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ABSTRACT

Objective: To address the role of the receptor for advanced glycation end products 
(RAGE) signaling in inflammation and injury induced by mechanical ventilation (MV).
Methods: RAGE expression was analyzed in lung brush and lavage cells from ventilated 
patients and lungs of ventilated mice. Wild-type (WT) and RAGE knockout (KO) mice 
were ventilated with low or high tidal volumes. Also, WT and RAGE KO mice with lipo-
polysaccharide (LPS)-induced lung injury were ventilated. In separate experiments the 
contribution of soluble RAGE in ventilated RAGE KO mice was investigated. Lung wet-to-
dry ratio, cell influx, cytokine concentrations, total protein levels, soluble RAGE and high 
mobility group box 1 presence in lung lavage fluid were analyzed.
Results: MV was associated with increased RAGE mRNA levels in lung brush samples and 
lungs of mice. RAGE deficiency limited cell influx in high tidal ventilated mice but did 
not affect other parameters. RAGE KO mice undergoing LPS/high tidal volume MV dem-
onstrated more inflammation compared to WT mice. Administration of soluble RAGE to 
LPS/high tidal volume ventilated RAGE KO mice attenuated the increased production of 
inflammatory mediators.
Conclusions: Although RAGE was not crucial for VILI pathogenesis, presence of soluble 
RAGE limited the production of pro-inflammatory mediators in the 2-hit model.
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INTRODUCTION

The acute respiratory distress syndrome (ARDS), characterized by severe pulmonary 
inflammation and alveolar-capillary membrane dysfunction, is an important cause of 
morbidity and mortality [1]. Mechanical ventilation (MV) can aggravate lung injury by 
artificial repetitive opening and collapsing of alveoli as well as overinflation, termed 
ventilator-induced lung injury (VILI) [2;3]. The exact molecular mechanisms involved in 
VILI pathogenesis are incompletely understood but accumulating evidence indicates 
that MV triggers an inflammatory response in which innate immunity plays a central 
role [4-8].

The innate immune system is the first line of defense against external threats. Pattern 
recognition receptors (PRRs) recognize bacterial products and trigger inflammation nec-
essary to combat infection [9]. Endogenous molecules released during tissue injury, the 
so-called alarmins or damage-associated molecular patterns (DAMPs), are also capable 
of activating PRRs [9]. DAMPs are released during (injurious) MV indicating the potential 
significance of the DAMP/receptor axis in VILI [5]. The role of some PRRs in VILI has been 
investigated: VILI is in part mediated by Toll-like receptor (TLR) 4 signaling [7;8]. More re-
cently, the importance of the inflammasome pathway was identified [4;6]. Less is known 
about the role of the receptor for advanced glycation end products (RAGE) in VILI.

RAGE is highly expressed in lungs and recognizes a variety of molecules including 
DAMPs such as S100 proteins and high mobility group box 1 (HMGB1) [10]. Soluble (s)
RAGE is a RAGE isoform that lacks the transmembrane and cytosolic part. sRAGE levels 
can be used as biomarker for alveolar epithelial type I cell injury [11]. sRAGE itself may 
also influence inflammation as it can compete with cell-surface RAGE for ligand engage-
ment [10]. Studies indicated that RAGE ligands are present in the pulmonary compart-
ment during MV: (1) Long-term MV in patients without acute lung injury increased 
HMGB1 levels in bronchoalveolar-lavage fluid (BALF) [12], (2) 4 hours of injurious MV in 
rabbits induced a 5-fold increase of HMGB1 levels in BALF and blocking HMGB1 attenu-
ated VILI [13], and (3) S100A12, S100A8/A9, members of the S100 family of proteins, are 
found in BALF of patients with ARDS [14]. RAGE-ligand interaction activates intracellular 
pathways and induces pro-inflammatory cytokines, proteases, and oxidative stress [10].

We hypothesized that RAGE signaling contributes to the pro-inflammatory state 
induced by MV. For this we analyzed the expression of RAGE mRNA in lung brush cells 
and BALF cells obtained from ventilated patients. In addition, we ventilated wild type 
(WT) and RAGE knockout (KO) mice, healthy and with LPS-induced lung injury to study 
the role of RAGE in VILI. Furthermore, the contribution of soluble RAGE was investigated.
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MATERIALS AND METHODS

A more detailed description of the methods is provided in data supplement S1.

Patients

Samples obtained from a previous trial in which patients were randomized to 2 ventila-
tion strategies during elective surgery were used [15]. The Medical Ethics Committee of 
the University of Amsterdam approved the study protocol and informed consent was 
obtained from all patients [15]. mRNA expression levels of RAGE and hypoxanthine-
guanine phosphoribosyl transferase (HPRT) in lung brush samples and BALF cells were 
determined. Analysis included samples in which RAGE and HPRT were both measurable 
at both time points allowing paired measurements, data from both ventilation strate-
gies were combined.

Mice

The Animal Care and Use Committee of the Academic Medical Center approved all ex-
periments. Eight- to 10 week old male RAGE KO mice were generated as described previ-
ously [16], backcrossed 10 times to a C57Bl/6 background, and bred in the animal facility 
of the Academic Medical Center (Amsterdam, the Netherlands). C57BL/6 age matched 
WT mice were purchased from Harlan laboratories B.V. (Horst, the Netherlands).

Design

WT and KO mice, healthy and with pre-injured lungs (induced by inhalation of 5 μg LPS 
(E. coli L4130, Sigma Aldrich) 1 hour before randomization), were assigned for 5 hours to 
a non-ventilated control group, to MV with a tidal volume (VT) of ~ 7.5 ml/kg (LVT), or to 
MV with a VT of ~ 15 ml/kg, (HVT) (n=6-9/group). In addition, KO mice with LPS-induced 
lung injury received 50μg murine sRAGE or vehicle (saline) intratracheally at start of HVT 
MV. Recombinant murine his-tagged sRAGE was a kind gift from P. Nawroth. Sample 
harvesting and processing were done as described previously [6].

Assays

Total protein was determined using Bradford Protein Assay Kit (OZ Biosciences, Marseille, 
France). Interleukin (IL)–6, keratinocyte–derived chemokine (KC), macrophage inflam-
matory protein (MIP)-2, IL-1β, and tumor necrosis factor (TNF)-α levels were measured 
by ELISA (R&D Systems Inc., Minneapolis, MN, USA). sRAGE was measured by Mouse 
RAGE Duo set ELISA (R&D Systems Inc., Minneapolis, MN, USA) as described before [17]. 
HMGB1 levels were analyzed by western blot. Proteins were separated using polyacryl-
amide gel electrophoresis (Criterion Bis-Tris Precast Gel, Carlsbad, CA, USA), to detect 
HMGB1 a rabbit polyclonal antibody was used (Abcam Biochemicals, Cambridge, UK). 
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Lung tissue homogenate was used to analyze RAGE and HPRT mRNA levels. Methods 
were used as described previously [6]. RAGE was stained on paraffin embedded lung 
tissue. For this we used goat anti-mouse RAGE polyclonal antibodies (Neuromics, Edina, 
MN, USA). Alveolar and bronchial epithelium and vascular endothelium were scored 
for RAGE presence on a scale 0 (negative) – 3 (very intense), total RAGE staining score 
represents the sum of all scores.

Statistical analysis

Data represent mean ± (SEM). Human samples were analyzed by paired t-test or Wil-
coxon signed-rank test. One-way analysis of variance with Bonferroni or a Kruskall-Wallis 
test with Mann-Whitney U as post-hoc analysis was used to analyze multiple groups. To 
compare 2 groups a t-test or Mann-Whitney U test was used. P < 0.05 was considered 
statistically significant.

RESULTS

RAGE expression in human lung brush cells is enhanced during MV

Baseline characteristics, peri-operative parameters and characteristics of the patients 
included in this study were described in detail previously [15]. BALF cells consisted for 
more than 99% of macrophages. RAGE mRNA expression levels in these cells (n=31 pairs) 
tended to be higher after 5 hours of MV but this did not reach statistical significance 
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Figure 1. RAGE gene expression in ventilated patients
Relative mRNA expression levels of the receptor for advanced glycation end products (RAGE) in human bron-
choalveolar lavage fluid (BALF) cells [A] (n=31 pairs) and lung brush samples [B] (n=15 pairs). Samples were ob-
tained from patients respectively at baseline and after 5 h of mechanical ventilation [MV]. Gene expression was 
normalized to the house-keeping gene hypoxanthine-guanine phosphoribosyl transferase [HPRT]. Data repre-
sent mean [SEM] * p<0.05.
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(p=0.12) (fig. 1). In lung brush samples RAGE mRNA levels were increased after 5 hours of 
MV (n= 15 pairs) (fig. 1). In separate analysis of the 2 ventilation strategies no significant 
differences were found.

MV enhanced RAGE expression in murine lungs

To study if pulmonary RAGE increases in ventilated mice, we determined relative RAGE 
mRNA expression levels in lung tissue homogenates. Both LVT and HVT ventilation strate-
gies significantly increased RAGE mRNA expression when compared to non-ventilated 
controls (fig. 2). In addition, we analyzed the expression of RAGE on lung immunohis-
tochemical stainings. Whereas RAGE KO lungs did not show positive staining, healthy 
non-ventilated WT mice abundantly expressed RAGE in their lungs, predominantly in 
the alveolar epithelium (fig. 2). Total score for RAGE staining was not affected by LVT 
ventilation but increased in HVT MV. This was mainly due to de novo expression of RAGE 
on bronchial epithelial cells and endothelium.

PCR A 

B C 

E D 

Figure 2. RAGE expression in ventilated mice
Expression of the receptor of advanced glycation end-products [RAGE] in wild-type mice ventilated for 5 hours 
with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. Non-ventilated mice [C] served 
as control. RAGE gene expression was measured in lung homogenates and normalized to the house-keeping 
gene hypoxanthine-guanine phosphoribosyl transferase [HPRT] [n=5 for controls, n=7 ventilated mice/group] 
[A]. Total scores for RAGE expression by immunohistochemical staining of lung tissue [n=6 for controls, n=9 ven-
tilated mice/group] [B-E]. Representative view of a lung from non-ventilated control mouse [B], absence of RAGE 
positivity in the lung of a RAGE KO mouse [C], the lung of a LVT ventilated mouse [D] and increased RAGE expres-
sion in the lung of a HVT ventilated mouse [E]. Data represent mean [SEM] *** p<0.001, *p<0.05 vs LVT and C, 
stainings magnification x200.
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Neutrophil influx is attenuated in RAGE KO mice in 1-hit VILI

To obtain a first insight into the role of RAGE in VILI, we ventilated healthy WT and RAGE 
KO mice with a LVT or HVT MV strategy. Alveolar-capillary barrier permeability is an im-
portant hallmark of VILI [3]. As illustrated in figure 3, WT mice subjected to HVT MV, but 
not those ventilated with LVT, demonstrated a marked increase in lung wet-to-dry ratio 
and total protein level in BALF as compared to non-ventilated WT controls. When com-
paring RAGE KO and WT mice we observed no significant differences regarding alveolar 
barrier dysfunction. Further BALF examination demonstrated that both ventilation 
strategies induced cell influx, with higher levels in HVT ventilated mice. Differential cell 
counts revealed an increased number of neutrophils, reaching statistical significance for 
HVT ventilated mice. Compared to HVT ventilated WT mice, RAGE KO mice demonstrated 
a lower total cell and neutrophil count after 5 hours of HVT MV. To establish the contribu-
tion of RAGE to MV-induced cytokine and chemokine production we measured IL-6, KC, 
MIP-2, IL-1β, and TNF-α levels in BALF (table 1). HVT MV increased the levels of IL-6, KC, 
and IL-1β. LVT MV elevated the levels of IL-1β and MIP-2. TNF-α was undetectable. No 
differences were found between RAGE KO and WT mice.
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Figure 3. RAGE in 1-hit VILI
Lung wet-to-dry ratios [A], and total protein level [B], cell influx [C], and neutrophil counts [D] in bronchoalveolar 
lavage fluid of wild-type [WT] and RAGE knockout [KO] mice with healthy lungs ventilated for 5 hours with low 
tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. Non-ventilated mice [C] served as con-
trol. Data represent mean [SEM] of n=6-9 mice/group *p<0.05, **p<0.01, ***p<0.001.
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RAGE KO mice display elevated levels of pro-inflammatory mediators in 2-hit VILI

Since it has been shown that lungs with pre-existing injury are more susceptible to 
the effects of MV [18], we also determined the role of RAGE in a 2-hit injury model in 
which mice with LPS-induced lung injury were ventilated. MV enhanced LPS-induced 
lung injury in our VILI model, most clearly demonstrated in HVT ventilated mice (fig. 4). 
RAGE deficiency did not affect lung wet-to-dry ratio, total protein level and cell influx in 

Table 1. Cytokines and chemokines in bronchoalveolar lavage fluid

C WT C KO LVT WT LVT KO HVT WT HVT KO

IL-6 [ng/ml] B.D. B.D. 104.0 [17.0] 101.0 [12.4] 156.1 [15.9]*** 142.7 [18.6]

KC [ng/ml] 51.4 [0.7] B.D. 336.7 [70.0]** 463.4 [123.7] 423.4 [94.0]** 505.9 [59.3]

MIP-2 [ng/ml] B.D. B.D. 239.6 [56.5]* 233.2 [35.4] 189.2 [18.4] 216.2 [20.6]

IL-1β [ng/ml] B.D. B.D. 69.9 [21.9]* 64.9 [15.9] 57.3 [14.5]* 66.0 [21.3]

Cytokines and chemokines [pg/ml] in bronchoalveolar lavage fluid of wild-type [WT] and RAGE knockout [KO] 
mice with healthy lungs ventilated for 5 hours with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes 
[HVT] [~15 ml/kg]. Non-ventilated mice [C] served as control. Data represent mean [SEM] of n=6-9 mice/group 
*p<0.05, **p<0.01, ***p<0.001 vs controls. Below detection: B.D.
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Figure 4. RAGE in 2-hit VILI
Neutrophil counts [A] and levels of interleukin [IL]-6 [B], keratinocyte-derived chemokine [KC] [C] and tumor-
necrosis factor [TNF]-α [D] in bronchoalveolar lavage fluid of wild-type [WT] and RAGE knockout [KO] mice in a 
2-hit lung injury model of lipopolysaccharide [LPS] exposure followed by mechanical ventilation for 5 hours with 
low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. LPS-exposed non-ventilated mice [C] 
served as control. Data represent mean [SEM] of n=6-9 mice/group. *p<0.05, **p<0.01, ***p<0.001.
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LPS-exposed and LPS/MV treated groups (data supplement S2). Also neutrophil influx 
was not significantly different between WT and RAGE KO mice (fig. 4). Remarkably, in 
our 2-hit setting RAGE KO mice demonstrated elevated cytokine and chemokine levels 
in BALF. IL-6, TNF-α, and KC were higher when LPS-induced lung injury was combined 
with MV, reaching significance for the RAGE KO mice of the LPS/HVT MV group (fig. 4). 
Of note, MIP-2 and IL-1β levels were not different (data supplement S2). In addition we 
evaluated the presence of the RAGE ligand HMGB1 in BALF in our models. In healthy 
mice undergoing HVT MV, HMGB1 was undetectable. In animals with LPS-induced lung 
injury or LPS-induced injury combined with LVT MV, HGMB1 was barely detectable but 
HMGB1 was clearly present in BALF of mice that underwent the LPS/HVT MV double hit 
(fig. 5).

sRAGE attenuates inflammation in RAGE KO mice

Since HMGB1 is present in LPS/HVT ventilated animals and RAGE deficiency aggravated 
the inflammatory response in this group, we next questioned what the role of missing 
sRAGE was herein. We first evaluated sRAGE levels in WT mice undergoing our VILI mod-
els. Five hours of HVT MV resulted in an increased BALF sRAGE concentration compared 
to LVT MV and controls (fig. 6). Levels further increased during the LPS/MV double hit 
in which the highest levels were found in the HVT ventilated group. In an additional 
set of experiments we verified if sRAGE might have protective effects during MV by 
administering sRAGE (or vehicle) to LPS/HVT ventilated RAGE KO mice. We observed no 
effect on total protein levels, cell count, and neutrophil influx by sRAGE administration 
(table 2). However, when analyzing cytokine and chemokine levels in BALF we found 
that sRAGE-treated mice displayed significantly lower levels of IL-6, KC, and MIP-2 (table 
2). These results suggest that although RAGE signaling itself does not play a major role 
in 2-hit VILI, presence of sRAGE seems beneficial.

                   M    1     2      3     4     5      6     7     8     9    10    11    12    13    14   15   16   17   18   19   20   21   22   23   24 pos 
        ctrl   

LPS LPS + LVT MV LPS + HVT MV

HMGB1 in BALF

   40- 
   30-

   20-

Figure 5. HMGB1 in lung lavage fluid
High mobility group box-1 [HMGB1] levels in bronchoalveolar lavage fluid [BALF] of wild-type mice in a 2-hit 
model of lipopolysaccharide [LPS] exposure followed by spontaneous breathing or mechanical ventilation for 5 
hours with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg], n=8 mice/group.
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DISCUSSION

This is the first study that investigated the role of RAGE in the development of MV-
induced inflammation and injury. We demonstrated that (1) RAGE expression is up-
regulated during 5 hours of MV in human pulmonary cells and in murine lungs, that 
(2) RAGE contributes to inflammatory cell influx in 1-hit VILI but that it does not affect 
other VILI parameters, that (3) in a 2-hit VILI setting loss of RAGE is not protective, on the 
contrary, deficiency results in an enhanced inflammatory response and that (4) sRAGE 
administration to RAGE KO mice undergoing the LPS/HVT MV double hit in part reverses 
this phenotype.
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Figure 6. sRAGE in lung lavage fluid
Soluble RAGE [sRAGE] levels in bronchoalveolar lavage fluid [BALF] of wild-type [WT] mice ventilated for 5 hours 
with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg] [A] [VILI]. In addition, sRAGE [B] 
in BALF of WT mice in a 2-hit model of lipopolysaccharide [LPS] exposure followed by mechanical ventilation for 
5 hours with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. Data represent mean 
[SEM] of n=6-9 mice/group. *p<0.05, **p<0.01, ***p<0.001.

Table 2. VILI parameters of sRAGE treated RAGE KO mice in 2-hit VILI

Vehicle i.t. sRAGE i.t.

Cell count [x104] 112 [1.6] 91 [0.9]

Neutrophil influx [x104] 103 [15] 86 [10]

Total protein [μg/ml] 623 [32] 614 [44]

IL-6 [pg/ml] 3162 [291] 1875 [243]**

KC [pg/ml] 8831 [876] 6016 [867]*

MIP-2 [pg/ml] 6115 [688] 2827 [379]***

IL-1β [pg/ml] 676 [69] 850 [122]

TNF-α [pg/ml] 1274 [118] 1425 [141]

Cell count, neutrophil count, total protein, cytokine and chemokine levels in bronchoalveolar lavage fluid of 
RAGE knockout [KO] mice with LPS-injured lungs treated with intratracheal (i.t.) soluble RAGE or vehicle at start 
of 5 hours of high tidal volume [HVT] [~15 ml/kg] mechanical ventilation. Data represent mean [SEM] of n=7-8 
mice/group *p<0.05, **p<0.01, ***p<0.001
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We chose to ventilate our mice with low or high tidal volume MV as both strategies 
may reveal relevant information for clinical practice. Low tidal volume MV is widely used 
since the ARDS network group convincingly demonstrated that this reduces morbidity 
and mortality in ARDS [2]. However, it was also shown that even with the use of lung 
protective ventilator settings one-third of ARDS patients still experience regional tidal 
hyperinflation and VILI [19]. Indeed, ARDS is a heterogeneous disease: some lung re-
gions are poorly aerated placing other healthier lung regions at risk for overinflation 
[19]. It is therefore still an important translational effort to ventilate animals with higher 
tidal volumes.

In addition, a pulmonary pro-inflammatory state makes the lung more vulnerable to a 
second hit such as MV [18]. Therefore, to mimic ventilation in the presence of pulmonary 
co-morbidities we added an additional injurious stimulus to our MV model. Nonetheless, 
our 1-hit VILI model is still important to give insights into RAGE signaling in ventilated 
healthy lungs.

RAGE is primarily expressed by alveolar type I cells but is also expressed by pulmonary 
endothelium, bronchiolar epithelium, alveolar type II cells, and alveolar macrophages 
[10]. In line with previous studies we observed that in healthy lungs RAGE is already 
abundantly expressed [11;20;21]. Our finding that MV increases RAGE expression in 
mouse lungs extends a previous investigation studying RAGE in hyperoxia-induced 
lung inflammation: 4 days of hyperoxia elevated pulmonary RAGE as demonstrated 
by immunostaining, immunoblotting, and real-time PCR [21]. In contrast, other sterile 
lung inflammatory disorders reported no impact on pulmonary RAGE expression (LPS 
instillation) [11] or reported reduced RAGE levels (in pulmonary fibrosis models) [20;22]. 
This might indicate that the presence of a sustained pro-inflammatory stimulus such 
as hyperoxia and MV has more impact on RAGE expression. In line, also infectious lung 
models, with the continuous presence of bacteria, reported RAGE upregulation [23].

In our 1-hit VILI model RAGE deficiency was associated with a reduced total cell 
and neutrophil influx into the alveolar compartment. RAGE activation may enhance 
neutrophil migration by increasing the release of inflammatory mediators. However, we 
observed no differences in pro-inflammatory mediators at the time point investigated. 
RAGE itself has also been implicated in the regulation of cell migration: it can function 
as a counter receptor for leukocyte integrins [24]. In vitro studies showed that RAGE can 
bind the β2 integrin MAC-1 and p150,95 [24]. From these findings it can be speculated 
that RAGE-dependent neutrophil adhesion also contributed in our 1-hit VILI model.

Our current analysis revealed no differences in inflammation in pulmonary LPS-
exposed RAGE KO and WT mice. These results are in line with a previous report also 
showing a similar degree of inflammation between RAGE deficient and WT mice, here 
24 hours after intratracheal LPS challenge [25]. However, a recent in vitro study reported 
evidence for RAGE-LPS interaction [26]. This group also demonstrated that RAGE con-
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tributes to LPS-induced nuclear factor-κB activation in isolated peritoneal macrophages, 
while in vivo RAGE KO mice displayed reduced mortality and inflammation after intra 
peritoneal LPS-induced shock [26]. As such, the importance of the RAGE-LPS interac-
tion seems to vary in different organ tissues; in lungs RAGE-LPS signaling appears less 
important.

RAGE KO mice undergoing the LPS/HVT MV double hit were not protected from VILI. 
Instead, they displayed more lung inflammation. This is a remarkable finding since 
previous findings demonstrated that RAGE deficiency led to attenuated inflammation 
in sterile lung injury models such as bleomycin-induced and hyperoxia-induced lung 
injury [21;27]. However, inflammation was evaluated at a much later time point in these 
studies: several days after start of the experiment. Possibly, deficiency of RAGE in our 
MV model might have influenced respiratory mechanics: pulmonary RAGE is also im-
portant for adherence of epithelial cells towards the basal membrane [10]. However, a 
previous study reported no differences in airway and tissue resistance, -compliance and 
-elastance between healthy RAGE KO and WT mice [28]. We repeated our LPS/HVT MV 
double hit group in a MV-model with volume-controlled ventilation to exclude possible 
interference of lung mechanics. Again, a similar increased inflammatory response in 
RAGE KO mice was observed (data not shown).

Another explanation for our finding is that the lack of sRAGE was unfavorable for the 
inflammatory response since sRAGE can scavenge ligands that also have the potential to 
activate other PRRs. HMGB1 for example can activate RAGE but also TLR4 [29]. Moreover, 
TLR4 signaling clearly contributes to VILI development [7;8]. We observed elevated 
HMGB1 levels in mice undergoing the LPS/HVT MV double hit, extending a previous 
study reporting increased HMGB1 levels after 4 hours of extremely high tidal volume 
MV (30ml/kg) [13]. Blocking HMGB1 in that study improved alveolar barrier dysfunction 
and limited neutrophil influx and TNF-α release. In addition, S100A8/A8 proteins, which 
are as well present in our murine VILI models [30], also have the potential to trigger both 
RAGE and TLR4 [29]. The observation that sRAGE administration to RAGE KO mice in 
part reversed the increased inflammation present in RAGE KO mice indeed suggests that 
certain ligands were sequestered by sRAGE that would have interacted with other PRRs 
in the absence of sRAGE. If sRAGE administration could also have therapeutic potential 
in WT mice in our VILI model is an interesting question for future research. However, a re-
cent study demonstrated that neither intratracheal nor intraperitoneal sRAGE treatment 
affected LPS-induced or E. coli-induced acute pulmonary inflammation, even though 
HMGB1 was also increased in these models [25].

Our study has several limitations. First, we used patient samples from a previous study 
in which the effect of 2 ventilation strategies on inflammation and coagulation was ana-
lyzed. This study was however, not powered to find differences in mRNA levels between 
the 2 groups. We therefore combined the samples from both ventilation strategies. Sec-
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ond, we used a short-term VILI model to analyze the role of RAGE. Although short-term 
MV models are commonly used [6-8;24;26;27], as it technically very difficult to ventilate 
rodents for days, a long term MV model would make the translation of results to clinical 
practice easier. Third, the tracheotomy and the use of anesthesia might also have influ-
enced inflammation in all ventilated animals. It would be ideal to have a control group of 
anesthetized, tracheotomized spontaneously breathing mice. Unfortunately, this results 
in hypoventilation, respiratory acidosis and death.

In conclusion, our data indicate that RAGE is not a crucial pro-inflammatory recep-
tor in the development of MV-induced inflammation. Moreover, complete blockage of 
RAGE seems not beneficial in ventilated lungs with pre-existing injury as the presence of 
sRAGE can limit the production of pro-inflammatory mediators.
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DATA SUPPLEMENT S1

MATERIALS AND METHODS

Patients

Bronchial brush samples and bronchoalveolar lavage fluid (BALF) cells from a previously 
published randomized controlled trial in which patients without pre-existing lung injury 
were mechanically ventilated for 5 hours during elective surgery were used [1]. The 
Medical Ethics Committee of the University of Amsterdam approved the study protocol 
and informed consent was obtained from all patients. Adult patients scheduled for a 
surgical procedure with an estimated duration of 5 hours or longer were eligible for this 
study. Exclusion criteria were: history of any lung disease, use of immunosuppressive 
medication, recent infections, previous thromboembolic disease and recent ventilatory 
support.

Study design

Study design was described in detail previously [1]. Patients without lung injury sched-
uled for elective surgery were randomized to mechanical ventilation (MV) with either a 
conventional tidal volume (VT) of 12 ml/kg ideal body weight and 0 cm H2O positive end 
expiratory pressure (PEEP) or 6 ml/kg and 10 cm H2O PEEP. The inspired oxygen fraction 
was 0.4, the inspiration-to-expiration ratio 1:2, and the respiratory rate was adjusted to 
achieve normocapnia. Bronchial brushes and BALF were collected during bronchoscopy 
which was performed twice in each patient: the first directly after induction of anesthe-
sia and start of MV in the right middle lobe or lingula, and the second was performed 
in the contralateral lung 5 hours thereafter, either perioperatively or directly postopera-
tively. BALF was processed as previously described [1]. BALF cells were resuspended in 
ice cold phosphate buffered saline and were partially used for absolute and differential 
cell counts using Giemsa-stained cytospin preparations. The remaining cells were dis-
solved in RNAlater (Ambion, Austin, TX) and stored at -80 ˚C. Bronchial brushes were 
directly placed into RNAlater. After several minutes and thorough vortexing, the brush 
was removed. RNA was purified using RNeasy mini kit system (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol. Lung brush samples and BALF cells were used 
to determine mRNA expression levels of receptor for advanced glycation end products 
(RAGE) and hypoxanthine-guanine phosphoribosyl transferase (HPRT). Analysis only 
included patient samples in which both RAGE and HPRT were measurable at both time 
points allowing paired analysis. Data from both ventilation strategies was combined.
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Mice

The Animal Care and Use Committee of the Academic Medical Center of the University 
of Amsterdam approved all experiments. Animal procedures were carried out in compli-
ance with Institutional Standards for Human Care and Use of Laboratory Animals.

Eight- to 10 week old male RAGE knockout (KO) mice were generated as described 
previously [2], backcrossed 10 times to a C57Bl/6 background, and bred in the animal 
facility of the Academic Medical Center (Amsterdam, the Netherlands). C57BL/6 age 
matched wild-type (WT) mice were purchased from Harlan laboratories B.V. (Horst, the 
Netherlands).

Experimental groups

WT and RAGE KO mice were randomly assigned to 2 different ventilation strategies (see 
below, MV strategies) or to a non-ventilated control group. Two sets of experiments were 
performed with 6-9 mice per group. In the first set of experiments healthy RAGE KO 
and WT mice were randomized. After 5 hours mice were sacrificed and right lungs were 
used to collect BALF and left lungs for wet/dry ratio. An additional group of WT mice 
were ventilated to obtain lungs for RAGE lung tissue staining and mRNA analysis. In 
the second set of experiments we used WT and RAGE KO mice with pre-injured lungs 
induced by 5 μg LPS (E. coli L4130, Sigma Aldrich) intranasally under 2-3% isoflurane in-
halation anesthesia. After 1 hour mice were randomized to a ventilation strategy, again 
for 5 hours. The right lungs was used to collect BALF and left lungs for wet/dry ratio. To 
study the importance of sRAGE in the 2-hit setting a third experiment was performed 
(n=8 mice/group). Here, RAGE KO mice with LPS-induced lung injury received 50μg 
murine sRAGE or vehicle (saline) intratracheal at start of 5 hours of high tidal volume 
MV. Recombinant murine his-tagged sRAGE was a kind gift from P. Nawroth.

Instrumentation and anesthesia

Methods used in this VILI model were published in detail previously [3;4]. In short, mice 
received an intraperitoneal bolus of 1 ml normal saline 1 hour before start of anesthesia 
and initiation of MV. In ventilated mice, a tracheotomy was performed and an Y–tube 
connector was inserted into the trachea under general anesthesia with an intraperito-
neal injection of 0.75 μl/gram body weight of 1.26 ml 100 mg/ml ketamine, 0.2 ml 1 
mg/ml medetomidine, and 1 ml 0.5 mg/ml atropine in 5 ml normal saline. Maintenance 
anesthesia consisted of 1 μl per/gram body weight of 0.72 ml 100 mg/ml ketamine, 
0.08 ml 1 mg/ml medetomidine, and 0.3 ml 0.5 mg/ml atropine in 20 ml normal saline. 
Maintenance mix was administered hourly via an intraperitoneal catheter, every 30 min-
utes 0.2 ml sodium bicarbonate (200 mmol/l NaHCO3) was administered via the same 
catheter. Throughout the experiments rectal temperature was maintained between 36.5 
– 37.5°C using a warming pad.
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MV strategies and sampling

Ventilated animals were placed in a supine position and connected to a human ventila-
tor (Servo 900 C, Siemens, Sweden). Mice were pressure controlled ventilated for 5 hours 
with either an inspiratory pressure of 10 cm H2O (VT ~ 7.5 ml/kg, LVT) or an inspiratory 
pressure of 18 cm H2O (VT ~ 15 ml/kg, HVT). Respiratory rate was set at 110 breaths/min 
and 70 breaths/min respectively. PEEP was set at 2 cm H2O during both MV strategies. 
The fraction of inspired oxygen was kept at 0.5 and inspiration to expiration ratio was 
1:1. After 5 hours of MV mice were sacrificed by withdrawing blood from the carotid 
artery. Sample harvesting, processing and cell counts were done as described previously 
[3;4]. For RNA analysis, lungs were homogenized in 4 volumes of saline and 50 µl was 
transferred in Tripure (Roche, Woerden, the Netherlands).

Immunostaining of RAGE

Immunostaining of RAGE was performed on slides after deparaffinization and rehydra-
tion. One % H2O2 in methanol was used to quench endogenous peroxidase activity. 
Goat anti-mouse RAGE polyclonal antibodies (Neuromics, Edina, MN, USA) were used 
as primary antibody, biotinylated rabbit anti-goat antibodies (DakoCytomation, Glos-
trup, Denmark) as secondary antibody. For detection ABC solution (DakoCytomation, 
Glostrup, Denmark) was used. Visualization was obtained with DAB peroxidase (Sigma, 
St Louis, MO) as substrate. Lung stainings were scored for RAGE presence on a scale 
0 (negative) – 3 (very intense): alveolar and bronchial epithelium and vascular endo-
thelium were analyzed by a pathologist blinded for group identity, total RAGE staining 
score represents the sum of all scores.

Assays

Total protein levels in BALF were determined using a Bradford Protein Assay Kit (OZ 
Biosciences, Marseille, France) according to manufacturers’ instructions with a detection 
limit of 50μg/ml. Interleukin (IL)–6, keratinocyte–derived chemokine (KC), macrophage 
inflammatory protein (MIP)-2, IL-1β, and tumor necrosis factor (TNF)-α levels were mea-
sured by enzyme–linked immunosorbent assay (ELISA) according to the manufacturer’s 
instructions (R&D Systems Inc., Minneapolis, MN, USA). Detection limits were 51 pg/ml 
for IL-6, KC, and TNF- α, 153 pg/ml for MIP-2 and 25 pg/ml for IL-1β. sRAGE levels were 
measured by Mouse RAGE Duo set ELISA (R&D Systems Inc., Minneapolis, MN, USA) as 
described before with a detection limit of 102pg/ml [5].

HMGB1 western blot

Sixteen μl BALF was separated by polyacrylamide gel electrophoresis (Criterion Bis-Tris 
Precast Gel, Carlsbad, CA, USA). Proteins were transferred to polyvinylidene membranes, 
blocked in blocking buffer containing 5% non-fat dry milk proteins with Tween 20 in 
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50 mM Tris, 150 mM NaCl (pH 7.4, TBS), washed, and incubated overnight with rabbit 
polyclonal HMGB-1 antibodies (Abcam Biochemicals, Cambridge, UK) at 4˚C. After wash-
ing, membranes were probed with peroxidase-labelled Rabbit-IgG1-HRP (Cell Signalling 
Technology, Danvers, MA) for 1 hour at room temperature in TBS. Again after washing; 
blots were imaged with Lumi-LightPlus Western Blotting Substrate (Roche, Mijdrecht, the 
Netherlands).

mRNA expression analysis

Complementary DNA synthesis from human and murine RNA was performed by a re-
verse transcription reaction using Moloney murine leukemia virus reverse transcriptase 
(Invitrogen) and oligo dT (Invitrogen) as described before [4]. Quantitative polymerase 
chain reactions were done using lightCycler®SYBR green I master mix (Roche, Mijdrecht, 
the Netherlands) and analyzed in a LightCycler 480 (Roche) apparatus with the follow-
ing conditions: 5 min 95°C hot-start, followed by 40 cycles of amplification (95°C for 10 
seconds, 60°C for 5 seconds, 72°C for 15 seconds). Standard curves were constructed by 
polymerase chain reactions on serial dilutions of a concentrated complementary DNA 
sample for quantifications. Data were analyzed using LightCycler software. The following 
human primer sequences were used: RAGE forward primer 5’-gccagaaggtggagcagtag-3’ 
and reverse primer 5’-acaagatgaccccaatgagc-3’ HPRT forward primer 5’-tgctgacctgctg-
gattaca-3’ and reverse primer 5’-cctgaccaaggaaagcaaag-3’, Murine primer sequences 
were: RAGE forward primer 5’-aacccatcctaccttctcctg-3’ and reverse primer 5’-cccac-
caggagcgactatt-3’, HPRT forward primer 5’-tcctcctcagaccgctttt-3’ and reverse primer 
5’-cctggttcatcatcgctaatc-3’.
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Figure data supplement S2. RAGE in 2-hit VILI
Lung wet/dry ratio (A), and total protein levels (B), cell counts (C), interleukin (IL)-1β (D) and macrophage-inflam-
matory protein-2 (MIP-2) (E) levels in bronchoalveolar lavage fluid of wild-type (WT) and RAGE knockout (KO) 
mice in a 2-hit lung injury model of lipopolysaccharide (LPS) exposure followed by mechanical ventilation for 5 
hours with low tidal volumes (LVT) (~7.5 ml/kg) or high tidal volumes (HVT) (~15 ml/kg). LPS-exposed non-venti-
lated mice (C) served as control. Data represent mean (SEM) of n=6-9 mice/group. *p<0.05, **p<0.01, ***p<0.001.
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