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Abstract
Objective: To study the effects of short-term exposure to high oxygen concentrations (hyperoxia) on Wistar rat lungs. Methods: Animals were 
divided into three groups exposed to hyperoxia for 10’, 30’ and 90’ (O10’, O30’, O90’, respectively), together with a control group (exposed to 
room air). The animals were sacrificed 24 h after exposure. Bronchoalveolar lavage was performed, and the lungs were removed for histological 
and stereological analysis. Results: In the O10’, O30’, and O90’ groups, respectively and in comparison with the controls, we observed an 
increase in the numbers of macrophages (2169.9 ± 118.0, 1560.5 ± 107.0, and 1467.6 ± 39.0 vs. 781.3 ± 78.3) and neutrophils (396.3 ± 35.4, 
338.4 ± 17.3, and 388.7 ± 11.7 vs. 61.6 ± 4.2), concomitant with an increase in oxidative damage (143.0 ± 7.8%, 180.4 ± 5.6%, and 
235.0 ± 13.7 vs. 100.6 ± 1.7%). The histological and stereological analyses revealed normal alveoli and alveolar septa in the controls 
(83.51 ± 1.20% and 15 ± 1.21%), in the O10’ group (81.32 ± 0.51% and 16.64 ± 0.70%), and in the O30’ group (78.75 ± 0.54% and 
17.73 ± 0.26%). However, in the O90’ group, inflammatory cell infiltration was observed in the alveoli and alveolar septa. Red blood cells 
extravasated from capillaries to the alveoli (59.06 ± 1.22%), with evidence of congestion, hemorrhage, and septal edema (35.15 ± 0.69%). 
Conclusion: Hyperoxia for 90’ caused injury of the lung parenchyma, resulting in oxidative damage and inflammatory cell infiltration. 
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light/dark cycles (artificial light from 7 pm to 7 am), 
and exhaust for 15 min/h. The animals were divided 
into the following groups:

•	Control	 group	 –	 rats	 exposed	 to	 the	 same	
conditions as the experimental group in room 
air;

•	O10’	 group	 –	 rats	 exposed	 to	 hyperoxia	 for	
10 min;

•	O30’	 group	 –	 rats	 exposed	 to	 hyperoxia	 for	
30 min; and

•	O90’	 group	 –	 rats	 exposed	 to	 hyperoxia	 for	
90 min.

The animals received balanced standard food 
and water ad libtum throughout the experimental 
period. This project was approved by the ethics 
committee for studies with laboratory animals of 
the Roberto Alcântara Gomes Institute of Biology, 
Rio de Janeiro State University. 

Oxygen exposure

In order to expose the animals to hyperoxia, an 
acrylic inhalation chamber was used (length = 30 cm, 
width = 20 cm, and height = 15 cm). The 100% 
oxygen was acquired from White Martins® (White 
Martins Praxair Inc., São Paulo, Brazil). The oxygen 
tank was coupled to the inhalation chamber using 
a silicon conduit. The oxygen was released into the 
chamber at a constant flow rate of 5 L/min, thereby 
ensuring an oxygen supply that saturated the 
environment. After the space had been filled with 
oxygen, each rat except those in the control group 
(which inhaled room air) were placed in the inhala-
tion chamber and removed after 10, 30, or 90 min.

Histology

The animals were sacrificed one day after the 
end of the experiment with an i.p. injection with 
50 mg/kg of thiopental (Eron, C., Havana, Cuba). 
The left lung was clamped, and the right lung was 
fixed with 10% buffered formalin (Vetec Química 
Fina, Duque de Caxias, Brazil) introduced through 
a tube inserted into the right mainstem bronchus, 
with the pressure continuously maintained at of 
25 cm H2O using a pump (Sykam, Gewerbering, 
Germany). After the formalin instillation, the right 
mainstem bronchus was clamped. The right lung 
was removed en bloc, after which it was immersed 
in a fixing solution for 48 h, processed according 
to the laboratory routine in increasing alcohol 

Introduction

Supplemental oxygen is typically administered 
to individuals with severe heart or lung disease 
who required increased oxygen availability for 
the  treatment of tissue hypoxia.(1) However, expo-
sure to high concentrations of oxygen (>50%) for 
prolonged periods causes acute hyperoxic lung 
injury.(2) This response is characterized by damage 
to the epithelium and endothelium, with extravasa-
tion of proteins.(3) Studies have shown that reactive 
oxygen species are partially responsible for these 
effects, leading to cell death by necrosis.(4)

High concentrations of supplemental oxygen 
cause noncardiogenic lung edema,(5) forma-
tion of hyaline membrane,(6) damage to the 
type 1 pneumocyte,(7) type 2  pneumocyte hyperpla
sia,(8) neutrophil infiltration,(9) alveolar hemorrhage, 
and thickening of the alveolar septum.(10) These 
changes in the lungs are mediated by oxidative 
stress with protein oxidation, lipid peroxidation of 
the membrane, and rupture of the DNA strand.(11) 
In addition, hyperoxia causes release of a great 
number of pro-inflammatory cytokines, such as the 
tumor necrosis factor alpha (TNF-α) and interleukin 
1-beta.(12) The exact mechanisms of oxygen toxicity 
in the lung are complex, and evidence suggests that 
reactive oxygen species, such as superoxide anion, 
the hydroxyl radical, and hydrogen peroxide, are 
important mediators of lung injury.(13,14)

However, studies with time variance maintaining 
a high concentration of oxygen are rare, and the 
main focus has been the variance or concentra-
tion of supplemental oxygen. In this study, we 
focused on inflammatory cell kinetics, the histo-
logical pattern, the stereological analysis, and the 
oxidative damage induced by supplementation of a 
high concentration of oxygen, in different periods, 
acutely, in Wistar rat lungs. 

Methods

Animals

We used 20 eight-week-old (180-200 g) male 
Wistar rats, divided into groups of five animals per 
cage, housed in the animal facilities of the Research 
Center at the Adventist School of Bahia, with 
controlled temperature and humidity (21 ± 2 °C and 
50 ± 10%, respectively), submitted to inverted 12 h 
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reacts with oxidative lipids, generating malondial-
dehyde.(15) An aliquot (300 µL) of bronchoalveolar 
lavage was centrifuged, and the supernatant was 
evaluated. The supernatant was added to 300 µL of 
8.1% dodecyl sodium sulfate (Sigma), agitated and 
stored on crushed ice for 15 min. After centrifu-
gation at 2000 rpm for 10 min, the supernatant 
was incubated with a solution of 300 µL of 0.8% 
thiobarbituric acid (Sigma) + 300 µL of 20% acetic 
acid, pH 3.5, for 1 h at 90 °C. The content was read 
at 532 nm using a Beckman Spectrophotometer 
(model DU 640; Coulter Electronics).

Statistical analysis

Data are expressed as mean ± standard deviation. 
The differences between the groups in the broncho-
alveolar lavage and TBARS variables were tested using 
the one-way analysis of variance. The intergroup 
differences were tested using the Student-Newman-
Keuls post-test. The stereology variables differences 
were tested using the Kruskal-Wallis test followed by 
Dunn’s post-test. In both tests, values of p < 0.05 
were considered statistically significant.

Results

Histology

In the control group, we observed preserved 
alveolar septa and fully-formed capillaries with 
normal-size alveoli, without inflammatory infil-
trate (Figure 1a). In the O10’ group, we observed 
a histological pattern very similar to that seen in 
the control group, without evident abnormali-
ties (Figure 1b). However, in the O30’ group, we 
observed some inflammatory cells in the alveoli and 
slightly thickened alveolar septum, with evident 
inflammatory infiltrate (Figure 1c). Despite these 
changes, the lung architecture did not change. 
In the O90’ group, the extravasation of red blood 
cells from the capillaries, turgid septa, and a large 
quantity of inflammatory cells in the alveoli were 
evident (Figure 1d). The image suggests congestion 
and hemorrhage without impairment of the lung 
architecture.

Stereology

The stereology results are shown in Table 1. 
No differences were observed between the control 

concentrations, cleared in xylene, and embedded in 
paraffin to obtain fragments from the apex, middle 
third, and base. Sections (5 mm in thickness) were 
stained with hematoxylin and eosin, as well as with 
Giemsa (Sigma, St. Louis, MO, USA).

Stereology

In order to obtain uniform and proportional 
lung samples, 18 fields (six non-overlapping fields 
in three different slides) were randomly analyzed 
with the use of a Zeiss-Axioplan video microscope 
fitted with a 20× objective (Carl Zeiss, Oberkochen, 
Germany) and a video camera (Trinitron; Sony, 
San Diego, CA, USA) connected to a color monitor 
(Trinitron; Sony). A test system (16 cycloid arches 
and 16 points) was superimposed on the monitor, 
and the reference volume was estimated by point 
counts. The points coinciding with the alveolar 
septum, alveoli or leukocytes (macrophages, 
neutrophils, or lymphocytes) were counted to esti-
mate de volume density of these structures. A total 
area of 1.94 mm2 was analyzed in order to deter-
mine the volume density of the alveolar septum and 
the alveoli in the slides stained with hematoxylin 
and eosin, as well as that of the leukocytes in the 
slides stained with Giemsa. Two researchers counted 
the unidentified slides at different times.(15)

Bronchoalveolar lavage

The left lung underwent lavage once with 2 mL 
of saline solution through a tube inserted into the 
left mainstem bronchus. Soon thereafter, the samples 
were placed on crushed ice in order to avoid cell lysis. 
Subsequently, 100 µL of the bronchoalveolar lavage 
fluid from each animal were added to 10 mL of 
Isoton (Coulter Electronics, Fullerton, CA, USA) and 
counted in a cytometer (Coulter Electronics), after 
which 250 µL of the samples were cytocentrifuged 
(Shandon, Waltham, MA, USA) at 800 rpm/min. 
After obtaining the slides, a leukocyte staining kit 
(Diff-Quik, Baxter Dade, Dudingen, Switzerland) was 
used, and a total of 200 cells per slide were analyzed 
in order to obtain the differential count.(15)

Oxidative damage analysis

The bronchoalveolar lavage supernatant was 
used in order to analyze the thiobarbituric acid 
reactive substances (TBARS). Thiobarbituric acid 
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(35.15 ± 0.69%, p < 0.01), as well as greater leuko-
cyte volume density (5.78 ± 0.68%, p < 0.01).

Bronchoalveolar lavage

A higher number of alveolar macrophages was 
observed (103/mL) in the O10’ group (216.9 ± 118.7), 
which was lower in the O30’ group (1560.5 ± 107.4), 
and in the O90’ group (1467.6 ± 39.3), when 
compared with the control group (781.32 ± 78.3). 
In addition, the groups exposed to oxygen were 
statistically different from the control group, with 
a p < 0.001 (Figure 2). We found that neutrophil 

group and the O10’ or O30’ study groups in 
terms of the volume density of the alveoli, alve-
olar septa, and leukocytes, respectively: control: 
83.51 ± 1.20%, 15 ± 1.21%, and 1.48 ± 0.22%; 
O10’ group: 81.32 ± 0.51%, 16.64 ± 0.70%, and 
2.02 ± 0.23%; and O30’ group: 78.75 ± 0.54%, 
17.73 ± 0.26%, and 3.51 ± 0.32%. However, in the 
O90’ group, when compared with the control group, 
we observed significantly lower alveoli volume 
density (59.06 ± 1.22%, p < 0.01), concomitant to 
significantly greater alveolar septa volume density 
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Figure 1 - Histology: a) control group with preserved alveolar septa (red arrows), fully-formed capillaries and normal-
size alveoli (A) with no inflammatory infiltrate (hematoxylin and eosin, 400×); b) O10’ group with histological 
pattern similar to the control group with no evident abnormalities (hematoxylin and eosin, 400×); c) O30’ group 
with small inflammatory infiltrate in the alveoli (arrows) and slightly thickened alveolar septum (red arrow) with 
evident inflammatory infiltrate (hematoxylin and eosin, 400×); and d) O90’ group with extravasation of red blood cells 
from capillaries, turgid septa (black arrows) and inflammatory cells in the alveoli (arrows) with image suggestive of 
congestion/hemorrhage, and no alteration of the lung architecture. (hematoxylin and eosin, 400×). Bar = 100 µm.
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the possible implications of altered lung architec-
ture induced by high concentrations of oxygen in 
humans should not be ignored.

Our results agree with one study in which the 
histological analysis of rat lungs submitted to hyper-
oxia revealed an increase in the number of alveolar 
macrophages and the number of type 2 epithelial 
cells.(16) Moderate alveolar exudate and increased 
air spaces were observed. However, the histolog-
ical changes appeared earlier in our animals. The 
prolonged exposure to high concentrations of oxygen 
(>50% of oxygen) during an intensive adjustment of 
precautions to maintain the optimal arterial oxygen 
tension can lead to progressive lung injury.(17,18) 
Macrophages, neutrophils, and lymphocytes are 
involved in this process. In animals exposed to 
oxygen >95% for 72 h, a decrease in the number 
of alveolar macrophages was observed, concomitant 
to an increase in the number of neutrophils and 
lymphocytes compared with the animals exposed to 
room air.(19) Our results demonstrate that neutrophil 
counts were higher in the group exposed to 100% 
hyperoxia than in the control group. However, no 
significant differences were observed in relation to 
lymphocyte counts. Nevertheless, we also observed 
an increase in the number of alveolar macrophages 
in the first group (O10’), which reduced as the 
oxygen exposure increased. The result observed in 
the bronchoalveolar lavage was not identical to the 
leukocyte volume density. We believe that as the 
O90’ group suffered pathological changes induced 
by hyperoxia, the lavage result principally reflects 
the conditions of the influx of cells from bronchi 
and bronchioles. We suggest that a longer period 
of hyperoxia (two to four days) might reduce the 
number of alveolar macrophages. This supposi-
tion might be confirmed by the results of another 
study,(20) in which high numbers of neutrophils and 
lymphocytes were also found, together with lower 
numbers of alveolar macrophages, in the lungs of 
rats exposed to hyperoxia for 64 h.

The exposure of alveolar macrophages to 
oxygen under normal conditions is approximately 
13%. However, in circumstances of exposure to 
supplemental oxygen (for example, in patients 
with acute diseases), macrophages can be exposed 
to up to 90% of oxygen. It is known that macro-
phages, under oxidative stress conditions such as 
exposure to cigarette smoke, survive for prolonged 
periods in the lung.(21) In contrast, in vitro macro-

counts were consistently higher in the O10’, O30’, 
and O90’ groups (396.3 ± 35.4, 338.4 ± 17.6, and 
388.7 ± 11.7, respectively) than in the control group 
(61.6 ± 4.2), with p < 0.001 for all groups exposed 
to oxygen (Figure 2). 

Oxidative damage analysis

The oxidative damage was evaluated by quan-
tifying TBARS (Figure 3). The control group value 
was considered 100% and those for the other 
groups as variations from the control group value. 
We found TBARS to be lower in the control group 
(100.6 ± 1.7) than in the O10’ group (143 ± 7.8, 
p < 0.05), O30’ group (180.4 ± 5.6, p < 0.001), or 
O90’ group (235 ± 13.7, p < 0.001).

Discussion

Oxygen supplementation is widely prescribed 
by intensive care unit professionals. When correctly 
administered, it can save lives. However, oxygen 
is often supplied without an accurate evalua-
tion of its potential benefits and side effects. As 
any other drug, there are clear indications for the 
treatment with oxygen and appropriate methods 
for its administration. An inappropriate dose and 
failure to monitor this kind of treatment can have 
severe consequences. Careful monitoring to rapidly 
detect and correct any adverse effects is essen-
tial. The results of this study show an undesirable 
effect of oxygen supplied in high concentrations 
in parameters such as histology, stereology, bron-
choalveolar lavage, and oxidative damage. Despite 
the influx of inflammatory cells and the oxidative 
damage observed in one acute experimental study, 

Table 1 - Stereological analysis of alveoli, alveolar septa, 
and leukocytes in the control group and in the groups 
exposed to oxygen in different periods.

Groups Stereology
VvA (%) VvAS (%) VvL (%)

Control 83.51 ± 1.20 15.00 ± 1.21 1.48 ± 0.22
O10’ 81.32 ± 0.51 16.64 ± 0.70 2.02 ± 0.23
O30’ 78.75 ± 0.54 17.73 ± 0.26 3.51 ± 0.32
O90’ 59.06 ± 1.22a 35.15 ± 0.69a 5.78 ± 0.68a

VvA: alveoli volume density; VvAS: alveolar septa volume 
density; VvL: leukocyte volume density; O10’: exposed to hyper-
oxia for 10 min; O30’: exposed to hyperoxia for 30 min; and 
O90’: exposed to hyperoxia for 90 min; and ap < 0.01 vs. control 
group.
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shown that IFN-γ induces apoptosis in several cell 
types, including lung epithelial cells, and mediates 
lung injury.(9)

The pathogenesis of hyperoxia-induced lung 
injury is not well known. However, it is believed to be 
mediated by the direct damage to the cell through 
the generation of reactive oxygen species.(27,28) It 
is generally accepted that the increased produc-
tion of reactive oxygen species play an important 
role in triggering lung injury during exposure to 
hyperoxia.(29) Oxidative damage can be evinced by 
TBARS-induced peroxidation of lipids in the lung.(30) 
One study demonstrated a pronounced increase in 
TBARS concentration (146.0 ± 62.0 nmol/mL) in rats 
exposed to hyperoxia when compared with those in 
normoxia (35.0 ± 14.0 nmol/mL), and the supply 
of oxygen at 60% (31.0 ± 17.0 nmol/mL).(29) We 
observed that Wistar rats exposed to hyperoxia for 
10, 30, or 90 min present greater oxidative damage, 
as analyzed through quantification of TBARS, and 
that this damage progresses in parallel with the dura-
tion of exposure. The maximum oxidative damage 
observed in the O90’ group is consistent with the 
leukocyte volume density, emphasizing that, in this 
case, this response could also be explained by the 
accumulation of leukocytes in the alveolar septum. 
Although it was not possible to determine which 
reactive oxygen species were involved in the produc-
tion of oxidative damage, we believe that oxygen 

plays a crucial role.

phages (RAW macrophages) survive prolonged 
periods of hyperoxia when accompanied by extra-
cellular signal-regulated kinases (ERKs). As shown 
in another study,(22) macrophage survival after 24 h 
of hyperoxia was near 100%. However, macrophage 
survival after 24 h of hyperoxia with ERK inhibi-
tion was significantly reduced (≈60%) (p < 0.05). 
These data support the hypothesis that hyperoxia 
leads to ERK activation, which is a crucial indicator 
of sustained macrophage vitality.

The activation of inflammatory cells causes the 
release of reactive oxygen species and pro-inflamma-
tory cytokines, resulting in endothelial dysfunction, 
formation of edema in the alveolar tissue, and 
surfactant inactivation.(23) In the present study, it 
was not possible to determine the levels of cytokines 
involved in the inflammatory process or to study the 
nuclear factors involved in the activation of these 
cells. However, pro-inflammatory cytokines, such 
as TNF-α and interferon gama (IFN-γ), can trigger 
the process of lung injury. Recent studies detected 
increased concentrations of TNF-α e IFN-γ in the 
lungs of animals exposed to hyperoxia before the 
neutrophil infiltration became evident.(24) Another 
study showed that rats not expressing the TNF 
receptor, the TNF I receptor, or the TNF II receptor 
remain susceptible to hyperoxia, suggesting that 
TNF-α is not a key molecule in hyperoxia-induced 
lung injury.(25) It is known that IFN-γ is released in the 
lung by inflammatory cells, including lymphocytes, 
after exposure to hyperoxia.(26) Various studies have 
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Figure 2 - Analysis of the bronchoalveolar lavage (BAL) 
showing the time-dependent effect of hyperoxia on 
the influx of inflammatory cells into Wistar rat lungs; 
ap < 0.001 vs. controls; and bp < 0.001 vs. controls.
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Figure 3 - Time-dependent effect of hyperoxia on the 
oxidative damage analyzed by quantifying thiobarbituric 
acid reactive substances (TBARS); ap < 0.05 vs. controls; 
bp < 0.001 vs. controls.
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The results of this study suggest that the expo-
sure to hyperoxia is prejudicial and harmful to 
Wistar rat lungs. It was not possible to ensure in this 
study that 100% hyperoxia was achieved. However, 
we believe that the concentration of oxygen in the 
exposure chamber should have approached almost 
this value. We suggest that time is an important and 
crucial factor in the process of hyperoxia- induced 
injury. The observation of this model is likely to be 
extended to human beings, although the intro-
duction of doses and duration remain less than 
fully clarified. The pathophysiological mechanisms 
involved in the lung injury induced by oxygen are 
complex. Nevertheless, we suggest that, even in an 
acute phase, oxygen supplementation has delete-
rious effect for the lung.
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