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Abstract 

Acute respiratory distress syndrome (ARDS) is a severe respiratory failure caused 

by acute lung inflammation. Recently, the receptor for advanced glycation end-

products (RAGE) has attracted attention in the lung inflammatory response. 

However, the function of soluble form of RAGE (sRAGE), which is composed of an 

extracellular domain of RAGE, in ARDS remains elusive. Therefore, we 

investigated the dynamics of pulmonary sRAGE and the effects of exogenous 

human recombinant sRAGE (rsRAGE) under intratracheal lipopolysaccharide 

(LPS)-induced lung inflammation. Our result revealed that RAGE was highly 

expressed on the alveolar type I epithelial cells in the healthy rat lung including 

sRAGE isoform sized 45-kDa. Under LPS-induced injured lung, the release of 

sRAGE into the alveolar space was increased, whereas the expression of RAGE 

was decreased with alveolar disruption. Treatment of the injured lung with 

rsRAGE significantly suppressed the lung edema, the neutrophils infiltration, the 

release of high mobility group box 1 (HMGB1), and the expressions of TNF-α, IL-

1β and iNOS. These results suggest that the alveolar release of sRAGE may play 

a protective role against HMGB1 as well as exogenous pathogen-associated 

mailto:mbori@md.okayama-u.ac.jp


3 

 

molecular patterns. Supplementary therapy with sRAGE may be an effective 

therapeutic strategy for ARDS. 
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Introduction 

Acute respiratory distress syndrome (ARDS) is characterized by the rapid 

onset of life-threatening respiratory failure as a consequence of severe acute 

inflammatory diseases (1). ARDS are induced by a diverse range of risk factors, 

including direct lung injury (e.g., bacterial or viral pneumonia, lung contusion, or 

toxic inhalation) and indirect lung injury induced by systemic insults (e.g., sepsis, 

burn, or pancreatitis) (2). The infiltrated neutrophils and macrophages exacerbate 

the lung inflammation by releasing pro-inflammatory mediators and reactive 

oxygen species, activating proteolytic enzymes, and so on (3). The pathophysiology 

of severe pulmonary inflammation is characterized by diffuse alveolar damage, 

alveolar capillary leakage, and protein rich pulmonary edema with alveolar 

epithelial and endothelial injury (3,4). Despite our current knowledge of the 

pathophysiology of ARDS, as described above, and the various therapeutic 

strategies that have been examined, there remains no established therapy for 

clinical use (4). 
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In 1992, an advanced glycation end-products (AGEs)-binding protein was 

initially purified and identified from the bovine lung and designated a receptor for 

AGEs (RAGE) (5). RAGE is a single transmembrane receptor that is composed of 

an extracellular ligand-binding domain, a transmembrane domain, and a short 

cytoplasmic domain which is essential for signal transduction (6,7). Moreover, 

RAGE has a soluble form protein (soluble RAGE (sRAGE)) composed of an 

extracellular ligand-binding domain without the transmembrane and cytoplasmic 

domains (7). 

RAGE can bind to not only AGEs but also endogenous damage-associated 

molecular patterns (DAMPs) such as high mobility group box 1 (HMGB1), several 

members of the S100 protein family, amyloid β peptide, β2-integrin and pathogen-

associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS) (8,9). In 

addition, RAGE is considered to be a typical pattern-recognition receptors (PRRs), 

with potential similarity to members of the toll-like receptors (TLRs) family in the 

innate immune system as a first line of host defense (10,11).  

It is particularly worth noting that RAGE is constitutively and predominantly 

expressed in the lung at high levels, whereas it is expressed at low levels in almost 

all cells under normal conditions (12). Therefore, it is considered that RAGE may 

have an important function in lung homeostasis (13).  

Recently, it has been reported that sRAGE levels are increased in the plasma 

and bronchoalveolar lavage fluid (BALF) of rodent models and human patients 

with ARDS (14). In particular, sRAGE release into BALF may be a good biomarker 
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to estimate the severity of lung injury (15). However, the physiological function of 

sRAGE remains elusive. In vivo experiments using a lung injury model have been 

inconsistent and controversial in terms of the protective effects of sRAGE (16,17). 

In the present study, we investigated the in vivo effects of purified human 

recombinant sRAGE (rsRAGE) administered intratracheally to a rat model of LPS-

induced lung injury, and the underlying mechanism of its anti-inflammatory 

actions in the environment of the injured lung.  

 

Material and methods     

Animals and LPS-induced lung injury model 

All animal protocols were approved and conducted according to the 

recommendations of the Okayama University Animal Care and Use Committee. 

Male Wistar rats at 8-11 weeks old and weighing 300 ± 50 g were purchased from 

Japan SLC (Shizuoka, Japan) or Japan Charles River (Yokohama, Japan). The 

LPS-induced lung injury model was established according to the method described 

previously (14). Under anesthesia, LPS (Escherichia coli 0111:B4) (Sigma-Aldrich, 

St. Louis, MO, USA) at 5 mg/kg as a solution of 5 mg/mL or an equivalent volume 

of saline as a vehicle control was administered intratracheally through a catheter. 

Rats were sacrificed to obtain tissue samples at 0.5, 6, 24, and 48 hrs after LPS-

induced lung injury. To evaluate the in vivo effects of rsRAGE for LPS-induced lung 

injury, rats were also intratracheally treated with rsRAGE at 1 mg/kg as a solution 

of 1 mg/mL or an equivalent dose of human serum albumin (HSA) (Sigma-Aldrich) 
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as a protein control after 1 hr of LPS-induced lung injury. 

 

Purification of human recombinant soluble RAGE 

rsRAGE was produced by the method as previously described (18).  

 

BALF analysis 

Twenty-four hours after LPS administration, BALF was collected by irrigating 

the lung 3 times with 5 mL of cold saline for analysis.  

 

Immunoblot analysis 

Immunoblot analysis was performed to detect the RAGE by using the antibody 

against rsRAGE, which was house-made and raised in a rabbit, and detected both 

the soluble isoform and transmembrane isoform. 

 

Immunohistochemistry 

Immunohistochemical staining was performed as previously described (19) 

using antibody against rsRAGE, Podoplanin (Acris, San Diego, CA, USA), P180 

LBP (Abcam, Cambridge, UK), CD68 (Abcam), Myeloperoxidase (MPO) (Abcam) 

and HMGB1 (Abcam and R&D, Minneapolis, MN, USA).  

 

Measurement of HMGB1 by ELISA 

A sensitive and specific anti-HMGB1 monoclonal antibody-based sandwich 

enzyme-linked immunosorbent assay (ELISA) was established. The capture and 

detection antibodies were produced by our group as described previously (19).  



7 

 

 

Naphtol AS-D chloroacetate esterase stain 

Naphtol AS-D chloroacetate esterase stain was performed to count the 

infiltrating active neutrophils as previously described (20). 

 

Measurement of lung wet/dry (W/D) weight ratio 

Lung edema was assessed by measuring the tissue wet/dry weight ratio as 

previously described (21).  

 

Real-time quantitative PCR analysis 

Total RNA was extracted from the lung tissue by using an RNeasy kit (Qiagen), 

and then total RNA was reverse-transcribed by using a Takara PrimeScript RT 

reagent kit (Takara, Siga, Japan). Real-time quantitative PCR analysis was 

performed described previously (19). The amplification of each PCR product was 

confirmed by analyzing a melting curve of the PCR products (22). 

 

Statistical analysis 

Statistical comparisons of experiments were performed using a one-way 

ANOVA followed by the post hoc Dunnett's test. The statistical comparisons of 

BALF analysis were performed using a Student’s t-test. The mean values of data 

are shown along with the SE. P-values less than 0.05 were considered statistically 

significant. 
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Results 

Distribution and localization of RAGE expression in normal rats 

Several major organs were examined by immunoblot analysis, and the RAGE 

protein levels were highest in the lungs (Fig. 1A). While three major bands 

corresponding to molecular weights of approximately 45, 51 and 54 kDa were 

detected in the whole and insoluble pellet fraction of the lung homogenate, the 

supernatant fraction of the lung homogenate showed only a single band with a 

molecular weight of 45 kDa (Fig. 1B). 

To confirm that RAGE expression was localized in the lung, 

immunohistochemical staining was performed. Anti-rsRAGE immunoreactivity 

was prominent along with the alveolar epithelium cell layer in the histological 

structure (Fig. 2A), but was not observed in AECII and alveolar macrophages on 

the basis of the morphological features (Fig. 2B). We also confirmed that the 

expression of RAGE was colocalized quite clearly to the podoplanin-positive AECI 

(Fig. 2C), but not observed in the P180 LBP-positive AECII (Fig. 2D) or CD68-

positive alveolar macrophages (Fig. 2E). 

 

Alteration of RAGE expression under LPS-induced lung injury 

LPS has a toxic component, endotoxin, that is derived from a component of the 

Gram-negative bacterial cell wall and is the leading cause of ARDS. We used the 

intratracheal LPS-induced lung injury rat model to examine the role of RAGE 

under a pathological condition. Forty-eight hours after LPS administration, the 

alveolar structure was dramatically altered and showed inflammatory features, 

leading to a marked decrease in the podoplanin-immunoreactivities (Fig. 3A), an 
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increase in the P180 LBP-positive AECII (Fig. 3B), and a severe infiltration of the 

CD68-positive alveolar macrophages into the pulmonary alveolus (Fig. 3C). In 

addition, the fluorescence intensity for RAGE was also remarkably decreased in 

the injured lung along with the decreased podoplanin-immunoreactivities (Fig. 3A). 

Following the immunohistological analysis, we performed quantitative 

determination of the alteration of RAGE expression in the injured lung. 

Immunoblot analysis showed that administration of LPS to the lung resulted in a 

significant decrease of RAGE isoforms with molecular weights of 45, 51 and 54 kDa 

in a time-dependent manner (Fig. 4A-D). The 54-kDa RAGE isoform was almost 

undetectable at 0.5 hrs after LPS administration. RAGE levels in the saline-

treated group were not significantly different from those in the intact rat group. 

Essentially identical results were also observed following intravenous LPS 

administration to the rat tail vein (date not shown). Real-time quantitative PCR 

analysis revealed that the pulmonary expression level of RAGE mRNA was 

significantly decreased by LPS administration in a time-dependent manner (Fig. 

4E), which was consistent with the results of the immunoblot analysis. 

 

sRAGE release into the alveolar space under LPS-induced lung injury 

To assess the inflammation grade of the LPS-induced lung injury model, BALF 

samples were prepared from the lungs at 24 hrs after LPS administration. 

Immunoblot analysis did not detect any isoforms of RAGE from the control BALF. 

However, the BALF derived from the injured lung showed the clear existence of 

the 45-kDa RAGE isoform, which was considered to be a soluble isoform (Fig. 5A). 

The release into BALF of HMGB1, which is an initial inflammatory mediator, was 
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significantly increased by LPS stimulus (Fig. 5B). Similarly, both the total cell 

number and protein contents in BALF were significantly increased by LPS 

administration (Fig 5C-D).  

 

Anti-inflammatory effects of rsRAGE treatment on the LPS-induced lung injury 

Finally, we evaluated whether the inflammatory condition of LPS-induced 

lung injury was ameliorated by therapeutic treatment with intratracheally-

injected purified rsRAGE. 

Consistent with the LPS-induced inflammatory responses shown in Fig. 3 and 

Fig. 5, the number of naphthol AS-D chloroacetate esterase-positive neutrophils in 

lung tissue and the lung wet/dry weight ratio were significantly increased at 24 

hrs after LPS administration. The rsRAGE treatment of the injured lung 

significantly decreased these pathological parameters (Fig. 6A-B and Fig. 7A). In 

immunohistochemical staining, the anti-inflammatory effects of rsRAGE on the 

injured lung were also apparent based on the reduction in excessive infiltrating 

inflammatory cells, and the suppression of HMGB1 release from nuclear to cytosol 

(white arrows in Fig. 6E) in AECI and macrophages (Fig. 6C-E). However, the 

infiltrated neutrophils did not translocate the nuclear HMGB1 24 hrs after LPS 

stimulation. Furthermore, under the same conditions as in Fig. 6, real-time 

quantitative PCR analysis showed that the gene expressions for inflammatory 

cytokines such as IL-1β, TNF-α and iNOS were significantly increased in the 

injured lung (Fig. 7B-D). Treatment of the injured lung with rsRAGE significantly 

suppressed the increased expression of these genes (Fig. 7B-D).  
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Discussion 

We have shown that intratracheal treatment with purified rsRAGE 

ameliorated the inflammatory conditions in an LPS-induced model of lung injury. 

The pathological alteration of sRAGE expression revealed in the present study is 

potentially important for understanding the overall inflammatory responses in the 

pulmonary alveolus, which in turn is crucial for understanding the pathogenesis 

of ARDS. The contribution of rsRAGE to the anti-inflammatory effects in the 

injured lung was revealed by the attenuation of pulmonary edema, the decreased 

infiltration of inflammatory cells and the suppressed expression of inflammatory 

cytokines. The treatment of rsRAGE appeared to play an important role in 

protecting the lung against LPS-induced damage. 

In the normal rat lung tissue, RAGE was predominantly expressed in three 

main isoforms detected as approximately 45, 51 and 54 kDa bands (Fig. 1B). The 

45-kDa isoform of RAGE was present in the supernatant fraction of lung 

homogenate, which is considered a soluble isoform lacking a transmembrane 

domain. These results are consistent with the findings previously described (14). 

RAGE protein was predominantly localized to the plasma membrane of AECI 

in the pulmonary alveolus under normal conditions (Fig. 2). The AECI linings 

constitute more than 98% of the internal surface area in the rodent pulmonary 

alveolus, which is essential to pulmonary homeostasis through the integrity of the 

alveolar epithelial barrier, gas exchange and alveolar fluid clearance (23).  

On the other hand, AECI is constantly exposed to invasions of a wide range of 

infectious pathogens and/or foreign antigens from the external environment and 

host-derived danger signals. Under AECI injury, podoplanin is suggested to be a 
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sensitive marker of ARDS based on the findings that podoplanin and its related 

homologues were released into BALF in bleomycin-induced or Pseudomonas 

aeruginosa-induced lung injury (24,25). Thus, the apparent decrease in podoplanin 

immunoreactivities in LPS-induced lung injury strongly suggests damage to the 

AECI in our rat model (Fig. 3). It is known that AECII proliferate, migrate and 

transform into AECI in ARDS (25,26). Therefore, the considerable increase in the 

number of AECII in LPS-induced lung injury observed in the present study 

supports the notion that the AECI were severely injured. Taken together, our 

observations suggest that the AECI suffered pathological alteration or lethal 

damage leading to alveolar disruption. Such a feature of AECI injury could result 

in the respiratory failure with high mortality seen in ARDS (1). 

Interestingly, it has been reported that AECI may be a more important and 

active player than AECII in host defense through the innate immune response in 

the lungs (27). RAGE has the potential to induce inflammatory responses by 

directly binding with LPS (9). Therefore, it might be possible that RAGE on AECI 

constitute a sensory alarm system in the pulmonary innate immune response 

against PAMPs/DAMPs. 

In the presence of LPS-induced lung injury, both the expression and 

production of RAGE were decreased with striking damage to the alveolar structure 

(Fig. 3 and Fig. 4). We also confirmed the remarkable decrease in RAGE isoforms 

in lung tissue under the intravenous LPS-induced lung injury in rats (date not 

shown). The decrease in RAGE protein in the injured lung has also been observed 

in other animal models of lung injury, such as E. coli-induced lung injury, asbestos-
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induced idiopathic pulmonary fibrosis, and bleomycin-induced lung fibrosis 

(17,28,29). These results suggest that RAGE expression in lung tissue is decreased 

in AECI under strong inflammatory conditions. 

However, several have also reported that RAGE was increased in the lung 

tissue of experimental models of lung injury induced by cigarette smoke or 

hyperoxia (30,31). This discrepancy may be due to differences in the degree, 

frequency or persistence of inflammatory stimulation compared to our injury 

model. Thus, mild and low levels of inflammatory stimuli might induce an increase 

of RAGE expression in response to various PAMPs/DAMPs in a sensitive manner 

during mild lung injury. As a result, the increased RAGE expression may enhance 

an innate immune response in lung tissue as a host defense mechanism. However, 

when the stimulus levels by invading PAMPs/DAMPs exceed the homeostatic 

levels, lethal alternation of AECI may occur, leading to severe damage and cell 

death of AECI. Under such conditions, RAGE expression would decrease, 

attenuating the subsequent inflammatory response. The alteration of RAGE 

expression under severe lung injury may contribute to a decrease in excessive 

inflammatory responses through the reduced RAGE signaling in AECI. Thus, 

RAGE expression on AECI may be regulated by the severity of lung injury. 

In the alveolar space, sRAGE was dramatically increased by LPS stimulation 

in BALF, in association with protein leakage and the infiltration of neutrophils and 

macrophages (Fig. 5), whereas both the mRNA expression and protein production 

of RAGE were significantly decreased in the injured lungs (Fig. 4). In experimental 

models of ARDS, we also consider that sRAGE is produced by proteolytic cleavage 

of membrane-bound RAGE isoforms by extracellular proteases (32). 
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Looking at the sRAGE findings more closely, it can be seen that, among the 

three major RAGE isoforms, sRAGE had the highest intensity in the whole 

homogenate and in the supernatant fraction of the intact rat lungs (Fig. 1B and 

4A), whereas sRAGE could not be detected in BALF in the sham group (Fig. 5A). 

These results suggest that a large amount of 45-kDa sRAGE isoform might be 

constantly present in a storage pool in the normal rat lung that may be rapidly 

released into the alveolar space under the early stage of lung injury. Although 

further investigation is necessary, sRAGE would have a very important 

physiological function in the lung tissue. 

To confirm the conjectured function of sRAGE in lung injury, we evaluated the 

effect of rsRAGE on the inflammatory responses under LPS-induced lung injury. 

Many pathological responses in the injured lung were significantly improved by 

rsRAGE treatment, including the excessive pulmonary infiltration of 

inflammatory cells, the increase of lung edema and the expression of inflammatory 

cytokines (Fig. 6-7). The anti-inflammatory effects of rsRAGE in the injured lung 

were also confirmed by the suppression of HMGB1 translocation in AECI and 

alveolar macrophages, as shown by a histological study (Fig. 6C-E). However, 

infiltrated neutrophils appeared not to be the source of released HMGB1 (Fig. 6C-

E). Thus, HMGB1 is probably released from activated macrophages and AECI in 

the LPS-induced lung injury in the present study. Not only RAGE but also TLR4 

has been recognized as HMGB1 receptor (10). Since up-regulation of TLR4 was 

reported on the same LPS-induced lung injury model in rats (33), TLR4 also might 

be involved in the action of extracellular HMGB1. Therefore, we consider that one 

of the anti-inflammatory effects of rsRAGE in the injured lung is due to a 
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neutralizing effect of sRAGE by binding to not only LPS but also the released 

HMGB1 from damaged alveolar epithelial cells and activated alveolar 

macrophages for inhibition of these ligands binding to RAGE, TLR4, or other cell 

surface receptors. Taken together, our present study suggests that sRAGE 

treatment has the potential to ameliorate lung injury in conditions such as ARDS. 

Several reports have supported that sRAGE acts as a decoy receptor (9,16,34). 

However, another study reported that sRAGE did not function as a decoy (17). 

Although little is known about this discrepancy, our results have provided 

considerable evidence for the anti-inflammatory function of sRAGE. 

In conclusion, our present study suggests that the expression of RAGE in 

AECI plays a role for lung inflammation. The release of soluble RAGE from AECI 

has the potential to attenuate the excessive inflammatory response in ARDS. 

Although further investigation is necessary, this study supports the notion that 

RAGE would be a promising candidate for a molecular target in the treatment of 

ARDS. 
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Figures and legends 

Figure 1 

Tissue distribution of RAGE isoforms in normal rat tissues. (A) Tissue 

homogenates were prepared from normal rat organs including lung tissue and 

subjected to immunoblot analysis with anti-rsRAGE antibody. RAGE isoforms in 

the indicated organs were detected by using a DAB reaction (A) or ECL system (B). 

Purified rsRAGE with 6 tandem histidine-tags was used as a positive control in 

(A). The left lane in (B) shows the result when loading a whole fraction of the lung 

homogenate, including the insoluble components of the plasma membrane, and the 

middle lane the result for a supernatant fraction including only soluble 

components. The right lane in (B) shows the result when loading a pellet fraction 

including the insoluble fraction. 

 

Figure 2 

Immunohistochemical localization of RAGE in the normal rat lung. (A-B) Lung 

sections were immunostained with anti-rsRAGE antibody followed by initiation of 

a DAB reaction. The black, green and red arrowheads indicate a RAGE-positive 

AECI, a RAGE-negative AECII and a RAGE-negative alveolar macrophage, 

respectively. (C) Double-immunofluorescent staining of lung tissue with anti-

RAGE (Alexa Fluor 488) and with anti-podoplanin (Alexa Fluor 555) antibodies. 

The right panel shows a high magnification of the region in the white square in 

the left panel. (D) Double-immunofluorescent staining of lung tissue with anti-

RAGE (Alexa Fluor 488) and anti-P180 LBP (Alexa Fluor 555) antibodies. (E) 

Double-immunofluorescent staining of lung tissue with anti-RAGE (Alexa Fluor 
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488) and with anti-CD68 (Alexa Fluor 555) antibodies. The sections were 

counterstained with hematoxylin (A-B) or DAPI (C-E). The scale bars indicate 20 

µm (A, C-E) or 10 µm (magnification panel in (C)). 

 

Figure 3 

LPS-induced changes in RAGE immunoreactivities in the injured lung. Lung 

sections were prepared from the intact rats in the 9 panels at left or from rats 48 

hrs after intratracheal LPS administration in the 9 panels at right. Double-

immunofluorescent staining for RAGE (Alexa Fluor 488) and podoplanin (Alexa 

Fluor 555), P180 LBP (Alexa Fluor 555), or CD68 (Alexa Fluor 555) were performed 

as in Fig. 2. The scale bars indicate 20 µm. 

 

Figure 4 

Change in RAGE isoforms in lung tissue after intratracheal LPS administration. 

Whole lung homogenate was prepared from the intratracheal LPS- or saline-

administered rats at the indicated times and subjected to immunoblot analysis 

with anti-rsRAGE antibody. (A) The left-most lane represents the intact rat sample 

as a control. β-actin was used as a loading control. (B-D) The 45-, 51-, and 54-kDa 

isoforms of RAGE were quantified, respectively. (E) Total RNA was isolated from 

lung tissue under the same conditions as in (A) and subjected to real-time 

quantitative PCR for analysis of the expression of RAGE mRNA. GAPDH was used 

as a housekeeping gene. Values represent the means ± SE (n = 4-5 rats for (A-D), 

n = 7-8 rats for (E)). *P < 0.05, **P < 0.01 compared with the saline group at each 

of the indicated time points. †P < 0.05, ††P < 0.01 compared with the intact rat 
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group in (B-D). ##P < 0.01 compared with the control saline-group at 0.5 hrs in (E). 

 

Figure 5 

Release of the sRAGE isoform and HMGB1 into the BALF after intratracheal 

administration of LPS. The BALF was collected from the intratracheal LPS- or 

saline-administered rats at 24 hrs. (A) Immunoblot analysis with anti-rsRAGE 

antibody was performed and the results were quantified. The background area in 

each lane was used to adjust the quantification. (B) The HMGB1 concentration in 

the BALF was measured by ELISA. (C) Total cells in BALF were counted. (D) The 

protein concentration was measured. Values represent the means ± SE (n = 3). *P 

< 0.05, **P < 0.01 compared with the control saline-group. N.D.: not detectable.  

 

Figure 6 

Effects of rsRAGE treatment on the number of neutrophils and the HMGB1 

localization in LPS-induced injured lung. Lung tissues were prepared after 

intratracheal LPS administration with rsRAGE (LPS+rsRAGE) or HSA 

(LPS+HSA). The Sham group (Sal+Sal) was administered saline alone. (A) 

Naphthol AS-D chloroacetate esterase staining was performed for the 

identification of neutrophils. The infiltrated neutrophils in the lung are 

represented by Naphthol AS-D-positive cells as the deep dye staining. The sections 

were counterstained with hematoxylin. (B) Cell density of the activated 

neutrophils was quantified by counting Naphthol AS-D-positive cells. (C-E) 

Double-immunofluorescent staining of lung tissue with anti-HMGB1 (Alexa Fluor 

555) and anti-Podoplanin (Alexa Fluor 488), anti-MPO (Alexa Fluor 488), or anti-
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CD68 (Alexa Fluor 488) antibodies were performed on three groups. The white 

squares and their magnified pictures show the typical patterns of HMGB1 

distribution in each group. The most right panel in each group represent the spot-

checked distribution of HMGB1 by Z-stack analysis in CD68-positive alveolar 

macrophage in the adjacent picture (white square). White arrows in (C) and (E) 

indicate the intranuclear localization of HMGB1. White arrowheads in (D) indicate 

the extranuclear localization of HMGB1. The sections were counterstained with 

DAPI. The scale bars indicate 20 µm (A, C-E) or 5 µm (3D confocal analysis in (C-

E)). Values represent the means ± SE (n = 4-6 rats). **P < 0.01 compared with the 

LPS+HSA group. ††P < 0.01 compared with the Sal+Sal group. 

 

Figure 7 

Effects of rsRAGE treatment on pulmonary edema and the expression of 

inflammatory cytokines in the LPS-induced injured lung. Lung tissues were 

prepared from the intratracheal LPS-administered rats treated with rsRAGE 

(LPS+rsRAGE) or HSA (LPS+HSA). The Sham group (Sal+Sal) was administered 

saline alone. (A) The lung wet/dry weight ratio was determined in each group. (B-

D) Total RNA was isolated from each group of lungs and subjected to real-time 

quantitative PCR analysis for determination of the expression of IL-1β (B), TNF-α 

(C) and iNOS (D). GAPDH was used as a housekeeping gene. Values represent the 

means ± SE (n = 4-6 rats for (A), n = 6-8 rats for (B-D)).*P < 0.05, **P < 0.01 

compared with the LPS+HSA group. ††P < 0.01 compared with the Sal+Sal group.  



(A)

MW

[kDa]

75

50

37

Whole Supernatant

(B) Lung homogenate

51 kDa
45 kDa

54 kDa
50

37

MW

[kDa]

Figure 1

Pellet



Figure 2
(A) (B)

Podoplanin

DAPI

RAGE

Merge

(C)

(D) (E)

DAPI

RAGE P180 LBP

Merge DAPI

RAGE CD68

Merge

RAGE RAGE



Figure 3 

Intact LPS   
RAGE Podoplanin Merge

P180 LBP

CD68

(A)

(B)

(C)

RAGE Merge

RAGE Merge CD68RAGE Merge

P180 LBPRAGE Merge

RAGE Podoplanin Merge



0.0

0.5

1.0

1.5

Intact 0.5 6 24 48

* †

0.0

0.5

1.0

1.5

Intact 0.5 6 24 48

0.0

0.5

1.0

1.5

Intact 0.5 6 24 48

0.0

0.5

1.0

1.5

0.5 6 24 48
Time [hrs]

A
g
er
/G
ap
d
h

m
R

N
A

 r
at

io

54 kDa
51 kDa
45 kDa

β-actin

0.5 6 24 48

Saline LPS

0.5 6 24 48

Figure 4
(A)

(B) (C)

(D) (E)
Time [hrs] Time [hrs]

Time [hrs]

**
**

††
††

[hrs]

50

37

75

MW

[kDa] Intact

Intact

R
el

at
iv

e 
va

lu
e 

o
f 

R
A

G
E

 p
ro

te
in

*
†

Intact

**
††** **

**

**

**

R
el

at
iv

e 
va

lu
e 

o
f 

R
A

G
E

 p
ro

te
in

†

**
Intact

：Saline-group

：LPS-group

54 kDa 51 kDa

†

††

R
el

at
iv

e 
va

lu
e 

o
f 

R
A

G
E

 p
ro

te
in

Intact

##

##

##

†

45 kDa

：Intact-group



*

0

5

10

15

Saline LPS

**

0

20

40

60

Saline LPS

0

10

20

30

40

Saline LPS

0

200

400

600

Saline LPS

N.D.

Figure 5

Saline LPS

**

To
ta

l p
ro

te
in

 in
 B

A
L

F
 

[µ
g

/m
L

]

To
ta

l c
el

ls
in

 B
A

L
F

 

[×
10

5 
ce

lls
/m

L
]

(A)

(C) (D)

**

H
M

G
B

1 
co

n
ce

n
tr

at
io

n

[n
g

/m
L

]

(B)

45 kDa

B
A

L
F

sR
A

G
E

in
te

n
si

ty

[×
10

6 ]



L
P

S
+

rs
R

A
G

E
L

P
S

+
H

S
A

S
al

+
S

al

(C)

(D)

(E)

CD68,HMGB1,DAPIMPO,HMGB1,DAPIPodoplanin,HMGB1,DAPI

0

1000

2000

3000

Sal+Sal LPS+HSA LPS+rsRAGE

Figure 6

**

††(B)

N
u

m
b

er
 o

f 
n

eu
tr

o
p

h
ils

[×
10

2
ce

ll/
m

m
2 ]

30

20

10

††

(A) LPS+rsRAGELPS+HSASal+Sal



0.0

0.5

1.0

1.5

2.0

Sal+Sal LPS+HSA LPS+rsRAGE

0.0

2.5

5.0

7.5

10.0

Sal+Sal LPS+HSA LPS+rsRAGE

0.0

2.5

5.0

7.5

10.0

Sal+Sal LPS+HSA LPS+rsRAGE

Figure 7

iNOSTNF-α

IL1-β

*

**

(C) (D)

(B)

Il1
b
/G
ap
d
h

m
R

N
A

 r
at

io

T
n
fa
/G
ap
d
h

m
R

N
A

 r
at

io

††

*

††
††

L
u

n
g

 w
et

/d
ry

 w
ei

g
h

t 
ra

ti
o

4.9

5.0

5.1

5.2

5.3

5.4

Sal+Sal LPS+HSA LPS+rsRAGE

**

††

0.0

(A)

N
o
s2
/G
ap
d
h

m
R

N
A

 r
at

io
†



Supplementary Materials and Methods  

Purification of human recombinant soluble RAGE 

rsRAGE was expressed in Escherichia coli as a 6 tandem histidine-tagged 

protein and purified by using an Ni-NTA column (QIAGEN, Hilden, Germany) and 

heparin-Sepharose affinity chromatography (GE Healthcare, Buckinghamshire, 

UK). Endotoxin in the purified rsRAGE was removed by using Detoxi-Gel 

Endotoxin Removing Gel (Thermo Scientific, Waltham, MA, USA) following the 

manufacturer’s protocol and was below the detection limit (< 1.6 pg/mL) as 

determined by SRL (Tokyo, Japan). 

 

BALF analysis 

Twenty-four hours after LPS administration, BALF was collected by irrigating 

the lung 3 times with 5 mL of cold saline. The fluid recovery rate was more than 

75%. After centrifugation of BALF, the pellet was resuspended in 1 mL of cold PBS. 

Subsequently, total cells in the pellet were counted by using a hemocytometer, and 

the total protein concentration in the BALF supernatant was determined by using 

Bradford reagent (Bio-Rad, Hercules, CA, USA). 

 

 



Immunoblot analysis 

The major organs including lung tissues were homogenized with homogenizing 

buffer containing 5 mM EDTA (pH 8.0), 50 mM Tris-Cl (pH 7.6), 120 mM NaCl and 

a protease inhibitor cocktail (Sigma-Aldrich). When necessary, the lung 

homogenate was further centrifuged to obtain the supernatant and the pellet 

fractions. To detect endogenous sRAGE in the BALF, the acetone-precipitated 

sample was recovered. Protein samples were loaded onto 12% or 9% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and then 

transferred onto a polyvinyldifluoride (PVDF) membrane (Bio-Rad). After blocking 

in 20% skim milk, the membrane was incubated with the primary antibody against 

rsRAGE, which was house-made and raised in a rabbit, and detected both the 

soluble isoform and transmembrane isoform. The secondary antibody used was 

HRP-conjugated anti-rabbit IgG antibody (MBL, Nagoya, Japan). The signals were 

visualized by using an enhanced chemiluminescence (ECL) system (Pierce, 

Rockford, IL, USA) or 3.3’-diaminobenzidine tetrahydrochloride (DAB) (Nacalai, 

Kyoto, Japan). 

 

Immunohistochemistry 

Four-µm paraffin sections of lung tissue were incubated with a rabbit anti-



rsRAGE polyclonal antibody, a mouse anti-Podoplanin antibody (Acris, San Diego, 

CA, USA) as AECI marker, a mouse anti-P180 LBP antibody (Abcam, Cambridge, 

UK) as AECII marker, a mouse anti-CD68 antibody (Abcam) as alveolar 

macrophage marker, a rabbit anti-Myeloperoxidase (MPO) antibody (Abcam) as 

neutrophils marker, a rabbit anti-HMGB1 antibody (Abcam) or a mouse anti-

HMGB1 antibody (R&D, Minneapolis, MN, USA). The secondary antibodies used 

were a HRP-conjugated goat anti-rabbit IgG antibody (MBL), an Alexa Fluor 488-

conjugated goat anti-mouse or anti-rabbit IgG antibody (Invitrogen, Carlsbad, CA, 

USA), and an Alexa Fluor 555-conjugated goat anti-mouse or anti-rabbit IgG 

antibody (Invitrogen). The sections were also counterstained with 4',6-diamidino-

2-phenylindole (DAPI) or hematoxylin. The fluorescent images including Z-stack 

analysis were observed under a Confocal Laser Scaning Microscope (LSM780; 

CarlZeiss, Oberkochen, Germany) equipped in the Central Research Laboratory, 

Okayama University Medical School. 

 

Measurement of HMGB1 by ELISA 

A sensitive and specific anti-HMGB1 monoclonal antibody-based sandwich 

enzyme-linked immunosorbent assay (ELISA) was established. Ninety-six-well 

Avidin microplates (Blocking-less type)( Sumitomo Bakelite, Tokyo, Japan) were 



coated with anti-HMGB1 rat monoclonal antibody (#10-22) in coating buffer (100 

μL/well) for 2 hrs at 37 °C. One-hundred microliter of a serially diluted 

recombinant HMGB1 standard solution or BALF samples were added in duplicate 

to each well for 20 hrs at 37 °C. After washing, 100 μL of HRP-labeled anti-HMGB1 

rat monoclonal antibody (#11-19) was added to each well for 2 hrs at R.T. After a 

washing step, 100 μL of TMB substrate solution (TMB Super Sensitive One 

Component HRP Microwell Substrate; SurModics, Eden Prairie, MN, USA) was 

added to each well and allowed to react with the labeled monoclonal antibody at 

R.T. for 10 min in the dark. The reaction was stopped by adding 0.6N sulfuric acid 

and the absorbance was measured at 450 nm with a microplate reader (Model 680; 

Bio-Rad). 

 

Naphtol AS-D chloroacetate esterase stain 

Four-micrometer paraffin sections of lung tissue were stained with naphthol 

AS-D chloroacetate esterase (Sigma-Aldrich) to count the infiltrating active 

neutrophils. The sections were also counterstained with hematoxylin.  

 

Measurement of lung wet/dry (W/D) weight ratio 

Lung edema was assessed by measuring the tissue wet/dry weight ratio. The 



right lower lobe of the lung was excised and immediately weighed as the wet lung. 

After placed in an incubator at 80°C for 24 hrs, then the dried lung was weighed. 

The ratio of wet lung to dry lung weight was calculated. 

 

Real-time quantitative PCR analysis 

Total RNA was extracted from the lung tissue by using an RNeasy kit (Qiagen), 

and then total RNA was reverse-transcribed by using a Takara PrimeScript RT 

reagent kit (Takara, Siga, Japan). Real-time quantitative PCR was performed with 

SYBR Premix EX Taq (Takara) in a Light Cycler instrument (Roche, Basel, 

Switzerland) according to the manufacturer’s instructions. The following gene-

specific primers were used: RAGE (sense: 5’-CAGGGTCACAGAAACCGG-3’; 

antisense: 5’-ATTCAGCTCTGCACGTTCCT-3’), TNF-α (sense: 5’-

GCCCAGACCCTCACACTC-3’; antisense: 5’-CCACTCCAGCTGCTCCTCC-3’), IL-

1β (sense: 5’-CACCTTCTTTTCCTTCATCTTTG-3’; antisense: 5’-

GTCGTTGCTTGTCTCTCTCCTTGTA-3’), iNOS (sense: 5’-

GCATCCCAAGTACGAGTGFT-3’; antisense: 5’-GAAGTCTCGGACTCCAATCTC-

3’), GAPDH (sense: 5’-AGACAGCCGCATCTTCTTGT-3’; antisense: 5’-

CTTGCCGTGGGTAGAGTCAT-3’). After the PCR reaction, the amplification of 

each PCR product was confirmed by analyzing a melting curve of the PCR products. 

 


