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Effects of methylene blue in acute lung injury induced by blunt chest trauma
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Abstract

Background: We studied whether methylene blue (MB) treatment blunts chest trauma-induced lung injury in rats.
Material and Methods: Forty male Sprague-Dawley rats, 200-300g, were used. The rats were divided into five groups
(n=8): control, early contusion (EC), early contusion + methylene blue (2 mg/kg, EC+MB), late contusion (LC), and late
contusion + methylene blue (2 mg/kg, LC+MB).

Results: Histopathological analysis showed increased hemorrhage, alveolar wall thickness, edema, and inflammatory
cell infiltrates in the EC and LC rats, which decreased upon MB treatment. Immunohistochemical studies revealed that
MB reduced activation of inducible nitric oxide synthase (iNOS) and the number of active terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells. A significant increase was observed in the malondialdehyde
(MDA) and nitric oxide (NO) levels in the EC group compared to the control group (p<0.05). In addition, a significant
decrease was reported in the glutathione (GSH), superoxide dismutase (SOD), and glutathione peroxidase (GPx) levels
(p<0.01), but no significant difference was observed in the catalase (CAT) levels among the groups. The MDA level
was significantly higher in the LC group compared to the control group, whereas the GSH level was significantly lower
compared to the control group. The NO level in the EC+MB group was significantly lower when compared to the NO
level in the EC group (p<0.05).

Conclusion: The present study provides evidence that MB might serve as a therapeutic treatment for blunt chest trauma.
Hippokratia 2014; 18 (1): 50-56.

Keywords: Blunt chest trauma, contusion, methylene blue, oxidants, antioxidants

Corresponding author: Suleyman Ayvaz, Department of Pediatric Surgery, Faculty of Medicine, Trakya University, Edirne, 22030, Turkey,
tel: +902842357641, fax: +902842357652, e-mail address: suleyayvaz@yahoo.com

Introduction

Pulmonary contusion (PC) is a frequent injury type
depending on blunt chest contusion. PC is seen in 17-
70% of major injuries’. PC causes alveolar congestion
and hemorrhage, corruption of alveolar integrity, edema,
and leukocyte infiltration. The clinical reflection of this
situation is the case defined as hypoxemia and enhanced
bronchospasm changing with hypercarbia duration. The
basic pathophysiological mechanism of contusion is
ventilation/perfusion defects, enhanced intrapulmonary
shunt, increases in lung liquid amount, lung tissue damage
at least at the segmental level, and a decrease in compli-
ance®. PC leads to a progressive inflammatory response,
which is controlled by local and systemic immunological
changes, as has been proven in many studies’.

As there is no specific treatment for PC, researchers
have used the molecules thought to be useful for human
beings in experimental models. Swennevig et al* reported
that methylprednisolone (30 mg/kg) causes a decrease in the

mortality rate and some hemodynamic parameters of blunt
chest trauma and patients with PC. In a model inspired by
PC-induced tissue damage pathogenesis, use of molecules
that block cytokine release, such as indomethacin, before
contusion leads to healing in the clinical and histologi-
cal condition’. Zhang et al.® showed that N-acetylcysteine
(NAC) treatment has a positive effect on edema, pulmonary
vascular resistance, static compliance, and oxygenation.
There are different routes of administration concern-
ing the intravenous or intratracheal use of methylene
blue (MB)#. MB has been used as an agent in clinics for
years, and is less toxic and readily available. MB is com-
petitive with molecular oxygen, which is used in electron
transfer by xanthine oxidase, and inhibits the formation
of oxygen radicals and superoxides’. In addition, MB can
prevent nitric oxide (NO) effects by inhibiting soluble
guanylate cyclase, NO, endothelial NO synthase (eNOS),
and inducible nitric oxide synthase (iNOS)'*. MB plays
an important role in repairing liver, kidney, and lung
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tissue ischemia reperfusion damage, refractory septic
shock, methemoglobinemia, and in treating some neu-
rological diseases''. In recent years, studies have proven
that MB prevents alveolar damage and increases arterial
oxygenation in rats that have sepsis or intestinal isch-
emia/reperfusion damage by cecal ligation and puncture
methods'>"3. These studies showing the MB antioxidant
effect and its effectiveness on oxidative damage encour-
aged us to conduct this project. We investigated the lit-
erature, but found no study investigating the protective
effect of MB in the case of pulmonary contusions. When
we considered the antioxidant properties of MB and the
role of oxidative stress, we hypothesized that MB would
be useful in treating PC.

Materials and methods
Chemicals

MB, hydrogen peroxide, reduced glutathione, thio-
barbituric acid, phosphate buffer, butylated hydroxy-
toluene, trichloroacetic acid, EDTA, [5,5’-dithiobis(2-
nitrobenzoic acid)], disodium hydrogen phosphate, phe-
nylenediamine, ethanol, hexane, sodium nitrite, sodium
nitrate, and ethylenediamine dihydrochloride were pur-
chased from Sigma Chemical Co. In addition, superox-
ide dismutase (SOD), and glutathione peroxidase (GPx)
(Randox, UK) and NO (Enzo, USA) commercial kits
were used. All other chemicals and reagents used in this
study were of analytical grade. Ultra-distilled water was
used as the solvent.

Animals and experimental protocol

Male Sprague-Dawley rats, weighing 200-250 g,
were housed in the Experimental Animals Research
Laboratory, Trakya University, Turkey, under standard
laboratory conditions (22 + 1 °C, 12 h light/dark cycle).
The Ethical Committee of Trakya University approved
all procedures and the experimental protocol concerning
the animals. Rats were fed with standard rat chow and tap
water ad libitum.

Falling weight methods defined by Raghavedran et
al'"* were applied to perform PC. Rats were anaesthetized
with 50 mg/kg intramuscular ketamine hydrochloride and
15 mg/kg intramuscular xylazine. The rats’ right hemith-
orax was drawn, and a 500 g metal cylinder was dropped
from a 50 cm height in the supine position. In this way,
trauma was standardized by applying 2.45 j energy on the
chest region according to the formula E=mgh [E: energy
(joule), m: mass of cylinder (kg), g: gravity constant (9.8
m/s?), and h: height (meter)].

The rats were divided randomly into five
groups (n=8): control, early contusion (EC), early
contusiont+methylene blue (EC+MB), late contusion
(LC), and late contusiontmethylene blue (LC+MB). In
the EC+MB group, 2 mg/kg MB has given intraperitone-
ally once a day just after contusion and the day after con-
tusion. In the LC+MB group, 2mg/kg MB was given in-
traperitoneally twice a day for six days; the first injection
was performed just after contusion. After 48 h in control,

the EC and EC+MB groups, and seven days later in the
LC and LC-MB groups, thoracotomy was done after re-
anaesthetization. The right lung tissue of all rats was im-
mediately biopsied. Half of the right lung was put into
Bouin’s solution for histopathological examination. The
other half of the right lung was preserved at -80 °C until
the biochemical parameters were analyzed.

Histopathology evaluation

Lung tissue samples were fixed in Bouin’s solution
and embedded in paraffin at two and seven days after
contusion were examined with hematoxylin and eosin.

iNOS immunohistochemistry

At the end of the experiment, the animals were de-
capitated. Lung tissues were removed, fixed in Bouin’s
solution, and, following routine laboratory methods, em-
bedded in paraffin. Five-micrometer paraffin tissue sec-
tions were mounted on poly-L-lysine slides. The slides
were air-dried and the tissue deparaffinized. The avidin-
biotin complex method was used for immunohistochemi-
cal staining, as previously reported’. The sections were
incubated with rabbit polyclonal anti-iNOS (Abcam, di-
lution 1:100) (Abcam, USA). Diaminobenzidine (DAB)
was used as a chromogen, and the sections were coun-
terstained with hematoxylin. The specificity of the im-
munohistochemical staining was tested using phosphate
buffered saline (PBS) in the same dilutions. Control tis-
sue sections were used as positive controls.

TUNEL assay

Apoptotic cells were stained by the terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end label-
ing (TUNEL) technique using an apoptosis detection kit
(Calbiochem, San Diego, CA, USA), as previously re-
ported'®.

The number of iNOS and TUNEL-positive cells in
each specimen was also scored. Five to 10 randomly
selected areas were scored for each specimen in every
experiment as follows: 0 = no positive response; 1 = less
than 10 % of cells; 2 = 11-20 % of cells; 3 = 21-40 % of
cells; 4 = more than 40 % of cells. These analyses were
performed in two sections from each animal at 400x
magnification in at least 10 different regions for each sec-
tion.

Biochemical assay

The studied tissues were homogenized in tenfold
volume of physiological saline solution by using a ho-
mogenizer (Ultra-Turrax T25, IKA; Werke 24,000 r.p.m.;
Germany). The homogenate was centrifuged at 10,000xg
for 1 h to remove debris. Clear upper supernatant was
taken, and tissue analyses were carried out in this frac-
tion. All procedures were performed at +4°C through-
out the experiments. The tissue samples were stored
in a polystyrene plastic tube at —80°C until the time of
analysis. Malondialdehyde (MDA, as an important indi-
cator of oxidative stress) levels were measured accord-
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ing to Jain et al’s method"”. The principle of the method
is based on the spectrophotometric measurement of the
color that occurred during the reaction of thiobarbituric
acid with MDA. Concentrations of thiobarbituric acid
reactive substances (TBARS) were calculated with the
absorbance coefficient of the malondialdehyde—thiobar-
bituric acid complex and expressed in nmol/ml. Gluta-
thione (GSH) concentration was also measured with a
spectrophotometric method'®. After whole blood was
lysed and the precipitate was removed, disodium hydro-
gen phosphate and 5,5’-Dithiobis-(2-Nitrobenzoic Acid)
(DTNB) solution were added, and the color formed was
read at 412 nm. SOD and GPx activities were studied on
hemolysates by using commercial kits (Randox Labora-
tories, UK)!*%, Catalase (CAT) activity was measured
according to Aebi’s method?'. The principle of the assay
is based on determining the rate constant [k (s—1)] of hy-
drogen peroxide decomposition by the catalase enzyme.
The decomposition of the substrate hydrogen peroxide
was monitored spectrophotometrically at 240 nm. The
rate constant was calculated from the following formula:
k=(2.3/At)(a/b) log(A1/A2). NO was predicted as nitric
oxide metabolites by Griess reaction after nitrate was
transformed into nitrite by nitrate reductase. The nitrate
present in the sample, which was derived from NO itself
and peroxynitrite, was reduced to nitrite by reduced nico-
tinamide adenine dinucleotide phosphate in the presence
of the enzyme nitrate reductase. NO products were pre-
sented as pmol/g?.

Statistical analysis

Statistical analysis of the control and the four experi-
mental groups was compared using one-way analysis of
variance (ANOVA) and Tukey’s posttest. For histologi-
cal analyses, the non-parametric Bartlett test was used to
determine whether the data was heterogeneous or homo-
geneous. The Bonferroni multiple comparison procedure
with ANOVA was then applied to identify differences
between means. A value of p<0.05 was considered statis-
tically significant. All values were expressed as mean +
standard deviation. Statistical tests were performed using
SPSS version 12.0 PL for Windows (SPSS Inc., Chicago,
IL, USA).

Results
Histopathological findings

To examine the effect of MB on blunt chest trauma-
induced lung injury, we assessed the pulmonary morpho-
logical changes using light microscopy. The histology of
the control group lung tissues showed normal morphol-
ogy (Figure la). Two and seven days after blunt chest
contusion in the EC and LC groups, markedly increased
alveolar wall thickness, edema, bleeding, and inflamma-
tory cell infiltrates were detected in rat lungs compared
with the control (Figure 1b and Figure 1d). According to
the experimental design, the rats were administered MB
intraperitoneally after contusion. MB administered at a
dose of 2 mg/kg after contusion significantly inhibited
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Figure 1. a) In the control group, the histology of lung tis-
sues was normal in appearance. b) EC group: alveolar he-
morrhage and infiltration of inflammatory cells around the
alveoli. ¢) EC+MB group: MB treated rat showing more
obvious alveolar spaces. d) LC group: consisting of mod-
erate inflammation * peribronchial inflamation: ¢) LC+MB
group: MB treated rats showing normal architecture of al-
veolar spaces. (hematoxylin & eosin stain, x400).

blunt chest contusion-induced histological changes in the
EC+MB and LC+MB groups (Figure 1¢) and (Figure le).
These results indicated that MB was effective in relieving
blunt chest contusion-induced inflammatory symptoms
of rat lungs.

Immunohistochemical and TUNEL findings

In the control group, a few TUNEL-positive cells
were observed in the lung tissue (Figure 2a). The TUNEL
staining results showed that the number of TUNEL-pos-
itive cells in the EC group was remarkably increased
compared with the control group (p<0.001) (Figure 2b).
In addition, the number of TUNEL-positive cells in the
EC group was higher than in the other groups (p<0.05).
Treatment of MB significantly decreased the number
of TUNEL-positive cellsin the EC+MB group (Figure
2¢). The number of TUNEL-positive cells did not differ
between the LC (Figure 2d) and LC+ MB (Figure 2e)
groups (p>0.05). The number of iNOS-positive cells in
the EC group (Figure 3b) was significantly higher than in
the control (Figure 3a) and EC+MB (Figure 3c) groups
(p<0.001 and p<0.05, respectively). Additionally, the
numbers of iNOS-positive cells in the LC (Figure 3d) and
the LC+MB (Figure 3e) groups were significantly lower
compared to the control group (p<0.05). The number of
iNOS-positive cells in the LC group was significantly
higher than in the LC+MB group (p<0.01). Quantitative
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Figure 2. a) In control group, a little TUNEL-positive cells
were observed in the lung tissue; b) TUNEL-positive cells was
remarkably higher in the lung tissues of the EC group; ¢) Treat-
ment of MB significantly decreased the reactivity of TUNEL
(EC+MB group). d) TUNEL-positive cells was observed in
the lung tissues of the LC group; €) TUNEL-positive cells were
slightly decreased in the lung tissues in LC+MB group as com-
pared with LC group. (TUNEL, Arrows: TUNEL positive cells).
(TUNEL staining) f) TUNEL positive cell numbers. (terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling
[TUNEL], x400).

* p<0.001 compared with control.+ p<0.05 compared with EC+MB. %
p<0.01 compared with control. # p<0.05 compared with control.

evaluation of the iNOS and TUNEL staining results is
presented in Figure 2f and Figure 3f.

Biochemical findings

The oxidant (MDA and NO) and antioxidant (GSH,
SOD, GPx, and CAT) levels of the experimental groups
are shown in Figure 4. We determined that the lowest
MDA level was in the control group and the highest in
the EC group. Comparison among the groups revealed
that MDA levels in the EC and LC groups were signifi-
cantly higher than those in the control group (p<0.01 and
p<0.05, respectively). However, the MDA levels in the
MB administered (EC+MB and LC+MB) groups was
not significantly different from the EC and LC groups
(p>0.05) (Figure 4a). As for the GSH levels, there was
a significant decrease in GSH levels in the EC and LC
groups when compared to those in the control group
(p<0.05) (Figure 4b). The SOD enzyme activity of the
EC groups was lower than in the control group (p<0.01)
(Figure 4c). In addition, GPx activity in the EC group
decreased when compared to the control group (p<0.05)
(Figure 4d). CAT enzyme activityshowed no significant
difference between the study groups (p>0.05) (Figure
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Figure 3. a) Section of lung in control rats (arrow: light iNOS
positive cell), b) Section of lung contusion-induced showing ex-
tensive iNOS (arows) increased in tissue, ¢) EC+MB group: sec-
tion of lung in MB treated group showing decreased iNOS (ar-
rows) expression, d) LC group: section of lung in late contusion
group showing iNOS (arrows) expression, €) LC+MB group:
section of lung MB treated in late contusion group showing few
iNOS (arrows) expression (Scale bar, 50 um). f) iNOS positive
cell numbers. (inducible nitric oxide synthase [INOS], x400).

* p<0.001 compared with Control. 1 p<0.05 compared with EC+MB
group. I p<0.01 compared with Control. # p<0.05 compared with
LC+MB.
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Figure 4. The results of lung tissue. The oxidant and anti-
oxidant levels for each group.

* p<0.01 with respect to control. + p<0.05 with respect to control. §
p<0.01 with respect to EC. # p<0.05 with respect to EC.
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4¢). The NO level of the EC groups was higher than in
the control group (p<0.05). In addition, the NO level in
the EC group was higher than in the EC+tMB groups
(p<0.05) (Figure 4f).

Discussion

People suffering from PC may need a wide variety
of treatments, from simple oxygen supplement to serious
mechanical ventilation. Many experimental and clinical
studies have shown that these patients have oxidative
stress and an inflammatory mechanism in tissue damage
in their clinical story?.

Potential inflammatory mediators, macrophages, and
neutrophils are activated just after blunt chest trauma so
that the progressive destruction cascade is initiated. Cy-
tokines are released from activated neutrophils and mac-
rophages and cause an increase in the number of reactive
oxygen radicals and proteolytic enzymes and the amount
of alveolocapillary membrane permeability, which in turn
causes microvascular leakage*. Alveolar macrophages
can produce potential free oxygen radicals called super-
oxide radicals (SOR) and peroxynitrite*®. These released
SOR may cause oxidative damage via lipid peroxidation.
Finally, the direct damaging effect of PC and the primary
and secondary inflammatory response combined with
oxidative stress negatively affects the clinical period®.
Therefore, in this study, we examined the biochemical
parameters (such as MDA, GSH, SOD, CAT, GPx, and
NO) to observe the therapeutic effect of MB in the patho-
genesis of pulmonary contusions.

With a pulmonary contusion, pathophysiological
change is relative, depending on the time after the contu-
sion occurred?. In this study, we designed the experimental
and therapeutic groups as two and seven days to observe
the early and late onset activity of MB and its relation-
ship with the physiopathology of pulmonary contusions.
Raghavedran et al®> detected an increase in the erytrocyte
number, albumin release in bronchoalveolar lavage, and
arterial hypoxemia between the 8" minute and 4%, 12%,
and 24™ hours prior to contusion caused parenchyma in
the rat model where pulmonary contusion was formed. In
that same study,the concentration of all the inflammatory
mediators returned to the basal values on the seventh day.
In our study, early onset (day two) biochemical and histo-
pathological findings were directly proportional with that
study in terms of pulmonary parenchyma damage. How-
ever, histopathological findings and some biochemical
parameters (such as an increase in MDA and a decrease
in GSH) at the end of the seventh day were thought to
indicate continuous parenchyma damage.

Salaris et al’ showed that MB has an effect as a para-
sitic electron collector by interrupting the electrons’ usual
method of making leukomethylene. The production step
of free oxygen radicals was skipped. MB, an alternative
electron receiver for tissue oxidases, can be accepted as
an antioxidant drug that competitively inhibits reduc-
tion of molecular oxygen to superoxides. In addition,
MB competitively races against flavoenzymes such as

xanthine oxidase to transfer oxygen and prevent oxygen
radicals such as superoxides being produced'.

An inflammatory reaction and oxidative stress oc-
cur after a pulmonary contusion’’. MDA is a reliable
parameter, as it is the final product of lipid peroxidation
caused by SOR?%. GSH is a very strong antioxidant used
to measure oxidative stress, and its level decreases during
oxidative stress®. In our study, high MDA levels and low
GSH levels at the early and late onsets were explained
as a marker for lipid peroxidation and oxidative damage.
Gokece et al* reported decreased SOD activity, depending
on the experimental pulmonary contusion. We also ob-
served low SOD level at the early onset of the contusion.
Tiiriit et al*' showed decreased CAT activity after the pul-
monary contusion. Yet, in our study, CAT activity did not
change significantly according to early or late onset of
the contusion. Demirbilek et al*? reported that MB treat-
ment decreases MDA levels (whereas the SOD, CAT, and
GPx levels increase), prevents lipid peroxidation, and de-
creases lung damage. However, in this study, decreased
MDA levels in the MB-treated groups and an increase in
the SOD, CAT, and GPx levels were not observed.

NO synthesis, as a free radical, induces iNOS pro-
duction and increases pulmonary inflammation®*.The pri-
mary effect of MB inhibits guanylate cyclase by targeting
NO. Moreover, MB has additional pharmacological ef-
fects, including production of oxygen radicals by inhibit-
ing NO synthase*. Galili et al'? indicated that MB can
decrease the alveolar injury by preventing the hazardaus
hemodynamic effects of NO. In another study, Galili et
al® reported that in the intestinal ischemia/reperfusion-
induced lung injury model, MB reduced interstitial and
alveolar edema and neutrophil sequestration by inhibiting
NO activity. In this study, we interpreted that MB could
be effective against the damage caused by a pulmonary
contusion, as MB application decreased NO level at early
onset. Peroxynitrite formation significantly increases in
increased NO and superoxide concentration and/or de-
creased SOD activity. Decreases in NO and superoxide
may cause reductions in peroxynitrite. Thus, MB can be
accepted as an antioxidant, as it decreases peroxynitrite
formation. In addition, NO inhibits GPx activity. This
condition could be the reason for the cytotoxic effect of
NO and NO leading to apoptotic cell death®. In our study,
we considered damage in the EC group could be caused
by increased peroxynitrite in addition to the decreased
SOD and GPx levels. Starting from this point, we con-
sidered that MB decreases the level of NO and prevents
peroxynitrite production, and thus has a protective effect
against damage generation at early onset.

Our data also indicated that, in the immunohis-
tochemical stains of the lung tissue, a marked increase
in the iNOS-positive cells was evident at two days fol-
lowing blunt chest trauma. In addition, the iNOS-positive
cell numbers decreased significantly in the lungs of trau-
matized animals at two days following treatment with
MB. These histopathological findings supported the idea
that MB application could effectively act on the damage
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caused by pulmonary contusions during early onset. Al-
though MB treatment did not decrease the NO level dur-
ing late onset, it is remarkable that MB application did
decrease the number of iNOS positive cells during late
onset. We did not encounter a study evaluating pulmo-
nary contusions with iNOS staining.

In the last two decades, the importance of pro-
grammed cell death has been better understood in mul-
tiple organ failure and acute lung injury/adult respiratory
distress syndrome pathogenesis®. Liener et al*’ found the
first proof that programmed cell death begins following
PC. Apoptotic cell death is caused by massive oxygen
radicals. This hypothesis is based on increasing my-
eloperoxidase levels of unfiltered PMNs, which are free
radical sources. Seitz et al*® determined that type II cel-
lular apoptosis increases in the 48 h after lung contusion.
In their study, decreased type II cell number in the lung
contusion model is correlated with the remaining popula-
tion’s apoptosis markers, caspase-3, caspase-8, and Fas
levels. In the present study, we demonstrated that MB in-
hibits apoptotic cell death in lung tissue alveolar cells and
interstitial cells as determined with the TUNEL method.
However, Seitz et al*® observed no changes in TUNEL
staining. When lung sections were TUNEL stained, there
was a significant increase in the number of positive cells
in the EC rat group. Treatment with MB markedly re-
duced the reactivity and the number of TUNEL-positive
cells. We considered that MB preventing apoptosis may
be achieved by inhibiting the synthesis of NO.

In conclusion, we demonstrated that MB therapy
could be used to treat the progression of experimental
PC in accordance with our hypothesis. We posit that MB
prevented PC by decreasing NO activity in the early pe-
riod of contusion. Although we determined the beneficial
effect of MB on oxidant and antioxidant parameters for
treating contusion in the late period, we did not have sta-
tistically significant results. However, we demonstrated
that MB treatment could be useful in the late period, as
supported by histopathological findings. Moreover, the
histopathological findings demonstrated that oxidative
stress in PC was responsible for pulmonary parenchymal
damage by inducing apoptosis, and MB prevented PC
development by inhibiting apoptosis thanks to its anti-
oxidant properties.

Conflict of interest
The authors declared no conflicts of interest.

References

1. Cohn SM. Pulmonary contusion: review of the clinical entity. J
Trauma. 1997; 42: 973-979.

2. Raghavendran K, Davidson BA, Woytash JA, Helinski JD,
Marschke CJ, Manderscheid PA, et al. The evolution of isolated
bilateral lung contusion from blunt chest trauma in rats: cellular
and cytokine responses. Shock. 2005; 24: 132-138.

3. Knoferl MW, Liener UC, Seitz DH, Perl M, Briickner UB, Kinzl
L, et al. Cardiopulmonary, histological, and inflammatory al-
terations after lung contusion in a novel mouse model of blunt
chest trauma. Shock. 2003; 19: 519-525.

4. Svennevig JL, Pillgram-Larsen J, Fjeld NB, Birkeland S, Semb

G. Early use of corticosteroids in severe closed chest injuries: a
10-year experience. Injury. 1987; 18: 309-312.

5. Davis KA, Fabian TC, Croce MA, Proctor KG. Prostanoids:
early mediators in the secondary injury that develops after uni-
lateral pulmonary contusion. J Trauma. 1999; 46: 824-831; dis-
cussion 831-832.

6. Zhang H, Spapen H, Nguyen DN, Rogiers P, Bakker J, Vincent
JL. Effects of N-acetyl-L-cysteine on regional blood flow during
endotoxic shock. Eur Surg Res. 1995; 27: 292-300.

7. Weinbroum AA. Methylene blue attenuates lung injury after
mesenteric artery clamping/unclamping. Eur J Clin Invest. 2004;
34: 436-342.

8. Patel HP, Chadwick DR, Harrison BJ, Balasubramanian SP.
Systematic review of intravenous methylene blue in parathyroid
surgery. Br J Surg. 2012; 99: 1345-1351.

9. Salaris SC, Babbs CF, Voorhees WD 3rd. Methylene blue as an
inhibitor of superoxide generation by xanthine oxidase. A poten-
tial new drug for the attenuation of ischemia/reperfusion injury.
Biochem Pharmacol. 1991; 42: 499-506.

10.Weinbroum AA, Goldin I, Kluger Y, Szold A. Methylene blue in
preventing hemodynamics and metabolic derangement follow-
ing superior mesenteric artery clamping/unclamping: an intra-
tracheal vs. intraperitoneal dose-response study. Shock. 2002;
17: 372-376.

11. Aksu B, Inan M, Kanter M, Oz Puyan F, Uzun H, Durmus-Altun
G, et al. The effects of methylene blue on renal scarring due to
pyelonephritis in rats. Pediatr Nephrol. 2007; 22: 992-1001.

12. Galili Y, Kluger Y, Mianski Z, laina A, Wollman Y, Marmur S, et
al. Methylene blue--a promising treatment modality in sepsis in-
duced by bowel perforation. Eur Surg Res. 1997; 29: 390-395.

13. Galili Y, Ben-Abraham R, Weinbroum A, Marmur S, laina A,
Volman Y, et al. Methylene blue prevents pulmonary injury after
intestinal ischemia-reperfusion. J Trauma. 1998; 45: 222-225;
discussion 225-226.

14. Raghavendran K, Davidson BA, Helinski JD, Marschke CJ,
Manderscheid P, Woytash JA, et al. A rat model for isolated bi-
lateral lung contusion from blunt chest trauma. Anesth Analg.
2005; 101: 1482-1489.

15. Kanter M. Thymoquinone attenuates lung injury induced by
chronic toluene exposure in rats. Toxicol Ind Health. 2011; 27:
387-395.

16. Sayhan MB, Kanter M, Oguz S, Erboga M. Protective effect of
Urtica dioica L. on renal ischemia/reperfusion injury in rat. J
Mol Histol. 2012; 43: 691-698.

17. Jain SK, McVie R, Duett J, Herbst JJ. Erythrocyte membrane
lipid peroxidase and glycosylated hemoglobin in diabetes. Dia-
betes. 1989; 38: 1539-1543.

18. Beutler E, Duron O, Kelly BM. Improved method for the deter-
mination of blood glutathione. J Lab Clin Med. 1963; 61: 882-
888.

19. Flohé L, Otting F. Superoxide dismutase assays. Methods Enzy-
mol. 1984; 105: 93-104.

20. Paglia DE, Valentine WN. Studies on the quantitative and quali-
tative characterization of erythrocyte glutathione peroxidase. J
Lab Clin Med. 1967; 70: 158-169.

21. Aebi H. Catalase in vitro. Methods Enzymol. 1984; 105: 121-
126.

22. Makela S, Yazdanpanah M, Adatia I, Ellis G. Disposable surgi-
cal gloves and Pasteur (Transfer) pipettes as potential sources
of contamination in nitrite and nitrate assays. Clin Chem. 1997;
43: 2418-2420.

23. Rogatsky GG, Mayevsky A. The life-saving effect of hyperbaric
oxygenation during early-phase severe blunt chest injuries. Un-
dersea Hyperb Med. 2007; 34: 75-81.

24. Strohmaier W, Trupka A, Pfeiler C, Thurnher M, Khakpour Z,
Gippner-Steppert C, et al. Bilateral lavage with diluted surfac-
tant improves lung function after unilateral lung contusion in
pigs. Crit Care Med. 2005; 33: 2286-2293.

25. Ischiropoulos H, Zhu L, Beckman JS. Peroxynitrite formation
from macrophage-derived nitric oxide. Arch Biochem Biophys.



56 AYVAZ S

2005; 298: 446-451.

26. Akca T, Canbaz H, Tataroglu C, Caglikulekci M, Tamer L, Co-
lak T, et al. The effect of N-acetylcysteine on pulmonary lipid
peroxidation and tissue damage. J Surg Res. 2005; 129: 38-45.

27. Raghavendran K, Davidson BA, Hutson AD, Helinski JD, Nod-
zo SR, Notter RH, et al. Predictive modeling and inflammatory
biomarkers in rats with lung contusion and gastric aspiration. J
Trauma. 2009; 67: 1182-1190.

28. Buege JA, Aust SD. Microsomal lipid peroxidation. Methods
Enzymol. 1978; 52: 302-310.

29. Urso ML, Clarkson PM. Oxidative stress, exercise, and antioxi-
dant supplementation. Toxicology. 2003; 189: 41-54.

30. Gokce M, Saydam O, Hanci V, Can M, Bahadir B. Antioxidant
vitamins C, E and coenzyme Q10 vs dexamethasone: compari-
sons of their effects in pulmonary contusion model. J Cardiotho-
rac Surg. 2012; 7: 92.

. Tirtit H, Ciralik H, Kilinc M, Ozbag D, Imrek SS. Effects of
early administration of dexamethasone, N-acetylcysteine and
aprotinin on inflammatory and oxidant-antioxidant status after
lung contusion in rats. Injury. 2009; 40: 521-527.

32. Demirbilek S, Sizanli E, Karadag N, Karaman A, Bayraktar N,

3

—_

33

34.

35.

36.

37.

38.

Turkmen E, et al. The effects of methylene blue on lung injury in
septic rats. Eur Surg Res. 2006; 38: 35-41.

. Orfanos SE, Mavrommati I, Korovesi I, Roussos C. Pulmonary

endothelium in acute lung injury: from basic science to the criti-
cally ill. Intensive Care Med. 2004; 30: 1702-1714.

Mayer B, Brunner F, Schmidt K. Inhibition of nitric oxide syn-
thesis by methylene blue. Biochem Pharmacol. 1993; 45: 367-
374.

Asahi M, Fujii J, Suzuki K, Seo HG, Kuzuya T, Hori M, et al. In-
activation of glutathione peroxidase by nitric oxide: Implication
for cytotoxicity. J Biol Chem. 1995; 270: 21035-21039.
Raghavendran K, Notter RH, Davidson BA, Helinski JD, Kun-
kel SL, Knight PR. Lung contusion: inflammatory mechanisms
and interaction with other injuries. Shock. 2009; 32: 122-130.
Liener UC, Knoferl MW, Striter J, Barth TF, Pauser EM, Niissler
AK, et al. Induction of apoptosis following blunt chest trauma.
Shock. 2003; 20: 511-516.

Seitz DH, Perl M, Mangold S, Neddermann A, Braumiiller ST,
Zhou S, et al. Pulmonary contusion induces alveolar type 2 epi-
thelial cell apoptosis: role of alveolar macrophages and neutro-
phils. Shock. 2008; 30: 537-544.





