 52 Number 1 | January 2015



through proteolytic cleavage from matrix
metalloproteinases (40). Collectively,
the effect of esRAGE and cRAGE results
in ligation with RAGE ligands to
reduce proinflammatory signaling at the
microenvironmental level. However, studies
have not consistently discriminated
between the two forms of RAGE, and have
instead reported the aggregate of the two
(sRAGE). In addition, we show that hAGE,
a RAGE ligand, increases ENaC activity
through oxidant-mediated signaling to
ultimately impact lung fluid clearance.
Collectively, these data suggest that RAGE
and its decoy signal, sRAGE, may play an
important role in maintaining ELF volume.

AGEs: Predictive Biomarkers for
Lung Disease?
The concentration of AGEs in smokers, who
are predisposed to developing COPD, is
significantly higher than in nonsmokers
(41). There is also an inverse relationship
between AGE and sRAGE expression
level in the BAL fluid of smokers and
nonsmokers. Furthermore, individuals
with high levels of sRAGE expression
(nonsmokers) had measurably higher ELF
volumes. The important implication from
these observations is that elevated AGE
expression in smokers could lead to dry
lung disorders, whereas sRAGE expression
in nonsmokers can protect the lungs from
deleterious effects of RAGE activation.
Indeed, numerous studies have shown that
administration of sRAGE can alleviate
the harmful effects of RAGE ligands.
Specifically, sRAGE has been shown to slow
tumor growth (42), suppress diabetic
atherosclerosis (43), reverse vascular
hyperpermeability in diabetic rats (44), and
reduce plaque formation in a mouse model
of Alzheimer’s disease (45).

Mechanistic Insight into RAGE
and ENaC
Understanding the regulation of ENaC is
important to developing improved therapies
for acute and chronic lung disease. This is
perhaps most visibly apparent in cystic
fibrosis and ARDS, two distinct disease
processes at polar ends of a spectrum of lung
fluid balance. In addition, it is important
to understand ion transport within the
context of the specific pathology under
investigation. In this study, we sought
to obtain mechanistic insight into the
regulation of ENaC through activation of
RAGE signaling. This is highly relevant to

many lung diseases, as RAGE-driven
inflammation is a key feature.

Our findings are in line with other
reports of RAGE activation of PKC (46–48).
In the lung, all major isoforms of PKC
are present. Data from our present study
indicate that the stimulatory effect of
hAGEs on ENaC activity is mediated by
a Ca21-independent PKC, as classical PKC
signaling is responsible for mediating
inhibitory effects of Ca21 on ENaC (49, 50).
Results from our studies suggest that
the stimulatory effects of hAGE (and
subsequent PKC activation) results in
activation of Nox via phosphorylation of
the p47phox subunit. In line with this
observation, several PKC isoforms (Ca21

dependent and independent) have been
shown to phosphorylate p47phox (reviewed
in Ref. 25).

We used a nonspecific PKC inhibitor to
demonstrate the importance of p47phox

phosphorylation in the regulation of ENaC
via gp91phox-generated ROS. However,
more specific phosphopeptide mapping of
p47phox showed that serines 303, 304, 315,
320, 328, 359, 370, and 379 are all targets of
PKC-a, -bII, and -d (31). In addition to
GF109203X, a nonspecific PKC inhibitor,
we performed fluid clearance studies using
Ro-31-8425 at concentrations specific for
the PKCbII subunit (data not shown).
Inhibition of PKCbII paralleled the effects
of RAGE inhibition, suggesting that the
PKCbII subunit is critical for RAGE
signaling.

Looking Forward, the Prognostic Role
of sRAGE and RAGE Inhibition in
Lung Disease
The role of sRAGE as a prognostic tool or
biomarker has gained attention. Multiple
studies describe an increase in serum
sRAGE in individuals with COPD (41).
To our knowledge, this is the first study
to evaluate sRAGE in the BAL fluid of
smokers. Interestingly, we observed
a reduction in sRAGE levels in the
BAL fluid of smokers compared with
other studies that evaluated serum levels.
We observed a similar pattern, despite
assaying the BAL fluid. As for the utility
of sRAGE from either the BAL or serum
and its utility in the early detection, staging,
or monitoring for disease progression,
it remains unclear which form is most
predictive, and will require larger
randomized controlled trials to address
the issue.

RAGE inhibition may prove to be
an important therapeutic target in the
management of acute and chronic lung
disease. Given the many signaling pathways
regulated by RAGE, acute inhibition of
RAGE may prove to be highly effective
in the management of lung fluid balance,
which would have implications for
cystic fibrosis, COPD, and ARDS.
However, it is unclear if delivery of
sRAGE or inhibition of RAGE signaling
would be therapeutic. Furthermore, the
utility of RAGE inhibition in acute
and chronic diseases may require a less
direct approach. Studies show that certain
therapeutic drug classes, including
statins (51), angiotensin-converting
enzyme inhibitors (52), angiotensin II
type 1 receptor blockers (53), and
thiazolidinediones (54), either increase
expression of sRAGE or decrease expression
of the active membrane-bound form. This
raises the possibility of these agents being
used in chronic airway disease to ameliorate
the effects of RAGE signaling. However,
more work is needed to evaluate the
effectiveness of these agents in the treatment
of the RAGE axis in chronic lung disease.

Conclusions

In the current study, we observed
a reduction in the volume of ELF in smokers
compared with nonsmokers that is coupled
with increased AGEs and lower levels of
sRAGE, suggesting that RAGE signaling
may play a critical role in the regulation of
lung fluid balance. Single-channel patch
clamp analysis revealed that the addition of
AGEs increased ENaC activity through an
oxidant-mediated process to ultimately
affect lung fluid clearance. Mechanistically,
we observed that activation of RAGE
signaling activated ENaC through PKC-
dependent phosphorylation of p47phox.
These data argue that RAGE plays a critical
role in the regulation of the tissue
microenvironment, and may serve as
a critical feature in the maintenance of
appropriate lung fluid balance. n
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