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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive disease with poor survival. The identification of therapeu-
tic targets is essential to improving outcomes. Previous studies found that expression of the receptor for advanced
glycation end products (RAGE) in the lung is significantly decreased in human IPF lungs and in two animal models of
pulmonary fibrosis. In addition, RAGE-null mice spontaneously develop pulmonary fibrosis with age and more severe
fibrosis when challenged with asbestos. In contrast to the findings that the lack of RAGE enhanced pulmonary fibro-
sis, He et al. found that RAGE null mice were protected from bleomycin-induced fibrosis and suggested the effect was
due to a lack of HMGB1 induced RAGE signaling. The current study further tests this hypothesis by blocking RAGE
signaling via administration of soluble RAGE, a decoy receptor, to determine if this will also protect against pulmonary
fibrosis. Wild-type, RAGE*/-, and RAGE7/- mice were treated with bleomycin and assessed for fibrosis. Wild-type mice
were also treated with exogenous soluble RAGE or vehicle control. In addition, in vitro studies with primary alveolar
epithelial cells from wild-type and RAGE null mice were used to investigate the effect of RAGE on cell viability and
migration in response to injury. A lack of RAGE was found to be protective against bleomycin injury in both in vivo and
in vitro studies. However, soluble RAGE administration was unable to ameliorate fibrosis. This study confirms para-
doxical responses to two different models of pulmonary fibrosis and suggests a further role for RAGE in cellular migra-
tion.
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Introduction

The receptor for advanced glycation end-
products (RAGE) was first isolated and charac-
terized from bovine lung tissue in 1992 [1]. De-
spite its discovery in the lung, relatively few
studies have investigated the role of RAGE in
pulmonary physiology and pathology. Most
studies have instead focused on RAGE medi-
ated inflammation and subsequent disease in
other tissues. In contrast to most other tissues,
the lung has been found to express very high
levels of RAGE under normal conditions [2-5].
This finding suggests that unlike the proposed
pathologic roles of RAGE in other tissues, RAGE
may have a non-pathologic, physiologic function
in the normal lung.

Recent studies have found that there is a loss

of RAGE in human IPF lungs as well as in bleo-
mycin, silica and asbestos-induced mouse mod-
els of pulmonary fibrosis [2-4, 6]. In all studies,
there was a significant decrease in both protein
and mRNA expression of RAGE in the disease
state [2, 3, 6]. In addition, it was found that the
lack of RAGE in knockout mice led to the devel-
opment of spontaneous pulmonary fibrosis with
age as well as more severe fibrosis in response
to asbestos injury [2]. In contrast to the sponta-
neous fibrosis and increased asbestos-induced
fibrosis observed in the RAGE KO mice, a study
by He et al. found that RAGE knockout mice
were almost entirely protected against the fi-
brotic effects of bleomycin [7]. These seemingly
contradictory findings have led to confusion as
to what the role of RAGE is in the normal lung
and in the pathogenesis of pulmonary fibrosis
[8]. In the bleomycin model, the authors sug-
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gested that the protective effects were possibly
due to an inability of HMGB1, a well-
characterized RAGE ligand, to signal and cause
inflammation in the knockout mice [7].

More recently, another group investigated the
role of the RAGE signaling axis in LPS-induced
acute lung injury [9]. In their study, they found
that by blocking RAGE signaling via intraperito-
neal injection of soluble RAGE, a non-signaling
decoy receptor, they were able to mitigate the
effects of LPS injury on the lung. The results of
this study also suggested a role for RAGE ligand-
induced inflammation and disease in the lung.
However, these studies do not explain why the
normal lung expresses such high levels of this
protein if its sole function is to promote inflam-
mation and tissue injury.

RAGE’s biological function in the normal lung
still remains largely unknown. However, one
investigation suggested that RAGE is essential
for cellular spreading and adherence to compo-
nents of the basement membrane [10]. This
might explain its relatively high and selective
expression in type | alveolar epithelial cells [11].
In addition, it is has been shown that RAGE
might be a marker of type Il cell transdifferentia-
tion, a mechanism of normal pulmonary repair
and re-epithelialization [12]. These findings, in
addition to the fact that RAGE null mice develop
spontaneous fibrosis with age [2] would suggest
that manipulation of the receptor itself might
result in unwanted pulmonary complications.

The current study further investigates the effect
of RAGE expression on bleomycin-induced pul-
monary fibrosis in mice. This study also tests
the hypothesis that indirect blockade of RAGE
signaling via the administration of soluble RAGE
would confer protection from fibrosis in RAGE
expressing mice.

Materials and methods
Ethics statement

All animal experiments were reviewed and ap-
proved by the University of Pittsburgh Institu-
tional Animal Care and Use Committee
(Protocols 0705673 and 0712906). Animals
were given free access to food and water and
were cared for according to guidelines set by
the American Association for Laboratory Animal
Care.
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Mouse models for pulmonary fibrosis

Eight week old male C57BL/6 mice (Taconic,
Germantown, NY), RAGE 7+ (RAGE heterozygote)
and RAGE /- (RAGE null) mice were subjected to
two different models of pulmonary fibrosis as
previously described [13]. All mice were approxi-
mately 25 g at the time of treatment. In both
models, the injurious material was instilled in-
tratracheally in a 70 pl volume. For bleomycin-
induced fibrosis, 0.04 units (0.16 units/kg) of
bleomycin (Hospira, Inc. Lake Forest, IL) or sa-
line (vehicle control) were administered. For
asbestos induced fibrosis, 100 pg of crocidolite
asbestos or titanium dioxide (inert particulate
control) were diluted in sterile saline and admin-
istered. Mice were sacrificed by pentobarbital
injection at the indicated time points.

Soluble RAGE purification from bovine lung

sRAGE was purified from fresh-frozen bovine
lungs obtained from Pel-Freez Biologicals
(Rogers, AR) as previously described [2, 14]. In
brief, 500 grams of lung was homogenized and
purified by sequential concanavalin A sepha-
rose, heparin sepharose, and Q-sepharose chro-
matography. Endotoxin was removed with a 3-
mL Detoxi-Gel column (Pierce, Rockford, IL).
sRAGE was dialyzed into PBS and the concen-
tration was determined by a Bradford Assay
(Thermo Fisher, Waltham, MA). The sRAGE ad-
ministered in all the experiments was sterile-
filtered and contained < 0.07 endotoxin
units/50 pg dose as determined by the Py-
rotell® LAL Single Test Vial (Associates of Cape
Cod, Inc., East Falmouth, MA). BSA Fraction V
(Fisher Scientific) was dissolved in sterile PBS,
sterile-filtered and endotoxin was removed in an
identical fashion. The final concentration was
determined by Bradford Assay and all protein
administered had <0.07 endotoxin units/50 ug
dose.

Confirmation of RAGE bioactivity

The ability of RAGE to bind its ligands was as-
sessed as previously described [10, 15]. In
brief, high-binding polystyrene 96-well plates
(RandD Systems, Minneapolis, MN) were coated
with either recombinant HMGB-1 (Sigma Alrich)
or BSA at 5 pg/mL in PBS (50 uL/well) overnight
at 4 °C. All subsequent incubations were car-
ried out while rocking the plate at 37 °C. The
wells were washed with PBS (3x, 300 uL/well).
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The wells were then blocked in PBS/10% BSA
for 1 h. Decreasing concentrations of purified
sRAGE (starting with 25 pg/mL) in PBS/10%
BSA were incubated for 90 min. Each reaction
was performed in triplicate. The plate was
washed again and then incubated with goat anti
-mouse sRAGE antibody (5 pg/mL) in PBS/0.2%
BSA for 1 h. The plate was subsequently
washed and then incubated with donkey anti-
goat HRP (1:20,000, Jackson ImmunoResearch,
West Grove, PA) in PBS/0.2% BSA for 1 h. The
plate was washed and then incubated with Sig-
maFast® OPD solution (100 yL/well) for 30 min
at room temperature. sRAGE binding (function)
was assessed by reading the absorbance at
450 nm on a plate reader (SpectraMax, Molecu-
lar Devices) and comparing the differences in
binding between the HMGB-1 and BSA coated
wells.

Mouse treatment with sRAGE

Mice received daily intraperitoneal injections of
either 50 pg of bovine sRAGE or bovine serum
albumin (BSA) control [16, 17]. Treatment with
sRAGE was started 3 days prior to the pulmo-
nary injury and dosed every 24 hours until the
completion of the experiment.

Hydroxyproline analysis

Lungs were dried at 110°C for 48-72 hrs then
acid hydrolyzed in 2 mL of 6 M hydrochloric acid
in nitrogen-flushed and vacuum-sealed vials.
The vials were incubated at 110°C for 24 hours
and hydroxyproline content was quantified as
described previously [13, 18, 19].

Histologic scoring

Standard hematoxylin and eosin staining was
performed on inflation-fixed paraffin embedded
lung sections as described previously [19]. The
sections were then scored by a pathologist
(T.D.0) who was blinded to all treatments and
the strain of mice as detailed previously [2, 13].
Every field in the entire lung was scored, start-
ing peripherally. Each field had to contain
>50% alveolar tissue/terminal bronchioles in
order to be counted. Scoring was based upon
the extent of interstitial fibrosis occupying the
field according to the following scale: O = no
fibrosis, 1 = 0-25%, 2 = 25-50%, 3 = 50-75%,
and 4 = 75-100%. A histologic index score was
assigned to each sample by dividing the sum of
the scores of each field by the total number of
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scored fields.
Tissue homogenate preparation

Total lung homogenates were prepared by ho-
mogenization in a buffer containing CHAPS de-
tergent (50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
10 mM CHAPS) and protease inhibitors (10 mM
E-64, 100 mM DCI, and 2 mM ortho-
phenathroline). The samples were sonicated
and then rocked for 2 hours at 4 °C to obtain all
membrane and soluble proteins. Finally, the
samples were centrifuged at 20,000 x g for 20
minutes at 4 °C to pellet an insoluble material.
The supernatant was removed and stored at -80
°C until use. Protein concentration was deter-
mined using Coomassie Blue Protein Reagent
(Thermo Fisher) according to the manufac-
turer’s protocol.

Immunoblotting

Twenty micrograms of total lung homogenate
was separated by SDS-PAGE and transferred to
PVDF membrane as described previously [3,
13]. Mouse RAGE was detected using an anti-
RAGE antibody previously described.[14] Bleo-
mycin hydrolase was detected using a mouse
polyclonal antibody (Cat #HOO0000642-A01,
Abnova, Walnut, CA). Mouse anti-B-actin (Sigma-
Aldrich, St. Louis, MO) was used as a loading
control. To visualize antibody binding, enhanced
chemiluminescence was used (ECL plus, GE
Healthcare). Images were captured on a Kodak
Gel Logic 2200 Imaging System using Kodak
Molecular Imaging software, respectively
(Kodak, Rochester, NY).

Isolation and culture of primary alveolar epithe-
lial cells

Primary murine type Il alveolar epithelial cells
were obtained from 6-7 week old female
C57BL/6 and RAGE null mice as previously de-
scribed [20-22]. In brief, mice were sacrificed
with a pentobarbital injection and exsan-
guinated by clipping the abdominal aorta. The
lungs were perfused free of blood via instillation
of the right ventricle with normal saline. A 20-
gauge luer-stub adapter was inserted intratra-
cheally and secured with a 3-0 silk suture. Two
mL of a 50 U/mL Dispase (Gibco) solution was
instilled into the lungs in order to enzymatically
digest the cells away from the extracellular ma-
trix. A single cell suspension was generated by
filtering the cells through a 100 ym and 40 ym
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cell strainer (BD Biosciences) and then a 20 um
nylon mesh (Sefar, Depew, NY). Hematopoetic
cells were removed by incubating the suspen-
sion in 100 mm2 cell culture plates coated with
anti-CD32 (BD Biosciences) and anti-CD45 (BD
Biosciences) antibodies at 37 °C / 5% CO2 for
60 min. The non-adherent ATIl cells were re-
moved by gentle washing and collected while
the hematopoetic cells remained tightly ad-
hered to the plates. The cells were pelleted by
centrifugation at 130x g and then resuspended
at the desired concentration. Typical experi-
ments yielded 5-6 million cells per mouse with a
purity of >95% as determined by modified Pa-
panicolau staining [23]. Cells were grown in
DMEM (Hyclone, Logan, UT) containing 10%
FCS (Gemini Bio Products, West Sacramento,
CA) and 100 U/mL penicillin and 100 pg/mL
streptomycin on collagen | coated flasks (BD
Biosciences) to promote differentiation into ATI-
like cells. Cells were maintained in cell incuba-
tors at 37 °C / 5% CO2for all parts of the experi-
ment. All experiments were conducted on cells
that were 6-9 days old as RAGE expression was
previously found to be highest at this point
along with other markers of ATI cells and a lack
of ATIl cell markers [10].

In vitro scratch assay

Wound healing assays were performed as de-
scribed in detail previously [24]. Briefly, wild-
type and RAGE null primary cells were passaged
on day 4 of culture and plated at 40,000 cells/
well in a 24-well collagen IV coated plate (BD
Biosciences) in growth media. The cells were
grown for 2-3 additional days until a confluent
monolayer was reached. At this point, the plates
were scratched with a p-200 pipet tip to make a
uniform wound in all the wells. The wells were
washed two times with PBS to remove the
scraped cells and a mark was placed on the
underside of each well to ensure that images of
each wound were captured at the same place.
The initial (t = O hr) images of the wound were
captured with phase-contrast microscopy and
the PBS in the wells was replaced with 500 ul of
treatment media. The following treatments were
used: Media alone, Media containing 0.075
units bleomycin/mL, and Media containing 20
pug/mL crocidolite asbestos. When sRAGE was
included in the experiments it was used at a
final concentration of 25 pug/mL. Six wells were
used for each treatment condition. The experi-
ment was stopped when one of the treatments
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was fully healed. Images of the wells were cap-
tured at the same place as the initial image.
The area of the wound was measured by outlin-
ing the areas without cells using Metamorph
Software (Molecular Devices, Sunnyvale, CA).
Percent healing  was calculated as:

Areat -Areat

% Wound Healing = initil firal X 100

Cell viability assays

Primary alveolar epithelial cells (6-9 days old)
from C57BL/6 and RAGE null mice were plated
at a cell density of 5,000 cells/well in a 96-well
cell culture plate (Corning, Lowell, MA). They
were allowed to adhere for 24 hours. The
growth media was then replaced with 100 pL of
treatment media containing various dilutions of
asbestos (0 - 100 pg /mL) or bleomcyin (O - 0.3
units/mL). In addition, sSRAGE was included in
half of the treated wells at a concentration of
25 pg/mL. Each treatment and genotype was
run in triplicate. After 24 hrs in culture with the
treatment, an MTS reagent (Cat# Gb5421,
Promega, Madison, WI) was prepared according
to the manufacturer’s protocol and 20 yL was
added to each well. The absorbance of each
well at 490 nm was read on a Molecular De-
vices Spectramax 96-well plate reader immedi-
ately after the addition of the MTS reagent. The
plate was then analyzed again at 4 hrs. Each
well served as its own blank by subtracting the
absorbance at O hrs from the absorbance at 4
hrs. This corrected for any absorbance that was
due to the asbestos particles themselves. The
percentage of viable cells was calculated by
dividing the absorbance of the treatment by the
absorbance of the untreated (media only) wild-
type or RAGE KO cells.

Statistical analyses

Paired samples were analyzed using a Student’s
t-test. ANOVA followed by a Tukey post-test was
used for multiple comparisons. Experiments
with two variables (i.e.. i.p. treatment and i.t.
treatment or i.t. treatment and strain) were ana-
lyzed by two-way ANOVA. Values are reported +/
-SEM, and p-values <0.05 were considered sig-
nificant.

Results

Absence of mMRAGE/sRAGE expression protects
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against bleomycin-induced fibrosis

To investigate the function of RAGE in bleom-
cyin-induced fibrosis, C57BL/6 and RAGE null
mice (lack both mRAGE and sRAGE) were
treated with a single intratracheal instillation of
0.04 units of bleomcyin and then monitored
before sacrificing at either 14 (Figure 1) or 21
(Figure 2) days. The extent of fibrotic injury was
assessed both histologically and biochemically.
The absence of mRAGE and sRAGE in the
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knockout mice resulted in significant protection
against bleomycin-induced fibrosis. Histologic
evaluation revealed essentially normal lung tis-
sue with very few fields containing any apprecia-
ble fibrosis in the RAGE null mice (Figures 1D
and 2D). In contrast, the wild-type mice had
extensive pulmonary fibrosis (Figures 1C and
2C). The wild-type mice also had significantly
elevated protein and white blood cells in their
BAL fluid at both time points compared to the
RAGE knockout mice (Figure 1G, H and 2B, E).
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Figure 1. Lack of RAGE
protects against bleomycin
injury at 14 days. C57BI/6
and RAGE KO mice were
treated with 0.04 units of
bleomycin and sacrificed 14
-days post exposure. Their
lungs were removed and
analyzed for hydroxyproline
levels (n = 6-7/group) (A)
and histologically (n 3/

group) (B). The extent of

fibrotic injury was markedly

and significantly decreased

G ek . in the mice lacking RAGE (D)

25 S 7.0x10° X2 [ISaline compared to wild-type con-

£ ' 1 6.0x10° I Bleomycin trols (C). The lungs of the

g ’;_Tz.o- Y _ 5.0x10°% saline treated mice were

£5, | 2 2 4.0x10% histologically normal (E, F).

cEX £ . Two additional markers of

83101 i 2 g 3010 injury, total protein content

o g1 2 200100 injury, total protein conten

g | o &% in lavage fluid (G) and cell
060 1.0x105- | |

& -_ counts (H), were also damp-

ol 1, 1 0 L v ened in the RAGE KO mice.

Wild-Type RAGE KO Wild-Type RAGE KO (**p<0.01 and *p<0.05)
245 Int J Clin Exp Pathol 2011;4(3):241-254



Paradoxical function of RAGE in pulmonary fibrosis

*%

—

%
1

>
o)

1.25+

-

o

o
1

0.75+

Index Score

ic

0.50-

9
of BALF (mg/mL)

0.254

Protein Concentration

Histolo

Jk

—

ki Figure 2. Lack of RAGE
protects against bleomycin
injury at 21 days. C57BI/6
and RAGE KO mice were
treated with 0.04 units of
bleomycin and sacrificed 21
-days post exposure. The
lungs were removed, infla-
tion fixed, and analyzed by
histologic evaluation (A) (n =

[JSaline
Il Bleomycin

o
o
o

Wild-Type

©

=1

c

[

[—JSaline sl:’
Il Bleomycin & 504

-

c

@

[

)

o

Cells in BALF
(Cells/mL)

1.2x10°
1.0x10¢
7.5x10°
‘» ©5,0x108
2.5x10°

Wild-type and RAGE knockout mice treated with
saline had no histologic changes (Figure 1E, F).

Reduced mRAGE/sRAGE expression protects
against bleomycin-induced fibrosis

C57BL/6 and RAGE heterozygote mice (RAGE 7
+) were treated with an intratracheal instillation
of 0.04 units of bleomycin and then sacrificed
14 days later. The extent of fibrotic injury was
assessed by both histologic analysis and hy-
droxyproline quantification of the lungs in two
separate groups of animals. RAGE heterozygote
mice were significantly protected against fibro-
sis as compared to wild-type mice (Figure 3C-F).
Pulmonary injury was assessed by quantifying
the total amount of protein and cells in the BAL
fluid of the mice. Notably, there was no differ-
ence in these two measurements between the
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6-7/bleomycin group and n
= 4 /saline group). Blinded
evaluation of the lungs re-
vealed that lack of RAGE
protects against bleomycin-
induced fibrosis (D) com-
pared to wild-type controls
(C). Protein concentration
(B) and cells (E), were sig-
nificantly reduced in the
BALF of RAGE KO mice. No
differences in the cellular
population of the BALF was
noted between strains (F).
(**p<0.01 and *p<0.05).
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RAGE heterozygotes and wild-type mice (Figure
3A and B).

Exogenously administered sRAGE does not pro-
tect against bleomycin-induced fibrosis

To determine if ligand signaling through mRAGE
contributes to the fibrosis that develops in re-
sponse to bleomycin, wild-type mice were
treated daily with either sRAGE or bovine serum
albumin (BSA) by i.p. injection. C57BL/6 mice
were treated with an intratracheal instillation of
0.04 units of bleomycin or saline control. Start-
ing 72 hours prior to the lung injury, daily i.p.
administration of 50 yg of bovine sRAGE or BSA
was initiated. The mice were monitored daily
and sacrificed 14 days after bleomycin treat-
ment. The extent of fibrotic injury was measured
by hydroxyproline quantification. Significant in-
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creases in hydroxyproline content were noted in
the lungs of the mice that received bleomycin
treatment (Figure 4A). However, no difference in
hydroxpyroline content was seen between the
sRAGE and BSA treated mice. As a second
marker of injury, protein levels and cellularity of
the BAL fluid was analyzed. sRAGE treatment
did not have any effect on the amount of protein
or number of cells in the BALF (Figures 4B, C).
I.p. SRAGE administration was found to be suffi-
cient to get the protein to the lung as it was
found in the lung homogenate of RAGE KO mice
that were given i.p. injections of sSRAGE (Figure
4]). Notably, the sRAGE utilized in the experi-
ments was of high purity (Figure 4J) and biologj-
cally active as illustrated by its ability to directly
bind to HMGB-1, a known RAGE ligand (Figure
4K).
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Figure 3. Reduced RAGE
expression protects
against bleomycin injury at
14 days. C57BL/6 (RAGE
*/*) and  heterozygous
RAGE */- mice were treated
with 0.04 units of bleomy-
cin and sacrificed 14 days
later. BAL fluid was ob-
RAGE /- tained by instilling and
recovering 0.8 mL of ster-
ile saline for biochemical
analysis. No difference in
the total number of cells in
— the BAL fluid were found
(A). Total protein was de-
termined by Bradford as-
say and no difference was
seen between the two
strains (B). The lungs
RAGE +- were removed and proc-
essed for either histologic
evaluation (n = 3-4/group)
or hydroxyproline analysis
(n = 5/group). The RAGE
heterozygote mice had
significantly less fibrosis as
measured by both parame-
ters (C, D). The extent of
fibrotic injury was markedly
and significantly de-
creased in the RAGE het-
054  erozygotes (F) as com-
%) pared to wild-type (RAGE */
+) controls (E). (*p<0.05).

Exogenously administered sRAGE does not pro-
tect against asbestos-induced fibrosis

To determine if RAGE ligands contribute to the
fibrotic injury in response to asbestos, wild-type
mice were treated daily with either bovine
sSRAGE or bovine serum albumin (BSA) by i.p.
injection. C57BI/6 mice received a single instil-
lation of 100 pg of either asbestos or titanium
dioxide. Starting 72 hours prior to injury, daily
i.p. injections of bovine sRAGE or BSA were initi-
ated. After 14 days, the animals were sacrificed
and their lungs evaluated for hydroxyproline
content. Asbestos treatment resulted in a sig-
nificant increase in fibrosis, however, no differ-
ences were noted between the sRAGE and BSA
treated groups (Figure 4E). The BALF was used
as a second indicator of injury. Asbestos treat-
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Figure 5. RAGE expression by alveolar epithelial cells has no effect on cell death in response to bleomycin or asbes-
tos. Primary alveolar epithelial cells were isolated from C57Bl/6 and RAGE KO mice. After 6 days in culture, they
were treated with increasing concentrations of asbestos or bleomycin. sRAGE (25 pg/mL) was added to the media of
half the treatments. Each treatment was run in triplicate. After 24 hours, an MTS reagent was added to each well to
assess cell viability. Wild-type and RAGE KO cells were equally susceptible to bleomycin (A) and asbestos (D) induced
cell death. sRAGE had no effect on viability of either cell type or either injury (B, C, E, F). Bleomycin hydrolase levels
were found to be similar in the lungs of 8-week old wild-type and RAGE KO mice (G).

ment resulted in increases in protein and cellu-
lar content of the BALF, however, sRAGE treat-
ment had no effect on these parameters (Figure
4F, G).

MRAGE/sRAGE does not protect alveolar
epithelial cells from asbestos- or bleomycin-
induced Killing

To determine if the paradoxical response to fi-
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brotic injuries was due to differences in cell vi-
ability after injury, killing assays were performed
on primary alveolar epithelial cells from wild-
type and RAGE null mice. Additionally, soluble
RAGE was administered to half of the wells to
determine if RAGE ligands were being released
and propagating the injury. Both wild-type and
RAGE null cells were found to be equally sus-
ceptible to cellular death from the administra-
tion of bleomycin or asbestos (Figure 5A, D).
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Furthermore, exogenous sRAGE administration
neither protected nor augmented injury to either
cell type (Figure 5B, C, E, F).

Absence of MRAGE/sRAGE does not alter bleo-
mycin hydrolase expression

To determine if RAGE null mice were ultra-
metabolizers of bleomycin we investigated the
expression of bleomycin hydrolase in the lungs
of wild-type and RAGE null mice. Eight-week old
male mice were sacrificed and their lungs proc-
essed for protein analysis. Western blot analysis
of bleomycin hydrolase revealed that there was
no difference in expression between wild-type
and RAGE null mice (Figure 5G).

Lack of mRAGE improves re-epithelialization in
response to bleomycin

To investigate differences in re-epithelialization
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after injury, in vitro scratch assays were per-
formed on wild-type and RAGE null primary al-
veolar epithelial cells in the presence of bleomy-
cin or asbestos. In addition, SRAGE was admin-
istered exogenously to better distinguish the
impact of each RAGE isoform. RAGE null cells
were consistently found to heal significantly
better than wild-type cells when injured with
bleomycin (Figure 6B). In contrast, when the two
different cell types were treated with asbestos,
both cell types had their ability to heal inhibited
equally (Figure 6C). The only effect noted from
the treatment of SRAGE was that it consistently
impaired the ability of wounded RAGE KO cells
to heal (Figure 6B, C).

Discussion
In most healthy tissues, RAGE is expressed at

low to undetectable levels, however its expres-
sion in the lung is very high under normal condi-
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tions and depleted in the fibrotic disease states
[2-5]. In other tissues, when ligands bind to
membrane-bound RAGE (mRAGE) a pro-
inflammatory signaling cascade is initiated and
RAGE itself is upregulated [25]. This signaling by
MRAGE is believed to play an important role in
the progression of numerous diseases, includ-
ing neuropathy, arteriosclerosis, and nephropa-
thy to name a few [26-28]. More recent studies
have implicated RAGE signaling in the patho-
genesis of bleomycin-induced pulmonary fibro-
sis [7], LPS-induced acute lung injury [9], and a
cecal ligation and puncture model of sepsis
[29]. Notably, in many diseases where RAGE
signaling has been implicated, the administra-
tion of SRAGE has been shown to be protective
by acting as a decoy receptor for RAGE ligands
[26, 30, 31]. Zhang et al. found that intraperito-
neal administration of SRAGE was able to lessen
the extent of pulmonary inflammation after LPS
injury [9]. The current study confirmed that the
lack of RAGE protects against bleomycin-
induced fibrosis, which is in contrast to the
spontaneous fibrosis that occurs in RAGE KO
mice with age and increased asbestos-induced
fibrosis in the RAGE KO mice [2]. In addition,
mice  with reduced RAGE  expression
(heterozygous RAGE*/- mice) were similarly pro-
tected, but to a lesser extent, against fibrosis.
However, administration of exogenous sRAGE
had no effect on the fibrosis caused by bleomy-
cin or asbestos despite the phenomena ob-
served in the genetically-altered animals.

RAGE null mice were found to be almost entirely
protected against the fibrotic effects of bleomy-
cin at both 14 and 21 days post-exposure. Inter-
estingly, at both of these time points the RAGE
null mice had less protein and total cells in their
BAL fluid. Despite having fewer cells, there were
no differences in the WBC differentials of the
BAL fluid between the injured RAGE KO and wild
-type mice. This is suggestive of a greater de-
gree of injury in the wild-type mice and indicates
that the knockout mice had less leakage into
the alveolar space in response to the injury at
these time points. Interestingly, RAGE expres-
sion had no effect on the viability of primary
alveolar epithelial cells exposed to bleomycin.
Wild type and knockout cells were equally sus-
ceptible to cell death upon exposure to bleomy-
cin in an in vitro assay. This suggests that the
RAGE KO mice are equally susceptible to the
initiating injury, but that they are more capable
of repairing the damage. This finding is sup-
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ported by the fact that RAGE null alveolar
epithelial cells were able to re-epithelialize sig-
nificantly better than RAGE expressing cells
when treated with bleomycin in an in vitro
wound healing system (Figure 6). Given the
finding that the wild-type and RAGE KO cells had
the same amount of metabolic activity in re-
sponse to bleomycin treatment (Figure 5A-C),
these findings are likely a result of migration
and not proliferation. Additionally, it was found
that these primary cells have a doubling time of
approximately 48 hours (data not shown). Thus,
in a 14-hour experiment it is unlikely that prolif-
eration would contribute much to the healing.
In contrast to the bleomycin studies, these dif-
ferences were not seen in cells treated with
asbestos in which both wild-type and RAGE
knockout cells were equally impaired in their
ability heal. This suggests that the RAGE null
mice would have the same inability to re-
epithelialize and repair the lung after asbestos
injury, which is consistent with the previous in
vivo findings [2].

Performing studies in knockout animals can
sometimes be confounded by the fact that em-
bryonic deletion of a gene can lead to unin-
tended alterations in other genes [32], or com-
pensatory changes in the animals. In addition,
therapeutic interventions are seldom able to
fully ablate the effects of an expressed protein
and often only dampen the ability of a protein to
respond to stimuli. Therefore, the bleomycin
studies were conducted in wild-type (RAGE */*)
and RAGE heterozygote (RAGE */) mice as it
would more similarly represent what is thera-
peutically feasible and also limit compensatory
responses that may occur with constitutive com-
plete absence of RAGE expression. A previous
study had found that RAGE heterozygotes had
50% expression of RAGE as compared to wild-
type mice [29]. The present study demonstrates
that decreasing RAGE expression by half re-
sulted in a significant reduction in the extent of
fibrosis after bleomycin injury as compared to
wild-type mice. However, unlike the homozygote
null mice, the heterozygote mice did develop
fibrosis when examined histologically. These
findings suggested that therapeutic interven-
tions targeting the RAGE signaling axis may be
successful in mitigating the effects of bleomy-
cin.

In order to investigate a therapeutic strategy for
the treatment of pulmonary fibrosis sSRAGE was
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administered in an attempt to scavenge RAGE
ligands in both the asbestos and bleomycin
models of pulmonary fibrosis. Unfortunately,
sRAGE administration offered no protection
against the fibrotic effects of these two agents
in wild-type mice. sRAGE treatment also had no
effect in the inflammatory markers in the BAL
fluid. This data suggests that scavenging RAGE
ligands with sSRAGE has no effect on the disease
course in these models. This result is supported
by the in vitro studies in which sRAGE had no
effect on the ability of bleomycin or asbestos to
cause alveolar epithelial cell death or inhibit re-
epithelialization of wild-type cells, although
there was a consistent inhibition of healing of
RAGE knockout cells after treatment with
sRAGE.

As with any genetic manipulation, there is al-
ways the possibility that in deleting or decreas-
ing RAGE expression there might be effects in-
dependent of the loss of RAGE itself. As bleomy-
cin hydrolase is well known to alter effects of
bleomycin-induced pulmonary toxicity, the ex-
pression of bleomycin hydrolase in the lungs of
wild-type and RAGE knockout mice was evalu-
ated to determine if overexpression of this en-
zyme in the knockout mice might explain the
protection of RAGE knockouts from bleomycin,
but not asbestos. No differences in bleomycin
hydrolase protein expression was seen between
wild type and knockout mice indicating that al-
tered expression of this protein is not contribut-
ing to the effects seen in the RAGE knockout
mice.

In summary, this study confirms that RAGE KO
mice are indeed protected against bleomcyin-
induced pulmonary fibrosis despite spontane-
ously developing fibrosis with age and greater
fibrosis in response to asbestos injury. The ini-
tial study was expanded to determine that RAGE
heterozygote mice are also protected from the
fibrotic effects of bleomycin. In addition, the
RAGE KO mice had a lesser extent of inflamma-
tion in their BAL fluid in response to injury. This
dampened inflammatory response was not seen
in the RAGE heterozygote mice. Primary alveolar
epithelial cells from wild-type and RAGE KO
mice were found to be equally susceptible to
injury from asbestos and bleomycin, suggesting
that the differences in response to these two
injuries were not a result of differences in the
initial injury to alveolar epithelial cells, but likely
due to differences in reparative responses after
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the injury, at least in the bleomycin model. Un-
fortunately, sRAGE treatment had no effect on
the deleterious effects of these agents both in
vitro and in vivo and may not be an efficacious
therapeutic approach for the disease. It appears
that the lack of mMRAGE expression improves the
capacity for alveolar epithelial cells to migrate
and re-epithelialize in response to bleomycin
injury, but not in response to asbestos injury.
This study further confirms the need to better
understand the physiologic role of RAGE in or-
der to develop better therapies for both pulmo-
nary and non-pulmonary diseases.
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