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#Dipartimento di Salute Animale, °Dipartimento di Scienze Chirurgiche.  
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ABSTRACT 

Background and objectives: ARDS is a frequent form of hypoxiemic respiratory failure 

caused by the acute development of diffuse lung inflammation. Dysregulated systemic 

inflammation with persistent elevation of circulating inflammatory cytokines is the 

pathogenetic mechanism for pulmonary and extrapulmonary organ dysfunction in patients 

with ARDS. Glucocorticoids have a broad range of inhibitory inflammatory effects, including 

inhibition of cytokines transcription, cellular activation and growth factor production. They 

inhibit the inflammatory pathways through two specific intracellular glucocorticoid receptors 

(GRs), named GRα and GRβ. The aim of our study was to evaluate the histologic evidence 

of inflammatory  injury and the GRα uptake of resident and inflammatory cells in different 

experimental models of acute lung injury. 

Methods: We studied 4 groups of rats: three different experimental rat models of lung injury 

and a control group. The acute lung injury was caused by barotrauma (due to an 

overventilation), oleic acid injection and mechanical ventilation. Results were compared to 

non ventilated rat control group. The duration of mechanical ventilation was of 2.5 hours. At 

the end of each experiment, rats were sacrificed. Lung biopsies were evaluated for 

morphologic changes. The immunohistochemistry was performed to study GRα expression. 

Results: Histologic evidence of lung injury (alveolar and interstitial edema, vascular 

congestion, alveolar haemorrhage, emphysema, number of interstitial cells and neutrophils, 

and destruction of alveolar attachments) were present in all ventilated groups. Barotrauma 

lead to an additional inflammatory response. GRα expression significantly increased in the 

three ventilated groups compared with non ventilated groups. GRα expression was highest 

in barotrauma group.  
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Conclusions: These data indicate that acute lung injury is associated with diffuse alveolar 

damage, up-regulation of the inflammatory response and GRα overexpression. Barotrauma 

is the most effective mechanism inducing acute lung inflammation and GRα overexpression. 

Keywords: ARDS, lung inflammation, acute lung injury, barotrauma, glucocorticoid acquired 

resistance, glucocorticoid receptor α.  
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INTRODUCTION 

Acute respiratory distress syndrome (ARDS) is a term applied to a relatively specific 

morphologic lesion of multifactorial aetiology known as diffuse alveolar damage (DAD) (1). It 

represents the extreme end of a spectrum of lung injury. The initiating events that lead to 

ARDS and its less severe manifestation, acute lung injury (ALI), are clinically widespread 

and diverse (2). At presentation, early ARDS manifests with severe, diffuse, and 

nonhomogenous acute host inflammatory response of the pulmonary lobules, leading to a 

breakdown in the barrier and gas exchange function of the lung (3). 

Despite apparent improvement in management and outcome of ARDS, the mortality rate of 

ARDS remains high, ranging from 35% to 65% (4-5). Mechanical ventilation delays mortality 

in many patients with acute respiratory failure and is used to maintain adequate systemic 

oxygenation and to rest the respiratory muscles. However, over the last 2 decades, it has 

become evident that mechanical ventilation itself can augment or cause ALI. Recent 

experimental studies in various animal models have provided 3 lines of evidence suggesting 

that mechanical ventilation can initiate or exacerbate an inflammatory response: 1) 

pathologic evidence of neutrophil infiltration (6-7), 2) increased cytokine levels in lung lavage 

(8) and 3) increased cytokine levels in the systemic circulation (9,10). 

There are several experimental research models to construct a pathophysiological state of 

ARDS, attempting to fit pathogenesis (biology) with morphological (pathology) and clinical 

(physiology) findings (11). Intravenous injection of pure oleic acid into several different 

animal species has been observed to cause respiratory distress (12). Also barotrauma is 

characterized by the release of inflammatory mediators from cells within the lung. In animals, 

ventilation with the use of large tidal volumes caused the disruption of pulmonary epithelium 

and endothelium, lung inflammation, atelectasis, hypoxemia, and the release of inflammatory 

mediators (8,13-17). Biotrauma is the response to barotrauma characterized by the release 

of inflammatory mediators from cells within the lung (18). This may help explain why most 

patients who die with ARDS succumb not because their lungs fail, but because of the 

development of multiple organ dysfunction syndrome (MODS) involving both the lungs and 

other organs (19,20).  

Dysregulated systemic inflammation with persistent elevation of circulating inflammatory 

cytokines over time is the pathogenetic mechanism for pulmonary and extrapulmonary organ 

dysfunction in patients with ARDS. Inflammation represents a double-edged sword, a 
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delicate balance between the potential for tissue repair and potential for tissue injury. ALI 

and ARDS represent a classic example of a disease state in which that balance is shifted 

dramatically towards excessive tissue injury. This overwhelming inflammatory response, 

which targets the lung, gives rise to significant pulmonary endothelial and epithelial cell 

injury. 

 

The role of glucocorticoid (GC) supplementation in patients with systemic inflammation is 

undergoing a cyclical reassessment stirred by new understanding of GCs’ role in modulating 

inflammation and immunity (21). Steroids might be considered as a subsidiary treatment 

during artificial mechanical ventilation. 

It is now appreciated that at cellular level, transcription factors nuclear factor-kB (NF-kB) – 

activated by inflammatory signals – and glucocorticoid receptor α (GRα) – activated by 

endogenous or exogenous GCs – have diametrically opposed functions (stimulatory vs. 

inhibitory) in regulating inflammation (22). GR exists in at least two isoforms, GRα and GRβ, 

originating from the same gene by alternative splicing of the primary transcript. GRα is the 

predominant isoform of the receptor. It has steroid binding activity and mediates either 

transactivation or transrepression of target genes. GRβ does not bind glucocorticoids and is 

unable to transactivate glucocorticoid responsive genes. The physiological function of GRβ 

is still unknown (23). Several mechanisms have been postulated to account for the reduced 

response to glucocorticoids in unresolving ARDS.  

 

The aim of our study was to evaluate, in lungs of rats with different kinds of ALI (mechanical 

ventilation, oleic acid injection, barotrauma), the histologic changes and the GRα uptake of 

resident and inflammatory cells. 

 

 4



Acc
ep

te
d m

an
usc

rip
t 

MATERIAL AND METHODS 

 

We studied 45 male Wistar rats weighing from 300 to 600 g. The animals were treated in 

compliance with the Principles of Laboratory Animal Care formulated by the Institute of 

Laboratory Animal Resources, the Guide for the Care and Use of Laboratory Animals 

published by the National Institute of Health (NIH Publication No. 86-23, revised in 1985) 

and the Guide to the Care and Use of Experimental Animals formulated by the Canadian 

Council of Animal Care (CCAC 2nd Ed 1993). 

 

Anaesthesia and preparation 
 

Subcutaneous injection of sodium thiopentale was used to induce (13mg/100gr) and 

maintain (10mg/100gr every 30 minutes) anaesthesia. The animals were placed in the 

supine position and were intubated through a cervical tracheostomy with a 14-gauge Teflon 

catheter which was secured by a ligature around the trachea. Before starting mechanical 

ventilation pancuronium bromide (0.1mg/kg) in iterated doses was administered 

intravenously for muscle relaxation. The animals were ventilated with a Harvard apparatus 

rodent volume ventilation (model 683, Harvard Apparatus, South Natick, MA) at a respiratory 

rate of 60 strokes/minute. Airway pressure was measured through a side port in the tracheal 

tube using a pressure transducer (Abbott Transpac II, Abbott Laboratories, Illinois) 

connected to a 4 channel monitor (Siemens Sirecust 1281, Siemens, Germany). The carotid 

artery and the jugular vein were isolated and catheterized at the neck respectively for arterial 

blood gases determination and direct intravenously normal saline solution (7 ml/Kg/h) and 

oleic acid in selected animals. 

 

Animals were divided into 4 groups: 

 

1. Non ventilated control group: 4 animals were immediately sacrificed and both lungs 

were excised through a median sternotomy. 

 

2. Ventilated group: 13 animals were ventilated with a tidal volume of 10/ml/Kg and at a 

respiratory rate of 60 strokes/minute. 
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3. Lung injury induced by oleic acid group: 19 rats were ventilated with a tidal volume of 

10/ml/Kg and at a respiratory rate of 60 strokes/minute. Lung injury was induced by 

oleic acid injection. We have used the same model described by other authors (12). 

Lung injury was induced using oleic acid (0.2 ml/kg) that was dissolved in an equal 

volume of absolute alcohol and infused by a motor syringe during a 30-min period. To 

counteract circulatory instability caused by the oleic acid, 15 ml/kg of dextran (PM 

70.000 daltons) in normal saline was infused over 30 min before the administration of 

oleic acid. 

 

4. Lung injury induced by barotrauma group: in 9 animals the injury was induced by 

ventilation volumes that reached a plateau pressure of 40 cm H2O at a respiratory 

rate of 60 strokes/minutes. 

 

The overall duration of mechanical ventilation in groups 2, 3 and 4 was of 2.5 hours. At the 

end of each experiment, all the animals were sacrificed by an intracardiac injection of 

potassium chloride and both of the lungs were removed through a median sternotomy. 

 

Anatomic, histologic and immunohistochemical studies 
 

The weight of each lung excised (expressed as weight of the lungs to weight of the rat ratio) 

was measured. Lung biopsies were collected from the rats of all groups and evaluated for 

morphologic changes. Lungs for histologic examination were inflated to 30 cm H2O twice 

and then to 10 cm H2O. Lung biopsies were fixed in phosphate-buffered formalin and 

embedded in paraffin. Five µm thick sections were performed and stained for routine 

histology (H&E, Masson’s Thricomic method, Giemsa) and immunohistochemistry. 

 

Immunohistochemistry was performed as previously described (24-26) in all biopsies with an 

indirect avidin-biotin complex immunoperoxidase method (Vectastasin Elite PK 6100, Vector, 

CA, USA) using a mouse-rabbit secondary antibody (LSAB code n° K0675, 

DakoCytomation, Denmark) and 3,3 diamminobenzidine (DAB code n° K4368, 

DakoCytomation, Denmark) as chromatic substrate. The following primary antibody was 

used: polyclonal rabbit anti-glucocorticoid receptor α antibody (Bioaffinity Reagents, Golden, 

Colo), 1/100, also using a microwave antigen retrieval step in citrate buffer 10 mM at pH 6.0. 
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For negative control preparations, the primary antibody was replaced by either non-specific 

rabbit immunoglobulin or Tris-buffered saline solution. 

  

Assessment and quantification of histologic staining  
 

Light microscopy was performed using a Olympus microscope (Olympus BH-2) at a 

magnification of X100. Twenty random fields were examined in each lung biopsy. Biopsies 

were scored for injury severity from 0 to 3 (with 0 meaning normal and 3 indicating the most 

severe injury) for the following histologic changes: alveolar and interstitial edema, vascular 

congestion, alveolar haemorrhage and emphysema. Specimens were scored for injury 

severity by a researcher blinded to the different groups. 

 

Twenty random fields were examined at X1000 for the destruction of alveolar attachments. 

Alveolar attachments were identified as the alveolar septa that extend from the outer wall of 

the nonrespiratory bronchioles. Those attachments showing rupture or discontinuity were 

defined as destroyed alveolar attachments. The number of destroyed alveolar attachments 

was expressed as a percentage over the total number of alveolar attachments. 

 

In addition, 20 random fields were examined at X1000 for the number of interstitial cells and 

the number of neutrophils (identified by their characteristic nucleus multilobulated and 

hyperchromic without nucleoli) were counted. Cells were expressed as cells/HPF. 

 
Assessment and quantification of immunohistochemical staining  
 

For each biopsy, all anti-glucocorticoid receptor α positively stained cells were counted in 20 

random HPF at the magnification of X1000. Cells were expressed as GRα positive 

cells/HPF. 

 
Statistical analysis 
 

Non-parametric statistical tests (Mann-Whitney U test) were used in the analysis. The 

median values and range are presented in the text and the accompanying figures and 

tables. Correlation coefficients were obtained by Spearman’s rank-order method. In all cases 

a value of p< 0.05 was considered significant. 
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RESULTS 

 
The weights of the rats’ lungs are reported in Fig.1 

  

Histologic evaluation results 

 

Histologic evidence of lung injury was present in all ventilated groups. Within 2.5 hours after 

starting ventilation there were notable histologic changes, such as alveolar and interstitial 

edema, vascular congestion, alveolar haemorrhage, emphysema (tab 1), destruction of 

alveolar attachments, increased number of interstitial cells and extensive infiltrate of 

neutrophils (tab 2) (Fig.2b and 2c). Histologic examination of the lungs demonstrated 

differences in lung injury among the groups. Lung injury was patchy in all groups.  There 

were fewer areas of normal lung in the barotrauma group. There was more lung inflation in 

the lungs of rats ventilated with the highest tidal volume than in other groups. In groups 2, 3 

and 4, there was a significant increase in the number of interstitial cells, neutrophils and 

destruction of alveolar attachments compared to group 1. The cell accumulation  was 

highest in barotrauma group (Fig. 3a, Fig. 3b and Fig. 3c). 

 

Immunohistochemical staining results 

 

Immunohistochemical staining was performed successfully. GRα expression significantly 

increased in the three ventilated groups compared with non ventilated groups and was 

highest in the barotrauma group (Fig 4a and 4b). The increased numbers of cells expressing 

GRα were mainly a reflection of an increase in infiltrating inflammatory cells and the number 

of GRα+ cells was strongly correlated with the number of neutrophils. However, also some 

resident cells showed an increased number of cells demonstrating GRα expression. 

 

The number of GRα+ cells was strongly correlated with the number of neutrophils 

(p<0.0001, r=0.65) (Figure 6a). We observed also a significant correlation between the 

number of neutrophils with the weight of the lung of rats (p=0.006, r=0.43) (Figure 6b) and 

the number of GRα+ cells with the weight of the lung of rats (p<0.009, r=0.42) (Figure 6c). 
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DISCUSSION 
 
In our experimental models, the histologic evaluation showed the main characteristics of 

ARDS syndrome with diffuse inflammation and increased microvascular permeability. In 

particular, these findings were prominent in lung injury induced by barotrauma. We can 

conclude that our experimental models are effective in the ARDS inflammation assessment. 

 

Our data showed that acute lung injury is associated with up-regulation of the inflammatory 

response and GRα overexpression. Barotrauma is the most effective mechanism inducing 

acute lung inflammation and GRα overexpression. 

 

Histologic changes are in accordance with literature findings. ARDS represents a classic 

example of a disease state in which the potential for tissue repair and the potential for tissue 

injury balance is shifted dramatically towards excessive tissue injury. This inflammatory 

response gives rise to significant pulmonary endothelial and epithelial cell injury. 

 

The acute lung damage following intravenous infusion of oleic acid has been studied as a 

model for the so-called chemical phase of post traumatic pulmonary fat embolism. Both the 

physiological and histological findings have been well studied. Despite the extensive work 

that has been done in examining oleic-acid-induced pulmonary changes, the precise 

mechanism of injury remain unclear (12). 

 

The adverse consequences of mechanical ventilation were traditionally thought to be due 

largely to mechanical factors, such as haemodynamic compromise from decreased venous 

return and/or barotrauma due to overdistension of the lung. More recently research has 

revealed more subtle types of ventilator-induced lung injury including diffuse alveolar 

damage and up-regulation of the inflammatory response. The latter is referred to as 

biotrauma. Ranieri et al. showed that mechanical ventilation can induce a cytokine response 

that may be attenuated by a strategy to minimize overdistension and 

recruitment/derecruitment (27). Experimental animal data clearly demonstrate that 

overstretching of lung cells and/or allowing recruitment/derecruitment of the lung can lead to 

an increase in lung cytokines (8,10,28). Ventilation-induced chemokine and cytokine release 

is associated with activation of NF-kB. Under conditions in which there is increased lung 
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permeability, these cytokines may translocate from the alveolar space to the systemic 

circulation. 

 

When we compared histologic changes of our two different experimental models (oleic acid 

and barotrauma), we found that biotrauma is the most effective model to obtain pathologic 

evidence of inflammation and increased microvascular permeability with an influx of large 

numbers of neutrophils into the lung. It is now believed that mediators derived from 

inflammatory cells create an injurious response directed against the microvasculature of the 

lung. The resultant injury leads to disruption of the alveolar-capillary interface and leakage of 

a protein-rich inflammatory exudate into the airspace. The inflammatory cell primarily 

implicated in this process is the neutrophil. 

 

Glucocorticoids are the most important natural inhibitors of inflammation (29,30). However, 

endogenous GCs are not always effective in suppressing ARDS inflammation. The failure to 

improve in ARDS (unresolving ARDS) is frequently associated with the activated GRs to 

downregulate the transcription of inflammatory cytokines despite elevated levels of 

circulating cortisol, a condition defined as systemic inflammation-associated acquired GC 

resistance and potentially reversible with prolonged GC supplementation. Meduri GU et al. 

have shown that, in patients with unresolving ARDS, normal peripheral blood leukocytes 

exposed to plasma samples collected during prolonged methylprednisolone treatment 

exhibited a progressive increase in cytoplasmic binding of GRα to NF-kB and a concomitant 

reduction in NF-kB binding to DNA and transcription of TNFα and the IL-1β (31). 

 

Failure to suppress inflammation could be due to tissue resistance to GCs or inadequacy of 

the level and duration of endogenous GC elevation to suppress host inflammatory response 

(32). GC-mediated resistance was originally described as a primary inherited familial 

syndrome, (33,34) and was recently recognized as an acquired condition. Several in vitro 

studies have shown that cytokines may induce resistance to GCs by reducing GR binding 

affinity to cortisol (35-37). Such abnormalities of GR function were demonstrated in T cells 

incubated with a combination of IL-2 and IL-4 (36), IL-1β, IL-6, interferon (INF)-γ (35) and IL-

13 (36). GC resistance was induced in a cytokine concentration-dependent fashion and was 

reversed by the removal of cytokines (36).  
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GR-mediated resistance in the presence of systemic inflammation was also studied in 

experimental models of sepsis and sepsis-induced ARDS. In a sheep model of sepsis-

induced ARDS (38-40), maximal binding capacity of GR decreased continuously after 

endotoxin infusion, while there was a marked elevation of cortisol levels (41). The reduced 

GR binding correlates negatively with phospholipase A2 activity, a gene that is stimulated by 

NF-kB. In a rat model of septic shock, GR blockade by minfepristone exacerbated the 

physiologic and pathologic changes induced by endotoxemia (42). Phospholipase A2  activity 

in rats with 80% GR blockade was more marked than in those with 50% GR blockade (42). 

Monocytes taken from patients with sepsis developed near total GC resistance in vitro when 

cytokines, especially IL-2, were added (38). Several inflammatory cytokines, including TNFα, 

IL-1β, and IL-6 activate NF-kB (41). It has been suggested that when cytokine-activated NF-

kB forms protein-protein complexes with activated GR, the availability and activity of 

effective GR molecules are reduced (42,43). This functional reduction in GR availability is 

associated with an increased number of GR (42,43). 

 

The increase in GRβ isoform expression is considered responsible for glucocorticoid 

resistance. However, in this case we did not observe any increase in the production of GRβ. 

related to resistance to GCs observed in different models of ALI. The lack of change in GRß 

expression is interesting as neutrophils have previously been reported to express high levels 

of GRß in man (44,45). This could reflect the possibility that in rat GRß has a distinct 

function compared to that in human. In this regard, we know that some animal models of 

systemic glucocorticoid resistance such as New World monkeys have approximately 10-fold 

higher GRß than GRα level (46) and, on the contrary, mice, known to be extremely steroid-

sensitive animals, do not appear to have GRß (47). 

 

We observed an increased number of GRα positive cells related to the increased number of 

neutrophils. However, neutrophils have previously been expressed in high levels of GRß in 

man (44,45). This could reflect the possibility that in rat GRß has a distinct function 

compared to that in humans. In this regard, we know that some animal models of systemic 

glucocorticoid resistance such as New World monkeys have approximately 10-fold higher 

GRß than GRα levels (46) and, on the contrary, mice, known to be extremely steroid-

sensitive animals, do not appear to have GRß (47). 
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The concept of acquired resistance can explain the significantly increased number of GRα 

positive cells that we found in the three ventilated groups compared with the non ventilated 

groups. In the barotrauma group, where the inflammatory changes were prominent, the 

number of GRα was highest.  
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Tables 

 
 
Table 1 - Histologic evaluation results  
 
Parameters 
(HPF) 

Non Ventilated 
Controls 

Ventilated  
Group 

Oleic Acid 
Group 

Barotrauma 
Group 

Vascular 
Congestion 

1 (0-1) 1 (0-2) 1 (0-3) 1 (1-2) 

Intraalveolar 
Edema 

0 (0-0) 0 (0-1) 1 (0-3) 1 (0-2) 

Intraalveolar 
Haemorrhage 

0 (0-0) 0 (0-0) 0 (0-2) 1 (0-1) 

Emphysema 0 (0-0) 1 (0-3) 0 (0-2) 2 (2-3) 
 

Interstitial 
Edema 

1 (0-1) 1 (0-3) 1 (0-3) 1 (1-1) 

Values were expressed as median (range) 
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Table 2 - Histologic evaluation results  
 
Parameters 
(HPF) 

Non Ventilated 
Controls 

Ventilated  
Group 

Oleic Acid 
Group 

Barotrauma 
Group 

 
Interstitial 
cells 
 

 
17.90 

(17.50-21.00) 

 
39.80  

(24.00-49.60) 
 

 
32.50 

(22.40-44.60) 

 
27.40 

(22.50-65.50) 

 
Neutrophils 
 

 
0.85 

(0.80-0.90) 

 
1.20 

(1.00-1.90) 

 
1.80 

(0.50-3.80) 

 
3.60 

(2.80-7.50) 
 

Destruction of 
alveolar 
attachments 

 
11.75 

(10.80-14.20) 

 
18.70 

(13.40-26.30) 

 
20.60 

(13.10-26.40) 

 
17.20 

(14.80-24.90) 
 

Values were expressed as median (range) 
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Figure captions 
 
Fig. 1 The weights of the rats’ lungs in ventilated, oleic acid and barotrauma groups. 

 

Fig. 2 

a) Hematoxylin-eosin staining. Microphotograph from control animals. 

b) Hematoxylin-eosin staining. Microphotograph showing an intense rupture of septal walls 

in a rat ventilated with high inflation flow (arrows).  Original magnification x100. 

c) Hematoxylin-eosin staining. Microphotograph showing an intense cellular infiltration within 

the alveolar walls from a rat ventilated with high inflation flow. There is interstitial and 

intraalveolar edema (solid line arrows) and some haemorrhage (intermitted line arrows). 

Rupture of septal walls is also present (arrow points). Original magnification x200. 

 

Fig.3 

Number of interstitial cells (a), neutrophils (b) and destruction of alveolar attachments (c) in 

the lungs of ventilated, oleic acid and barotrauma groups compared to control group.  

 

Fig.4 

Immunohistochemistry staining of lung tissue for expression of GRα. Representative images 

of GRα immunostaining in lung preparations from non-ventilated rat lung (a) compared with 

rat lung from barotrauma group (b). Note the increased number of GRα immunoreactive 

cells in alveolar walls of the lung from barotrauma rat group (b) (brown spots) compared with 

the lung from non-ventilated rat group (a) (brown spots indicated by arrows).  

 

Fig. 5 

GRα (a) expression in the lungs of three ventilated experimental groups compared with non 

ventilated group. 

 

Fig. 6 

Correlation between the number of GRα+ cells and the number of neutrophils (a), the 

number of neutrophils with the weight of the lung of rats (b) and the number of GRα+ cells 

with the weight of the lung of rats (c).  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

0 1 2 3 4 5 6
0
1
2
3
4
5
6
7
8

Neutrophils vs GRα

p<0.0001

GRα

ne
ut

ro
ph

ils

0.00 0.25 0.50 0.75 1.00 1.25
0
1
2
3
4
5
6
7
8

Weight vs neutrophils

p=0.006

Corrected Lung Weight

ne
ut

ro
ph

ils

weight vs GRα

0 1 2 3 4 5 6
0

1

2

3

4

5

6

p=0.009

Corrected Lung Weight

G
R
α

fig 6a

fig 6b

fig 6c

 

 27


