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Background: In acute lung injury (ALI), rupture of the alveolar-capillary barrier determines the protein-rich 

fluid influx into alveolar spaces. Previous studies have reported that methylene blue (MB) attenuates such injuries. 

This investigation was carried out to study the MB effects in pulmonary capillary permeability.

Methods: Wistar rats were divided into five groups: (I) Sham: saline bolus; (II) MB, MB infusion for 2 h; (III) 

oleic acid (OA), OA bolus; (IV) MB/OA, MB infusion for 2 h, and at 5 min after from the beginning, concurrently 

with an OA bolus; and (V) OA/MB, OA bolus, and after 2 h, MB infusion for 2 h. After 4 h, blood, bronchoalveolar 

lavage (BAL), and lung tissue were collected from all groups for analysis of plasma and tissue nitric oxide, 

calculation of the wet weight to dry weight ratio (WW/DW), and histological examination of lung tissue. Statistical 

analysis was performed using nonparametric test.

Results: Although favourable trends have been observed for permeability improvement parameters (WW/WD 

and protein), the results were not statistically significant. However, histological analysis of lung tissue showed 

reduced lesion areas in both pre- and post-treatment groups. 

Conclusions: The data collected using this experimental model was favourable only through macroscopic and 

histological analysis. These observations are valid for both MB infusions before or after induction of ALI.
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Introduction

Under physiological conditions, the pulmonary endothelium 
forms a semipermeable barrier against the surrounding 
tissue and controls the dynamics of the exchange of fluid and 
macromolecules between the blood and the interstitium (1). 
The permeability of the pulmonary endothelium plays a vital 
role in the regulation of normal tissue homoeostasis and the 
maintenance of lung function (2).

Acute lung injury (ALI) is a term used to describe the 
response to direct or indirect injury to the lungs. In ALI, 

rupture of the alveolar-capillary barrier determines the 
protein-rich fluid influx into alveolar spaces (3), and in the 
process of resolving ALI, this fluid must be reabsorbed (4) 
Intravenous infusion of oleic acid (OA) in rats acutely causes 
diffuse alveolar oedema and intra-alveolar hemorrhagic foci 
and serves as an outstanding model of ALI induction (5-8).

Previous studies have reported that methylene blue 
(MB) attenuates the aforementioned injuries and exerts 
a protective effect in lung tissue and reduces the oedema 
present in ALI as a result of sepsis; MB produces its effect 
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by inhibiting the enzyme soluble guanylate cyclase (sGC), 
an activator of the nitric oxide/cyclic guanosine 3'–5' 
monophosphate (NO/cGMP) pathway (9-11).

This study was conducted to enhance our understanding 
of how sGC inhibition by MB potentially affects pulmonary 
capillary permeability through its effect on the NO/cGMP 
pathway. The primary objective was to determine the effect 
of MB as a prophylaxis and treatment of pulmonary oedema 
in ALI, and MB was administered before and after inducing 
lung injury in rats by using OA.

Methods

Animals

Male Wistar rats (200–300 g) used in this study were 
obtained from the Central Animal Facility of the Campus of 
Ribeirão Preto, University of São Paulo (USP). The animals 
were housed under a controlled temperature (22–25 ℃) and 
a 12:12-h light/dark cycle and allowed free access to water 
and food. All protocols conformed to the guidelines of the 
Ethics Committee on Animal Experimentation (CETEA), 
Ribeirão Preto Faculty of Medicine (FMRP).

Experimental design

All animals were premedicated with an intraperitoneal 
injection of urethane (2 mg/kg). Arterial and venous access 
was obtained by drying and cannulating the left femoral 
artery and vein. After arterial blood samples were collected, 
the animals were sacrificed by exsanguination.

The animals were randomly divided into five groups: (I) 
Sham, infused with a saline bolus; (II) MB, infused with MB 
for 2 h; (III) OA, infused with an OA bolus; (IV) MB/OA, 
infused with MB for 2 h, and at 5 min after the beginning, 
concurrently infused with an OA bolus; and (V) OA/MB, 
infused with an OA bolus, and after 2 h, infused with MB for 
2 h. After 4 h, blood, bronchoalveolar lavage (BAL), and lung 
tissue were collected from all groups for analysis of plasma and 
tissue NO, calculation of the wet weight to dry weight ratio 
(WW/DW), and histological examination of lung tissue.

Induction of acute lung injury (ALI)

For ALI induction, the animals received an intravenous (iv) 
infusion of 70 mg/kg of OA (Sigma Chemical Company, St. 
Louis, MO, USA) in a bolus through the left femoral vein. 
The control group received saline instead of OA.

Treatment with methylene blue (MB)

Following ALI induction, the animals of the treatment groups 
were administered an iv infusion of a 3-mg/kg MB bolus 
followed by infusion of 3 mg/kg/h of MB (Sigma Chemical 
Company) through the left femoral vein by using an infusion 
pump (Syringe Infusion Pump, Harvard Apparatus, South 
Natick, MA, USA). The infusion time was 2 h.

Collection of arterial blood samples

Blood samples were collected, placed in a heparinized 
tube (1:20), and centrifuged (2,500 rpm, 4 ℃, 15 min) to 
separate the plasma. The plasma sample was transferred to 
a polypropylene tube that was placed immediately in liquid 
nitrogen and the sample was then stored in a freezer (−70 ℃) 
for subsequent determination of nitrite/nitrate (NOx).

Collection of bronchoalveolar lavage (BAL)

After the animals were sacrificed, the chest was opened, and 
the trachea and lungs were dissected and removed en bloc 
and cut nearly 2 cm above the carina. For BAL collection, a 
tracheal suction probe was inserted selectively in the left lung 
to instil1 mL of sodium chloride (NaCl, 0.9%) and aspirate 
liquid by using a 2-mL hypodermic syringe. Half the instilled 
volume was collected for analysis, and the sample was stored 
(−70 ℃) for subsequent determination of total protein.

Indirect determination of NO through measurement of 
nitrite (NO2

−) and nitrate (NO3
−) and plasma and tissue 

(NOx)

The upper lobe of the right lung was dissected and the sample 
was placed in a polypropylene tube, frozen immediately in 
liquid nitrogen, and then stored in a freezer (−70 ℃) for 
subsequent determination of NOx. Plasma and lung tissue 
NO levels were measured indirectly by determining serum 
nitrite and nitrate concentrations by using a Sievers NO 
Analyser 280Â (Sievers, Boulder, CO, USA).

Analysis of wet lung weight to dry weight ratio

The lower lobe of the right lung was dissected and weighed 
on an analytical balance (accurate to 0.001 g) to maintain 
the wet weight. The sample was then placed in a drying 
oven and sterilised for 60 ℃ for 24 h and weighed again to 
obtain the dry weight. The obtained weights were used to 



Annals of Translational Medicine, Vol 4, No 1 January 2016 Page 3 of 9

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2016;4(1):8www.atmjournal.org

calculate the WW/DW values.

Histological analysis

The middle lobe of the right lung was collected and cut 
longitudinally. A 2-mm-thick central slice was fixed in 10% 
(v/v) buffered formalin for 24 h and then progressively 
dehydrated [from alcohol at low concentration of absolute 

alcohol: (v/v) 50%, 70%, 80%, 90%, 95%, and 100%], 
and this was followed by leaf clearing in xylene and 
embedding in paraffin. Next, 3-mm sections were cut using 
a microtome (Microtome 2040, Reichert-Jung, Germany), 
placed on slides, and stained with hematoxylin/eosin (HE) 
for histological analysis by using light microscopy.

Morphometric analysis

Morphometric analyses were performed by a researcher 
who was blinded to the protocol design (CTS); for the 
analyses, the researcher used Leica QWin software 
(Leica Microsystems Image Solutions, Cambridge, UK) 
in conjunction with a Leica DMR microscope (Leica, 
Microsystems GmbH, Wetzlar Germany), a video camera 
(Leica Microsystems Ltd, Heebrugg, Switzerland), and an 
online computer. To evaluate ALI, we determined the surface 
density of the oedema by using the optical density measured 
in the image analysis (Leica QWin software). The thresholds 
for oedema were established for each slide after enhancing 
the contrast to a point at which the oedema could be readily 
identified as pink fluid. For the analysis, 5 randomly selected, 
non-coincident fields were measured in 5 animals from each 
group, at 200× magnification across a total area of 1.25 mm2.

Statistical analysis

Data are expressed as median and the range between the 
25% and 75% quartiles. Statistical analysis was carried out 
with nonparametric (Wilcoxon, Mann-Whitney) tests, and 
results were considered statistically significant when P<0.05. 
Also, a comparison between experimental groups with 
the Sham group was carried out using the Steel method, 
followed the adjusted power for each group (It is considered 
as significant alpha of 5%). The statistical analysis and the 
graphs were performed with the aid of the software JMP 12 
for Mac (SAS Institute, Cary, NC, USA).

Results

Pulmonary permeability

The proteins in BAL and the relative value WW/DW were 
increased in the OA group. MB treatment reduced both 
BAL proteins and WW/DW values when administered 
before and after OA; however, any group showed a 
statistically significant reduction in protein leakage into 
BAL or WW/DW (Figures 1,2).
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Figure 1 Determination of total protein in BAL. Sham group, 
n=10; MB group, n=11; OA group, n=11; MB/OA group, n=11; 
OA/MB group, n=9. Results are expressed as median and 25% 
and 75% quartiles. Power adjustment for Sham vs. OA was 97%, 
α=0.05, P=0.046. Box plot: red, mediam, percentuals and total 
variation; green, mean; blue, mean and standard errors. BAL, 
bronchoalveolar lavage; OA, oleic acid; MB, methylene blue.
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Figure 2 Determination of WW/WD. Sham group, n=10; MB 
group, n=11; OA group, n=11; MB/OA group, n=11; OA/MB group, 
n=9. Results are expressed as median and 25% and 75% quartiles. 
Power adjustment for Sham vs. OA was 97%, α=0.05, P=0.012. Box 
plot: red, mediam, percentuals and total variation; green, mean; blue, 
mean and standard errors. OA, oleic acid; MB, methylene blue.
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Tissue and plasma (NOx)

Tissue NOx levels were increased in the OA group. MB 
treatment both before and after OA administration reduced 
NOx to control levels (Figure 3). However, the difference 
was not statistically significant. Moreover, no difference in 
plasma NOx levels was observed (Figure 3).

Macroscopic and microscopic changes in the lung

Macroscopically, the OA group showed severe and diffuse 
congestion (Figure 4). Microscopic analysis revealed intense 
capillary congestion, accompanied by multiple foci of 
alveolar oedema, intra-alveolar proteinaceous exudates, areas 
of hemorrhage, and neutrophilic inflammatory infiltrate 
in both the interstitium and the alveolar septa. Notably, 
foci of coagulation necrosis were present in the alveolar 
septa related to the mentioned areas of injury. At certain 

points, the process was even more pronounced and revealed 
alveolar collapse and deposits of the hyaline membrane. In 
the MB/OA and OA/MB groups, the changes were similar 
but comparatively smaller. The crucial difference was the 
reduction in the areas of edema, exudation, and hemorrhage. 
However, septal necrosis was still detected and was even 
more readily visualised. The Sham and MB groups showed 
no substantial changes (Figures 5,6).

Discussion

In ALI, the integrity of the vascular endothelial barrier is 
compromised; this leads to increased vascular permeability 
and an influx of protein-rich fluid into alveolar spaces. 
This study was conducted to assess the effects produced by 
MB in the lung tissue—particularly the effect on capillary 
permeability—through the inhibition of GCs in mice with 

Figure 3 Determination of NOx tissue and NOx plasma. Sham group, n=10; MB group, n=11; OA group, n=11; MB/OA group, n=11; 
OA/MB group, n=9. Results are expressed as median and 25% and 75% quartiles. Power adjustment for NOx tissue was 62% and for NOx 
plasma was 58%, α=0.05. No significant difference was found. Box plot: red, mediam, percentuals and total variation; green, mean; blue, 
mean and standard errors.
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Figure 4 Macroscopic images of lung tissue. (A) Sham; (B) OA; (C) MB/OA; (D) OA/MB. (B) The image shows armed, congested, and 
heavy lungs characteristic of intra-alveolar oedema, and dark subpleural areas suggesting haemorrhage. (C) A notable reduction of oedema 
and congestionis observed, but foci of oedema and haemorrhage remain. (D) A decrease of oedema and congestionis detected, but the foci of 
oedema and haemorrhage are now comparatively more prominent. OA, oleic acid; MB, methylene blue.
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Figure 5 Panoramic images of the lungs shown to compare the groups analysed. (A) Sham group: lungs show no marked changes. (B) MB group: 
lungs show no notable changes. (C) OA group: extensive areasshow high levels of congestion, intra-alveolar oedema, and alveolar collapse. (D) MB/
OA group: congestion and foci of parenchymal necrosis are present, but a marked reduction of oedema, fluid, or proteinaceous exudate is detected. 
(E) OA/MB group: lesion areas are decreased,but foci of intra-alveolar oedema and exudation persist; HE, original magnification 100×/200×.  
OA, oleic acid; MB, methylene blue.
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OA-induced ALI.
The OA model was chosen because it replicates the 

essential features of ALI: OA causes irregular early 
inflammatory lung injury and potentially reversible 
changes in the permeability of leaf gas exchange and lung 
mechanics. One of the main advantages of this model is its 
reproducibility. OA administration at the same dose through 
the same route in distinct animals results in reasonably 
reproducible lung injury (6-12).

In animal models, lung injury exhibits pathological 
features similar to those of ALI/acute respiratory distress 
syndrome (ARDS), although the etiology might differ from 
that in humans. The OA model has thus been widely used 
to study the consequences of lung injury and evaluate new 
treatment strategies. However, because of the difference in 
etiology, the results must be cautiously extrapolated to ALI/
ARDS in humans (13).

In addition to histological analysis, two other commonly 
employed methods were used in this study: measurement 
of WW/DW values and determination of the relative 
protein concentration in BAL, which are widely used as 
indicators of ALI (14,15). Although a simple method, the 
measurement of WW/DW—according to Tian et al. (16) 
yields values that reflect the integrity of the lung alveolar 
epithelium that is destroyed in OA injury (14,15). In this 
study, we observed increases in relative WW/DW and 
protein concentration in BAL in response to OA, which 

confirmed the loss of integrity of the alveolar-capillary 
membrane.

In studies on ALI in ruminants, MB attenuated, by 
50%, the oedema and pulmonary hypertension induced by 
endotoxin administration. However, in these experiments, 
the beneficial effects of MB were evident only at an early 
stage and were exhausted after 2 h, and a parallel increase 
in pulmonary hypertension was observed (11,17). Leeman 
et al. (18) reported that MB administration resulted in 
increased pulmonary vascular tone, improved gas exchange, 
and diminution of OA-induced edema. Data obtained in this 
study corroborate these findings. MB effectively prevented 
ALI by preserving pulmonary capillary permeability. 
This effect was most clearly observed in the case of early 
MB administration: the MB pretreatment group showed 
a marked reduction in the total protein in BAL. These 
findings run counter to studies in sheep, where the early 
infusion of MB attenuated lung injury by reducing oedema, 
permeability, and pulmonary capillary wedge pressure (9,17).

Although favourable trends have been observed for 
permeability improvement parameters (WW/WD and 
protein), contrary to that seen in other experimental models, 
the results were not statistically significant. However, 
histological analysis of lung tissue showed reduced lesion 
areas in both pre- and post-treatment groups. In conclusion, 
the data collected using this experimental model were 
favourable only through macroscopic and histological 
analysis. These observations are valid for both MB infusions 
before or after induction of ALI, and it is possible that this 
difference is related to the experimental model (the OA 
doses, the MB doses, exposure time).

Studies on endotoxin-induced septic shock in sheep 
showed that cGMP and plasma NOx levels decrease 
following treatment with MB. Thus, MB increases systemic 
vascular resistance and decreases capillary permeability 
in conjunction with reducing pulmonary edema and 
morphological signs of ALI. Evgenov et al. (10) reported 
that MB can restore the pumping of lung lymph, probably 
due to the reduction of cGMP in the lymphatics. Moreover, 
MB treatment can temporarily restore the mean blood 
pressure and improve myocardial function (9). An in 
vitro study conducted on rat aorta reported a complete 
restoration of vascular hyporeactivity following the 
inhibition of GCs and the consequent reduction of cGMP 
levels (19).

NO can regulate vascular tone and thereby adjust the 
flow of blood to meet the metabolic demand of tissues. 
The production of NO is increased in the presence of 
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Figure 6 Lung lesion area (%). Sham group, n=5; MB group, n=5; 
OA group, n=5; MB/OA group, n=5; OA/MB group, n=5. Results 
are expressed as median and 25% and 75% quartiles. Power 
adjustment was 97%, α=0.05, from Sham vs. OA; OA vs. MB/OA; 
OA vs. OA/MB P≤0.0001. Box plot: red, mediam, percentuals and 
total variation; green, mean; blue, mean and standard errors. OA, 
oleic acid; MB, methylene blue.
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inflammation. A study in dogs reported a substantial 
increase in both plasma and tissue NO following OA-
induced ALI (20). In this study, tissue NOx values were 
higher for the lesion groups than for controls, but the 
difference was not statistically significant. Moreover, the 
absolute values obtained for plasma NOx were highly 
similar, and once again the difference was not statistically 
significant. One possibility is that this increase would be 
comparatively larger at 6 h after injury, as reported by Lai  
et al. (20); here, lung tissue was collected at 4 h after injury.

In studies conducted on sheep and humans with 
endotoxemia septic shock, circulating NOx plasma level 
was shown to be increased 2–7 times relative to that in 
healthy controls. However, Evgenov et al. (17) reported a 
40% increase in plasma NOx in endotoxemic sheep, which 
probably reflects a modest activation of inducible nitric 
oxide synthase (iNOS). Plasma NOx was found to peak at 
18 h after endotoxin inhalation or infusion.

Ballard-Croft et al. (21) reported that OA-induced ALI 
is not an appropriate model for studying inflammatory 
pathophysiology because the inflammation might not be 
required for causing lung injury. iNOS is expressed in 
response to proinflammatory stimuli in various cells, and 
this results in increased NO synthesis and the accumulation 
of large amounts of NO in the medium by 6 h after 
exposure to inflammatory agents (9,22). In this study, 
samples were collected at 4 h after exposure to OA, which 
might be one reason why an increase in NOx was not 
observed.

The reduction in plasma NOx detected in animals with 
ALI after MB treatment could indicate the inhibition of 
NOS. However, NOx plasma measurements might not 
accurately reflect the changes at the site of NO production 
and metabolism. Thus, tissue NOx was measured here, 
and the results showed that tissue NOx was lower in the 
MB-treatment groups as compared to that in the OA-
injury group, although the difference was not statistically 
significant.

Fernandes et al. (22) suggested that a potential “window 
of opportunity” exists for the effectiveness of MB. This 
concept was established experimentally in rats by using a 
model of sepsis, which revealed three distinct 8-h windows 
of GC activity: in the first 8 h, NOS levels are increased and 
GC is upregulated; over the next 8 h, GC is not expressed 
and NOS is downregulated; and in the third window, NOS 
and GC expression is once again increased. These data 
highlight two points of practical and educational value: 
(I) MB treatment must be used based on considering the 

window of opportunity; and (II) this window in humans 
must be identified, perhaps by selecting cGMP as a 
biomarker (23-25).

MB exerts time-dependent effects and must be used 
early (in the first window), because GC expression is low in 
the second window, and in the third window, MB produces 
a late improvement of haemodynamic conditions, but 
under a severe metabolic scenario. These data suggest that 
a “window of opportunity” also exists in the case of MB 
therapy for pulmonary circulation.

Another possible approach is to analyse specifically 
iNOS; this analysis was not performed here, but it might 
yield detailed information regarding changes in plasma 
and tissue NO and the response obtained following MB 
treatment. Yeh et al. (26,27) used real-time PCR and western 
blotting to analyse the mRNA and protein expression 
of plasma iNOS in ALI after ischemia/reperfusion and 
OA treatment and observed increase in the expression of 
both iNOS mRNA and protein after 6 h. Certain findings 
support the use of MB as a potential therapeutic agent in 
ALI because it reduces iNOS activity (28,29).

Macroscopic examination revealed that the lungs of 
the mice that were not treated with MB showed increased 
impairment (hepatisation, edema), which was confirmed 
by histological examination. These data corroborate the 
macroscopic descriptions of Miyazawa et al. (30), who 
observed that following OA-induced ALI, lungs were  
2–3 times heavier than normal and swollen, and that areas 
of the lungs were affected by haemorrhage; Miyazawa and 
coworkers further reported the presence of moderate to 
large amounts of blood foam in the trachea and the main 
bronchi, which was also observed in this study.

Derks and Jacobovitz-Derks (31) described in detail 
the pulmonary morphological alterations observed after 
the administration of OA in dogs; at 6–12 h after OA 
injection, the lungs showed alveolar flooding, capillary 
congestion, haemorrhage, and necrosis of the septum. In 
another study conducted in pigs, after 5 h of OA infusion, 
the same characteristics were observed (32). Similarly, 
the findings of this study revealed the same histological 
changes in rats, which corroborates other studies that 
presented histopathological evidence of lung injury (7,33). 
It is important to emphasise that the histological study was 
carried out randomly and blind by an expert pathologist.

The microscopy data obtained here also suggest that 
the main effect of MB is related to reducing congestion, 
intra-alveolar oedema, protein extravasation (intra-alveolar 
proteinaceous exudation indicating capillary injury), and 



Cassiano Silveira et al. Methylene blue in acid oleic acute lung injury

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2016;4(1):8www.atmjournal.org

Page 8 of 9

hemorrhagic areas. The reduced permeability was more 
evident when MB was infused early rather than late. 
Similarly, Greca et al. (34) observed a reduction of interstitial 
oedema and a diminished level of lung injury coupled 
with decreased neutrophil infiltration in the histological 
analysis after early administration of MB. Tian et al. (16) 
observed pulmonary changes such as oedema, neutrophil 
infiltration, haemorrhage, diffuse alveolar collapse, and 
alveolar septal thickening in rats with paraquat-induced 
ALI. The MB treatment was started 2 h after injury, and 
after 24 h, the observed changes were markedly reduced. 
However, the histological data of this study show that MB 
treatment cannot prevent the development of areas of septal 
necrosis. Thus, the effect of MB might be limited because 
of the change in capillary permeability not being able to 
affect other mechanisms of injury induced by OA, which 
could include the toxic effect and the direct action of OA in 
alveolar and endothelial cells (13,35).

In conclusion, the data collected using this experimental 
model were favourable only through macroscopic and 
histological analysis. These observations are valid for both 
infusion MB, before or after induction of ALI. As previously 
mentioned, although favourable trends improvements for 
permeability parameters (WW/WD and protein) have been 
observed, contrary to that seen in other models, the present 
results were not statistically significant. It is possible that 
this difference is related to the experimental model (dose of 
OA, the MB dose, exposure time).
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