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Purpose: Although the role of the angiotensin II type 2 (AT2) receptor in acute lung injury is 

not yet completely understood, a protective role of this receptor subtype has been suggested. We 

hypothesized that, in a rodent model of acute lung injury, stimulation of the AT2 receptor with 

the direct agonist Compound 21 (C21) might have a beneficial effect on pulmonary inflamma-

tion and might improve pulmonary gas exchange.

Materials and methods: Male adult rats were divided into a treatment group that received 

pulmonary lavage followed by mechanical ventilation (LAV, n=9), a group receiving pulmonary 

lavage, mechanical ventilation, and direct stimulation of the AT2 receptor with C21 (LAV+C21, 

n=9), and a control group that received mechanical ventilation only (control, n=9). Arterial blood 

gas analysis was performed every 30 min throughout the 240-min observation period. Lung 

tissue and plasma samples were obtained at 240 min after the start of mechanical ventilation. 

Protein content and surface activity of bronchoalveolar lavage fluid were assessed and the wet/

dry-weight ratio of lungs was determined. Transcriptional and translational regulation of pro- 

and antiinflammatory cytokines IL-1β, tumor necrosis factor-alpha, IL-6, IL-10, and IL-4 was 

determined in lungs and in plasma.

Results: Pulmonary lavage led to a significant impairment of gas exchange, the formation of 

lung edema, and the induction of pulmonary inflammation. Protein content of lavage fluid was 

increased and contained washed-out surfactant. Direct AT2 receptor stimulation with C21 led to 

a significant inhibition of tumor necrosis factor-alpha and IL-6 expressions in the lungs, whereas 

the expressions of IL-1, IL-10, and IL-4 remained unchanged. During the 240-min observa-

tion period, AT2 receptor stimulation did not improve pulmonary gas exchange or lung edema. 

Conclusion: In this rodent model of acute lung injury after repeated pulmonary lavage, AT2 

receptor stimulation attenuates pulmonary inflammation but does not improve gas exchange.

Keywords: AT2 receptor, lung failure, ARDS, acute lung injury, Compound 21 (C21)

Introduction
Treatment of patients with the acute respiratory distress syndrome (ARDS) remains 

a challenge. Mortality rates are still high, ranging from 29% to (up to) 60%.1 Despite 

major advances in the understanding of the disease, acute lung failure is still a leading 

cause of morbidity and mortality in intensive care units worldwide.2,3

The main pathophysiological feature of ARDS is diffuse damage of the alveolar-

epithelial barrier and the subsequent formation of a protein-rich alveolar edema.4,5 

The accompanying inflammatory response is a hallmark and mainly characterized 

by a massive release of proinflammatory cytokines, such as IL-6 or tumor necrosis 
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factor-alpha (TNF-α).5–9 Clinically, the leading symptom 

is a rapid onset of arterial hypoxemia and/or hypercarbia 

which, in severe cases, can be life-threatening. Successful 

treatment strategies include mechanical ventilation with low 

tidal volumes, fluid-restrictive resuscitation strategies, and 

prone positioning of the patients.10–12 However, to date, no 

specific pharmacological treatment is available that targets the 

underlying pulmonary inflammation during the development 

or the clinical course of ARDS.

Animal studies have shown that pharmacological inhibi-

tion of pulmonary inflammation can lead to beneficial effects 

in acute lung failure. In different experimental models, the 

attenuation of pulmonary inflammation mitigated the alveolar 

edema and subsequently improved arterial oxygenation.13,14 

Also, in a rodent model, inhalation of the antiinflammatory 

cytokine IL-10 not only lowered pulmonary inflammation, 

but also attenuated lung damage and reduced mortality.15 In 

humans, however, none of the pharmacological interven-

tions tested so far has demonstrated any beneficial effects in 

ARDS. Therapies found to be ineffective include inhalation 

of vasodilators, N-acetyl-cysteine, β
2
 agonists, surfactant, 

statins, and others.16–20

The renin–angiotensin–aldosterone system (RAS) plays 

a major role in human physiology and is involved not only in 

cardiovascular disease, but also in the regulation of inflam-

mation.21 The two main receptors of the RAS, namely the 

AT1 receptor and the AT2 receptor, play an intricate and 

dual role in inflammation. The AT1 receptor contributes 

to tissue damage caused by uncontrolled inflammation, 

whereas the AT2 receptor is thought to have beneficial and 

protective effects.21,22 Overall, the AT2 receptor is regarded 

as a counterpart to the AT1 receptor, antagonizing the 

effects of AT1 receptor signaling. There is evidence that 

the angiotensin-AT2-receptor-axis acts as an endogenous, 

tissue-protective system involved in the downregulation of 

inflammation and the promotion of tissue repair.23 Studies 

with the nonpeptide, specific, and selective AT2 receptor ago-

nist Compound 21 (C21) demonstrated a marked inhibition 

of inflammatory signaling pathways by direct AT2 receptor 

activation.24 Based on its antiinflammatory properties, C21 

could evoke beneficial effects in animal models of myocardial 

infarction and stroke.25,26 In a model of pulmonary fibrosis, 

direct AT2 receptor stimulation significantly attenuated pul-

monary and myocardial fibrosis.27 Further, in models of acute 

lung injury, the survival of mice lacking the AT2 receptor 

(i.e., AT2 receptor -/y knock-out) was significantly worse.28,29 

All these studies provide indirect evidence for the potentially 

beneficial effects exerted by the AT2 receptor.

Although AT2 receptor signaling in acute lung injury 

is not yet fully elucidated, it is suggested that this receptor 

subtype has a protective role. To the best of our knowledge, 

no study has used the AT2 receptor agonist C21 in experi-

mental acute lung injury. Based on the data described above, 

we hypothesized that direct stimulation of the AT2 receptor 

with C21 could attenuate pulmonary inflammation and might 

improve pulmonary edema and gas exchange in an experi-

mental model of acute lung injury.

Materials and methods
Animal preparation and acute lung injury 
with repeated pulmonary lavage
This animal study was approved by the Committee on Use 

and Care of Animals at the Charité-Universitätsmedizin 

Berlin, Germany, by the state animal committee (approval 

No. G0076/11; LAGeSo, Berlin, Germany). All procedures 

were conducted in accordance with institutional guidelines.

Adult male Sprague-Dawley rats (300–350 g) underwent 

general anesthesia with isoflurane and pentobarbital sodium 

(60 mg/kg/h, intraperitoneally [i.p.]); muscle relaxation was 

attained with pancuronium bromide (2 mg/kg/h, i.p.). Ani-

mals were placed supine on a heating pad. A tracheotomy was 

performed and a catheter was inserted into the left carotid 

artery. Rats were ventilated with an Evita XL mechanical ven-

tilator (Drägerwerk, Lübeck, Germany) with the following 

settings: pressure-controlled ventilation; fraction of inspired 

oxygen (FiO
2
): 1,0; ventilation rate: 30/min; peak inspiratory 

pressure (PIP): 14 cm H
2
O; positive end-expiratory pressure 

(PEEP): 2 cm H
2
O; and inspiratory/expiratory ratio: 1:2. 

After arterial partial pressure of oxygen reached a steady 

state (PaO
2
 >500 mmHg), respiratory failure was induced 

by repeated bronchopulmonary lavage with warm saline 

(37°C; 30 mL/kg) until a PaO
2 
<150 mmHg was reached, 

as described previously.30 Rats that were ventilated without 

pulmonary lavage served as controls. A recruitment maneu-

ver was conducted after the cycles of lavage by increasing 

the PIP to 34 cm H
2
O for three breathing cycles; this same 

recruitment procedure was also performed in the controls. 

Afterward, in all groups, ventilator settings were set to 

PIP=26 mmHg and PEEP=6 mmHg and remained unchanged 

throughout the entire observation period of 240 min.

On completion of the experiments, animals were sacri-

ficed by an overdose of pentobarbital. Lung samples were 

harvested, snap-frozen in liquid nitrogen, and stored at −80°C 

until further investigation. Whole blood was drawn into tubes 

containing EDTA and centrifuged at 1000×g for 2 min at 4°C. 

The plasma was frozen at −80°C until further processing.
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C21 treatment
The selective AT2-receptor agonist C21 (a kind gift from 

Vicore Pharma, Mölndal, Sweden) was dissolved in sterile-

filtered phosphate-buffered saline and administered intraperi-

toneally at a dosage of 0.03 mg/kg body weight 1 h before 

induction of lung failure. 

In vivo measurements
Arterial blood samples were taken before lavage and every 30 

min until 240 min posttreatment for analysis of PaO
2
, PaCO

2
, 

pH, and base excess (ABL 800 Basic; Radiometer, Copenha-

gen, Denmark). Mean arterial blood pressure and heart rate 

were continuously recorded with a digital monitoring system 

(Picco; PULSION Medical Systems, Feldkirchen, Germany).

Bronchoalveolar lavage fluid 
measurements
Protein concentrations of the bronchoalveolar lavage fluid 

(BALF) samples were determined using the bicinchoninic 

acid assay (Pierce, Rockford, IL, USA). Also, surface activity 

of recovered BALF was assessed using a modified Wilhelmy 

balance (E. Biegler GmbH, Mauerbach, Austria). In this 

method, a tight-fitting teflon barrier reduces the surface area 

of a teflon trough from 100% to 20% at a cycle speed of 0.33/

min. Saline is used as subphase and is kept at 37°C. The force 

on a platinum slide (1×1 cm), dipped into the subphase, is 

measured by a force transducer and expressed as surface ten-

sion. Maximal surface tension is measured at 100% surface 

area and minimal surface tension at 80% surface compression 

and expressed as millinewtons per meter (mN/m). Surface 

tension characteristics of a sample are measured after applica-

tion on the surface of the saline-filled trough. In the present 

study, 200 µL of recovered lavage fluid was applied on the 

surface of the trough; maximal and minimal surface tensions 

were measured after three cycles.

Wet/dry ratio
To evaluate the formation of lung edema in the different treat-

ment groups, the wet/dry-weight ratio of lungs was assessed. 

Lungs were extracted and weighted, and the wet/dry ratio was 

calculated using the method described by Peterson et al.31

Quantitative real-time polymerase chain 
reaction
Total RNA was isolated from left lungs using the Absolutely 

RNA kit (Stratagene, La Jolla, CA, USA) according to the 

manufacturer’s recommendations including a DNase digest. 

cDNA synthesis was performed using random hexamer primers 

and M-MLV reverse transcriptase (Promega, Mannheim, Ger-

many); no template controls and reactions without addition of 

reverse transcriptase (RT-) served as negative controls. cDNA 

was quantified by real-time polymerase chain reaction (RT-

PCR) Master Mix (Applied Biosystems, Darmstadt, Germany) 

using FAM-5′⁄TAMRA-3′ labeled probes for IL-1β, TNF-α, 

IL-10, IL-6, IL-4, IFN-g, TGF-β, heme oxygenase-1, and 

GAPDH (Metabion, Munich, Germany). Data represent the 

mean expression level±SD, standardized to GAPDH expres-

sion, calculated according to the 2−∆∆CT method of at least three 

independent measurements per cDNA (technical triplicates). 

The sequences of primers used are listed in Table 1.

Determination of cytokines
After the experimental procedure, lungs were removed 

(without prior lavage). Therefore, the samples contained 

both cytokines of the alveolar compartment and cytokines 

of the interstitial tissue. For measurement of cytokine lev-

els, right lungs were thawed, minced, and homogenized in 

cold lysis buffer containing 10 mM Tris/HCl, pH 7.5, 300 

mM NaCl, 1% Triton X-100, 2 mM MgCl
2
, 5 M EDTA, 

and the protease inhibitor cocktail, CompleteMini (Roche 

Diagnostics, Mannheim, Germany). Homogenates were 

centrifuged at 6000×g for 10 min at 4°C. For analysis of 

cytokine levels in plasma, respective blood samples were 

centrifuged at 1000×g for 2 min at 4°C and plasma was 

separated. Protein concentration was determined using the 

bicinchoninic acid assay (Pierce, Rockford, IL, USA). The 

protein levels of IL-1β, TNF-α, and IL-10 were evaluated 

using the cytometric bead array mouse/rat inflammation kit 

and fluorescence-activated cell sorting analysis according to 

Table 1 Sequences of oligonucleotides used for qRT-PCR

Gene Forward primer 5′–3′
reverse primer 5′–3′

Probe 5′ 6-FAM–TAMRA-3′

IL-1b aacaaaaatgcctcgtgctgtct
tgttggcttatgttctgtccattg

acc cat gtgagctgaaagctctccacc

IL-6 aactccatctgcccttcagga
ggcagtggctgtcaacaa cat

tttctctccgcaagagacttc cag cca

IL-10 gaagaccctctg gat acagctgc
tgctcc act gccttgctttt

cgctgt cat cgatttctc ccc tgtga

TNF-a tcg agt gac aag ccc gta gc
ctcagccactccagctgctc

cgtcgtagcaaaccaccaagcaga

IL-4 cggtga act gag gaa act ctg tag a
tcagtgttgtgagcgtgg act c

tcagtgttgtgagcgtgg act c

TGF-b ccc tgc ccc tacatttgg a
ccc tgc ccc tacatttgg a

cacacagta cag caaggtccttgccct

GAPDH ccc taaggccaaccgtgaaaa gat g
tcaggt gag ccc cag cct

ccc taaggccaaccgtgaaaa gat g

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; qRT-PCR, 
quantitative real-time reverse transcriptase polymerase chain reaction; TGF-β, 
transforming growth factor-beta; TNF-α, tumor necrosis factor-alpha.
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the manufacturer’s instructions (BD Biosciences, San Diego, 

CA, USA). A total of 50 µL of lung protein lysate or plasma 

were used per measurement. The sensitivity of this system 

was between 1.9 and 7.2 pg per mL for each of the cytokines. 

Immunoblotting
Sodium dodecyl sulfate polyacrylamide gel electrophoresis, 

electrotransfer to a nitrocellulose membrane, and antibody 

detection were carried out as described previously.32 Poly-

clonal rabbit anti-rat IL-6, rabbit anti-rat AT2 receptor, 

rabbit anti-rat TNF antibody (Cell Signaling, Cambridge, 

UK), and rabbit anti-rat β-actin antibody (Sigma-Aldrich, 

St. Louis, MO, USA) were used. Depicted blots represent a 

Western blot series (technical triplicates; n=3). Quantification 

of respective band density was performed using the image 

analysis program ImageJ 1.42q (National Institutes of Health, 

Bethesda, MD, USA).

Statistical analysis
Data in diagrams are presented as mean±standard error of 

the mean (SEM). For nonparametric samples, statistical 

analysis was performed with the Mann–Whitney U-test. All 

other statistical analyses were performed with IBM SPSS 

Statistics version 20 (SPSS, Chicago, IL, USA) and GraphPad 

PRISM version 7 (San Diego, CA, USA). Differences were 

considered significant at p<0.05.

Results
Pulmonary gas exchange and systemic 
hemodynamics
PaO

2
, PaCO

2
, heart rate, and mean blood pressure at baseline 

and during the 240-min observation period are presented in 

Figure 1. Initially, PaO
2
 and PaCO

2
 levels showed no sig-

nificant differences between the control group, the lavaged 
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Figure 1 (A) Arterial PO2 (mmHg), (B) arterial PCO2 (mmHg), (C) heart rate (min−1), and (D) mean arterial pressure (mmHg) at baseline (0 min), after pulmonary lavage 
(5 min), and over the entire observation period (240 min) in rats with mechanical ventilation only (control; n=9), surfactant washout by repeated pulmonary lavage and 
mechanical ventilation (LAV; n=9), or surfactant washout by repeated pulmonary lavage, mechanical ventilation, and direct stimulation of the AT2 receptor with C21 (0.03 
mg/kg body weight; LAV+C21; n=9).
Notes: Data are presented as mean±SD; multivariate nonparametric analysis for longitudinal data over the course of time (two-way MANOVA), p>0.05 for comparison 
between the LAV and LAV+C21 groups.
Abbreviations: AT2, angiotensin II type 2; C21, Compound 21; MANOVA, multivariate analysis of variance; MAP, mean arterial pressure.
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group, and the lavaged group receiving C21. Immediately 

after pulmonary lavage, in all lavaged groups, the arterial 

oxygen levels decreased significantly and did not fully recover 

throughout the observation period (control vs. LAV, p<0.001; 

control vs. LAV+C21; p<0.001). Also, after lavage, PaCO
2
 

levels increased significantly and remained highly elevated, 

indicating severe impairment and dysfunction of gas exchange 

(control vs. LAV, p<0.0001; control vs. LAV+C21; p<0.0001; 

Figure 1A and B). Treatment with the selective AT2 receptor 

agonist C21 had no significant effect on PaO
2
 and PaCO

2
 levels 

during the 240-min observation period. Further, parameters 

of systemic hemodynamics (e.g., heart rate and mean arterial 

blood pressure) showed no significant difference between the 

groups (Figure 1C and D). Repeated pulmonary lavage led to 

the formation of lung edema, as shown by a significant increase 

in the wet/dry-weight ratio of the lungs in lavaged animals 

(Figure 2). In this model of acute lung failure, treatment with 

C21 had no significant effect on the wet/dry ratio of the lungs.

Bronchoalveolar lavage fluid
Protein content of the recovered BALF was significantly 

increased in all consecutive lavage samples as compared with 

controls, indicating increased permeability of the alveolar-

capillary barrier caused by the lavage procedure (Figure 3A). 

With increasing numbers of lavage cycles, the protein content 

of recovered BALF increased significantly. Assessment of 

the surface activity of recovered BALF showed a significant 

reduction of surface tension, indicating effective removal of 

surfactant from the brochoalveolar compartment (Figure 3B). 

Recovery rate of lavage fluid was 85%±5%.

AT2 receptor stimulation inhibits 
pulmonary inflammation
To analyze the impact of selective AT2 receptor stimula-

tion with C21 on the transcriptional regulation of pro and 

antiinflammatory cytokines, mRNA levels of relevant 

mediators were measured in the lungs. Repeated pulmonary 

lavage led to a significant induction of proinflammatory 

TNF-a, IL-1b, IL-6, and IL-4 mRNA (Figure 4A–F). Also, 
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and repeated pulmonary lavage, mechanical ventilation, and direct stimulation of the 
AT2 receptor with C21 (0.03 mg/kg body weight; LAV+C21; n=9).
Notes: Data are presented as mean±SD, Mann–Whitney U-test (n=9). n.s., not 
significantly different compared with lavaged group. *p<0.05.
Abbreviations: AT2, angiotensin II type 2; C21, Compound 21.
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Figure 4 Relative mRNA expression of (A) TNF-a, (B) IL-6, (C) IL-1b, (D) IL-10, (E) IL-4, and (F) TGF-b in lungs of rats with mechanical ventilation only (control; n=9), 
repeated pulmonary lavage and mechanical ventilation (LAV; n=9) and repeated pulmonary lavage, mechanical ventilation, and direct stimulation of the AT2 receptor with 
C21 (0.03 mg/kg body weight; LAV+C21; n=9).
Notes: Lungs were harvested after 240 min of mechanical ventilation and real-time polymerase chain reaction was performed, GAPDH served as housekeeping gene, 
expression of control was set to 100%. Data are presented as mean±SEM, Mann–Whitney U-test, *p<0.05 compared with LAV group (n=9).
Abbreviations: AT2, angiotensin II type 2; C21, Compound 21; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; n.d., not detected; SEM, standard error of the mean; 
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a significant induction of antiinflammatory IL-10 mRNA 

was observed. Levels of TGFb mRNA remained unchanged 

compared with the control group. Concomitant stimulation 

of the AT2 receptor with C21 significantly inhibited TNF-a 

and IL-6 mRNA expressions compared with respective 

controls. In contrast, IL-1b, IL-10, IL-4, and TGFb mRNA 

expressions showed no significant change after AT2 recep-

tor stimulation. 

On the protein level, pulmonary lavage significantly 

induced TNF-α and IL-1β expressions in the lungs 

 (Figure 5A and B). Direct stimulation of the AT2 receptor 

led to a significant decrease in the expression of TNF-α, but 

not IL-1β protein. IL-6, IL-10, IL-4, and TGF-β could not be 

detected in the protein level in the lungs of either the control 

or lavaged groups.

Further, we aimed to clarify whether the proinflammatory 

stimulus induced by the model of acute lung injury resulted 

in systemic inflammation (i.e., in the blood). However, deter-

mination of cytokines in the plasma showed that none of the 

cytokines listed above were present.

In summary, in this experimental model of acute lung 

injury, the results suggest that direct stimulation of the AT2 

receptor exerts antiinflammatory effects by inhibiting pro-

inflammatory cytokine production in the lung.

AT2 receptor expression
Finally, pulmonary AT2 receptor expression was analyzed 

(Figure 6). AT2 receptor mRNA was significantly induced 

by treatment with C21 and concomitant pulmonary lavage. 

This effect translated into significantly increased AT2 recep-

tor protein expression in the lung. 

Discussion
This study demonstrates that, in an experimental model of 

acute lung injury, direct stimulation of the angiotensin AT2 

receptor with C21 exerts antiinflammatory effects. AT2 recep-

tor stimulation led to significant inhibition of the expression 

of proinflammatory cytokines in the lungs on both the tran-

scriptional and translational levels. However, in this model, 

the antiinflammatory effect did not translate into significant 

improvement of pulmonary gas exchange or lung edema.

Overall, the model of acute lung injury used in this study 

sufficiently and adequately reproduced the main features 

of acute lung failure. First, pulmonary lavage and subse-

quent mechanical ventilation led to impaired pulmonary 

gas exchange. On average, PaO
2
 levels were <100 mmHg 

during the time course of the model, indicating a marked 

functional impairment. Second, the experimental procedure 

induced relevant pulmonary inflammation. This is in line 

with previous studies using repeated pulmonary lavage as 

the method of choice for inducing lung failure.30,33,34 In the 

present study, analysis of the recovered lavage fluid showed 

a significant protein content and demonstrated that surface 

tension was significantly reduced by the lavage fluid. These 

findings confirm that the pulmonary alveolar-capillary bar-

rier was effectively disrupted and pulmonary surfactant was 

efficiently removed from the alveolar compartment by the 

procedures applied.
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Figure 5 Protein expression of (A) TNF-α and (B) IL-1β in lungs of rats with mechanical ventilation only (control; n=9), repeated pulmonary lavage and mechanical 
ventilation (LAV; n=9), and repeated pulmonary lavage, mechanical ventilation, and direct stimulation of the AT2 receptor with C21 (0.03 mg/kg body weight; LAV+C21; n=9).
Notes: Lungs were harvested after 240 min of mechanical ventilation, and protein levels were analyzed using CBA and FACS analysis. Results are given as pg (of the respective 
cytokine) per mg protein of lung tissue. Data are presented as mean±SEM, Mann–Whitney U-test, *p<0.05 compared with LAV group (n=9).
Abbreviations: AT2, angiotensin II type 2; C21, Compound 21; CBA, cytometric bead array;  FACS, fluorescence-activated cell sorting; SEM, standard error of the mean; 
TNF-α, tumor necrosis factor-alpha.
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However, pulmonary inflammation is a hallmark and 

a main pathophysiological feature of acute lung failure.5,8 

Early onset proinflammatory cytokines such as TNF-α, 

IL-6, or IL-1 are the predominant mediators of the disease 

and are involved in the course of lung injury.9,35 TNF-α is 

known to alter pulmonary membrane permeability, to trigger 

leukocyte recruitment, and to initiate downstream effects of 

inflammation in the lung.6,7,9 In the present study, there was 

a significant induction of proinflammatory cytokines on 

both the mRNA and the protein levels. The inflammatory 

response, however, was restricted to the lungs, as we could 

not detect any spillover of cytokines into the systemic circu-

lation. Also, the overall amount of TNF-α in the lungs was 

lower than in other experimental settings that applied much 

more potent triggers of inflammation, such as lipopolysac-

charides (LPS).36

In the present study, AT2 receptor activation with the 

selective agonist C21 significantly attenuated pulmonary 

inflammation and lowered expression levels of proinflamma-

tory cytokines on both the transcriptional and translational 

levels. This is in line with previous findings demonstrating 

that AT2 receptor signaling can efficiently suppress inflam-

matory cytokines in vitro and in vivo.37,38 The mechanisms 

responsible for the antiinflammatory actions of the AT2 

receptor are not yet completely understood. However, in 

vitro studies have shown that AT2 receptor signaling leads to 

a marked suppression of nuclear factor-kB (NF-kB) activa-

tion.38 AT2 receptor-mediated inhibition of NF-kB has been 

observed in human and mouse dermal fibroblasts, smooth 

muscle cells, in cultured human coronary artery endothelial 

cells, and in the brain.39,40,41 Also, the AT2 receptor has been 

shown to have an antiinflammatory effect by the activation of 

protein phosphatases and the synthesis of epoxyeicosatrienoic 

acid.38 We suggest that, in our model also, these mechanisms 

might be responsible for the antiinflammatory properties of 

C21 in the lung. However, more studies are required to per-

form detailed analyses of the signaling pathways involved in 

AT2 receptor-mediated antiinflammation in acute lung injury.

Pharmacological interventions at the RAS level have been 

shown to protect from experimental lung injury. For example, 

Imai et al demonstrated that ACE2, a negative regulator of 

the RAS, exerts beneficial effects in acute lung injury.28 

Klein et al showed that Angiotensin (1–7 (Ang (1–7)), a 

small peptide and an agonist of the receptor Mas, attenuates 

the key features of experimental acute lung injury, such as 

pulmonary inflammation.13Ang (1–7) exerts vasodilatory and 

antioxidative effects, mainly via its receptor Mas; however, 

Ang (1–7) also partly activates the AT2 receptor.42 To the best 
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Figure 6 Relative mRNA and protein expression of the AT2 receptor in the lung of rats with mechanical ventilation (control; n=9), repeated pulmonary lavage and mechanical 
ventilation (LAV; n=9), and repeated pulmonary lavage, mechanical ventilation, and direct stimulation of the AT2 receptor with C21 (0.03 mg/kg body weight; LAV+C21; n=9).
Notes: Lungs were extracted after 240 min of mechanical ventilation and real-time polymerase chain reaction (left) or immunoblotting (right) was performed. GAPDH 
served as housekeeping gene and α-actinin served as loading control. Expression of control was set to 100%. Data are presented as mean±SEM, Mann–Whitney U-test, 
*p<0.05 compared with LAV group (n=9).
Abbreviations: AT2, angiotensin II type 2; C21, Compound 21; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SEM, standard error of the mean.
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of our knowledge, no other study has examined acute lung 

injury directly involving the AT2 receptor or its agonist C21. 

In contrast to the results of Klein et al, in our experimental 

setting, we could not demonstrate a substantial, clinical 

improvement. Pulmonary gas exchange (probably the most 

important clinical parameter) showed no significant improve-

ment with C21. Further, the wet/dry-ratio (regarded as a valid 

marker of pulmonary edema) showed no significant improve-

ment in the C21 treatment group. Thus, the attenuation of 

pulmonary inflammation alone did not lead to subsequent 

clinical benefit. The lavage model reproduces the failure of 

gas exchange and induces pulmonary inflammation; how-

ever, in contrast to other animal models of acute lung injury 

(e.g., acid aspiration) or models that induce lung failure by 

systemic injection of oleic acid or LPS, no additional proin-

flammatory stimulus is applied during the lavage procedure. 

However, this additional inflammatory stimulus might be a 

relevant prerequisite. In this regard, it would be worthwhile 

to test the antiinflammatory properties of C21 in alternative 

models of acute lung injury. Further, the observation time 

in the present model is limited and, with longer exposure 

times, the attenuation of inflammation might eventually lead 

to some clinical improvement. This possibility has, however, 

to be addressed in further studies.

Conclusion
Direct stimulation of the AT2 receptor attenuates pulmonary 

inflammation in a model of acute lung injury. However, 

relevant beneficial clinical effects of this approach are still 

to be elucidated.
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