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Low tidal volume mechanical ventilation and
oxidative stress in healthy mouse lungs® **

Ventilacdo mecanica com baixo volume corrente e estresse
oxidativo em pulmoes saudaveis de camundongos

Karla Maria Pereira Pires, Adriana Correa Melo, Manuella Lanzetti,
Natalia Vasconcelos Casquilho, Walter Araujo Zin, Luis Cristovao Porto,
Samuel Santos Valenca

Abstract

Objective: Mechanical ventilation (MV) itself can directly contribute to lung injury. Therefore, the aim of the
present study was to investigate early biomarkers concerning oxidant/antioxidant balance, oxidative stress, and
inflammation caused by short-term MV in healthy mouse lungs. Methods: Twenty male C57BL/6 mice were
randomly divided into two groups: MV, submitted to low tidal volume (V,, 6 mL/kg) MV for 30 min; and
spontaneous respiration (SR), used as controls. Lung homogenate samples were tested regarding the activity of
various antioxidant enzymes, lipid peroxidation, and TNF-a expression. Results: In comparison with the SR group,
the MV group showed a significant decrease in the activity of superoxide dismutase (=35%; p < 0.05), together
with an increase in the activity of catalase (40%; p < 0.01), glutathione peroxidase (500%; p < 0.001), and
myeloperoxidase (260%; p < 0.001), as well as a reduction in the glutathione/oxidized glutathione ratio (=50%;
p < 0.05) and an increase in TNF-o. expression in the MV group. Oxidative damage, assessed by lipid peroxidation,
was also greater in the MV group (45%; p < 0.05). Conclusions: Our results show that short-term low V, MV can
directly contribute to lung injury, generating oxidative stress and inflammation in healthy mouse lungs.
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Resumo

Objetivo: A ventilagdo mecénica (VM) por si propria pode contribuir diretamente para a lesdo pulmonar. Assim,
o objetivo do presente estudo foi investigar biomarcadores precoces relacionados ao equilibrio oxidantes/
antioxidantes, estresse oxidativo e inflamac¢fo causados por VM de curta duragdo em pulmdes de camundongos
saudaveis. Métodos: Vinte camundongos C57BL/6 machos foram randomicamente divididos em dois grupos:
VM, submetidos a VM com baixo volume corrente (V,, 6 mL/kg) por 30 min; e respiracdo espontanea (RE),
utilizados como controles. Amostras de homogeneizados de pulméo foram testadas quanto a atividade de enzimas
antioxidantes, peroxidacéo lipidica e expressio de TNF-o. Resultados: Comparados ao grupo RE, houve uma
reducio significativa na atividade de superdxido dismutase (=35%; p < 0,05) e aumento da atividade de catalase
(40%; p < 0,01), glutationa peroxidase (500%; p < 0,001) e mieloperoxidase (260%; p < 0,001), ao passo que
a razdo glutationa reduzida/glutationa oxidada foi menor (=50%; p < 0,05), e houve um aumento na expressio
de TNF-o no grupo VM. O dano oxidativo, analisado como peroxidacéo lipidica, também aumentou no grupo
VM (45%; p < 0.05). Conclusdes: Nossos resultados demonstraram que VM de curta duragdo com baixa V,
pode contribuir diretamente para a lesdo pulmonar, gerando estresse oxidativo e inflamacdo em pulmdes de
camundongos saudaveis.

Descritores: Lesdo pulmonar induzida por ventilacdo mecanica; Respiracédo artificial; Estresse oxidativo;
Inflamacéo; Camundongos.
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Introduction

Oxidative stress results from an oxidant/
antioxidant imbalance, favoring oxidants. The
lungs have a well-developed antioxidant system
in order to be protected against exposure to
oxidants, which might lead to further oxidation
of proteins, DNA, and lipids.") Key antioxidant
enzymes, such as catalase, superoxide dismutase,
and glutathione peroxidase, protect against
superoxide- and hydrogen peroxide-induced
damage. The participation of oxidative stress in
lung diseases, such as COPD, acute lung injury
(AL1), and asthma, has been widely demonstrated
in the scientific literature.?¥

Recently, long-term protocols using high-
stretch mechanical ventilation (MV)—i.e., with a
high tidal volume (V,)—have been shown to have
pro-inflammatory and oxidative effects, and they
can cause lung function impairment, mainly via
mechanical stress on pulmonary tissue.”™® For
that reason, a more physiological V, (4-6 mL/
kg, as suggested by the ARDS Network) has
also been used; however, it has failed to reduce
inflammatory response in healthy lungs."”

The biomarkers underlying the oxidative
stress using physiological V.. remain unclear.
Therefore, the aim of the present study was
to investigate early biomarkers concerning
oxidant/antioxidant balance, oxidative stress,
and inflammation caused by short-term MV in
healthy mouse lungs.

Methods

All animal procedures were performed in
accordance with the Brazilian law for animal
experimentation (Arouca Llaw no. 11.794,
October 8, 2008) and were approved by the Rio
de Janeiro State University Committee for the
Ethical Care and Use of Laboratory Animals. We
purchased twenty C57BL/6 male mice (8 weeks
old; weight, 20-24 g) from the Veterinary
Institute of Fluminense Federal University,
located in Niteroi, Brazil. The animals were
randomly divided into two groups (n = 10/
group): MV; and spontaneous respiration (SR).

The animals were sedated with diazepam
(1 mg/kg, i.p.), anesthetized with pentobarbital
(20 mg/kg, i.p.), and submitted to tracheal
intubation. Those in the MV group were then
subjected to MV with a constant flow ventilator
(Samay VR15, Universidad de la Republica,

Montevideo, Uruguay). The animals in the SR
group underwent sham procedures (sedation,
anesthesia, and tracheal intubation) but were
not submitted to MV. In accordance with the
protocol, V, was set at 6 mL/kg, with respiratory
flow of 1 mL/s, FiO, of 0.21 (with dry gas), RR
of 100 breaths/min, and positive end-expiratory
pressure of 3 cmH,0.® The mice were ventilated
with room air. After 30 min of MV or SR, the
mice were immediately sacrificed.

Airspaces were washed with buffered saline
solution (500 pL) three consecutive times (final
volume, 1.2-1.5 mL). The fluid was withdrawn
and stored on ice. Total mononuclear and
polymorphonuclear ~ cell ~ numbers  were
determined with a particle counter (Z1; Beckman
Coulter, Carlsbad, CA, USA). Differential cell
counts were performed on cytospin preparations
(Shandon, Waltham, MA, USA) stained with Diff-
Quik (Baxter Dade, Dudingen, Switzerland). At
least 200 cells per BAL fluid (BALF) sample were
counted using standard morphological criteria.

The right ventricle was perfused with saline
to remove blood. Lungs were removed and
then homogenized on ice with 10% (w/v) 0.1
M potassium phosphate + 5 mM EDTA buffer
solution (pH, 7.3) using an Ultra-Turrax T8
homogenizer (IKA, Toronto, Ontario, Canada)
and then centrifuged at 3,000 g for 5 min.
Supernatants were stored at 20°C for subsequent
protein measurements. The total protein content
in the samples from BALF and lung homogenates
was determined by the Bradford protein assay.

In order to determine whether MV resulted in
redox imbalance, catalase, superoxide dismutase,
glutathione peroxidase, reduced glutathione
(GSH), and oxidized glutathione (GSSG) were
assayed spectrophotometrically in the lung
homogenates. Catalase activity was measured by
the rate of decrease in H,0, concentration at 240
nm.® Superoxide dismutase activity was assayed
by measuring the inhibition of adrenaline
auto-oxidation as absorbance at 480 nm.(?
Glutathione peroxidase activity was measured by
monitoring the oxidation of NADPH at 340 nm
in the presence of H,0,."" Lung homogenates
were acidified with 5% 5-sulfosalicylic acid (1:1)
for GSH and GSSG analyses.("?

Malondialdehyde concentration was
measured by using the thiobarbituric acid
reactive  substances  (TBARS)  method.!"?
Samples of organ homogenates (400 pl) were

J Bras Pneumol. 2012;38(1):98-104



100

deproteinized with 800 pL of 10% trichloroacetic
acid and centrifuged at 900 g for 10 min. After
that, 1,000 pL of supernatants were mixed
with 1,000 pL of 0.67% TBARS. The mixture
was heated for 60 min in boiling water and
then cooled. Absorbance of the organic phase
containing the pink chromogen was measured
spectrophotometrically at 532 nm. The method
was standardized with increasing concentrations
of malondialdehyde. Malondialdehyde
equivalents were expressed in nmol/mg of
protein.

Myeloperoxidase activity was measured
by using H,0,, hexadecyltrimethylammonium
bromide (HTAB) and 3,3’,5,5’
tetramethylbenzidine (TMB).'¥ 1nitially, 100 pL
of organ homogenate samples were centrifuged
with 900 pL of HTAB at 14,000 g for 15 min. After
that, 75 pL of the supernatant was incubated
with 5 pL of TMB for 5 min at 37°C. The mixture
was then incubated with 50 pL of H,0, for
10 min at 37°C, after which 125 pL of sodium
acetate buffer was added. The reaction was read
in a microplate reader (model 550; Bio-Rad,
Hercules, CA, USA) at 630 nm. The method was
standardized with increasing concentrations of
myeloperoxidase. Myeloperoxidase activity was
expressed in mU/mg of protein.

Proteins from tissue homogenates were
separated by PAGE and transferred to
nitrocellulose membranes (100 V for 3 h at 4°C).
Membranes were then washed and blocked in
PBS-Tween buffer containing 5% skimmed milk
and 0.05% Tween for 2 h and subsequently
incubated for TNF-a detection using specific
primary goat anti-mouse antibody (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Membranes were then incubated with
horseradish  peroxidase-antibody  conjugate
(1:2000) directed against the primary antibody
for 2 h. Membranes were then treated with
chemiluminescent agents (luminol and enhancer,
ECL Plus; Amersham Biosciences, Piscataway,
NJ, USA) and exposed to light-sensitive film.
Ponceau stain was used as a loading control.

The normality of all data was tested using the
Kolmogorov-Smirnov test. Data were expressed
as means + SE of the mean. Parametric data
were compared using unpaired Student’s t-test.
Non-parametric data were compared using
the Wilcoxon test. Values of p < 0.05 were
considered significant.
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Results

We first tested whether MV for 30 min
triggered an inflammatory response in mouse
lungs. There was a significant increase in TNF-o
expression in the lung homogenates after 30
min of MV (Figure 1). In addition, we measured
myeloperoxidase activity, which is the resultant
of the activation of neutrophils (Table 1). There
was a four-fold increase in myeloperoxidase
activity in the MV group in comparison with the
SR group (p < 0.001).

After 30 min of MV, there was a two-fold
increase in total protein concentration (0.117 +
0.010 g/dLvs. 0.06 + 0.01 g/dL in the SR group;
p < 0.01) in BALF; however, no alterations were
found in tissue homogenates (SR group: 0.23
+ 0.05 g/dL, and MV group: 0.22 + 0.05 g/dL;
p > 0.05). After that, we measured antioxidant
activity in order to determine whether MV
produced redox imbalance in lung tissue
(Table 1). In comparison with the SR group, the
MV group showed significantly lower superoxide
dismutase activity (p < 0.05), significantly
increased catalase activity (p < 0.01), a five-
fold increase in glutathione peroxidase activity
(p < 0.001), a 50% decrease in the GSH/
GSSG ratio (p < 0.05), and a 45% increase in
malondialdehyde levels (p < 0.05).

Discussion

We demonstrated that 30 min of MV using
a V, of 6.0 mL/kg caused the release of TNF-o,
lipid peroxidation, and oxidative stress in healthy
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Figure 1 - TNF-o expression in the spontaneous
respiration (SR) and mechanical ventilation (MV)
groups.
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Table 1 - Biochemical analyses in lung homogenates in the groups studied.?

Variable Group p*
SR MV

SOD, U/mg of protein 316.5 + 25.14 209.06 + 7.49 < 0.05
CAT, U/mg of protein 5.16 + 0.42 7.15 + 0.35 <0.01
GPx, mM/mg of protein 2.72 + 0.17 12.74 + 1.18 < 0.001
GSH/GSSG ratio 2.08 + 0.12 1.03 + 0.54 < 0.05
MDA, nmol/mg of protein 0.75 + 0.04 1.10 + 0.12 < 0.05
MPO, mU/mg of protein 5.74 + 0.57 20.70 + 1.62 < 0.001

SR: spontaneous respiration; MV: mechanical ventilation; SOD: superoxide dismutase activity; CAT: catalase activity; GPx:
glutathione peroxidase activity; GSH: reduced glutathione; GSSG: oxidized glutathione; MDA: malondialdehyde; and MPO:
myeloperoxidase activity. “Values expressed as mean + SE of the mean. *Student’s t-test.

mouse lungs. To our knowledge, this is the first
study describing the early inflammatory markers
and redox imbalance markers with the use of a
more physiological V. in the lungs of healthy
mice.

The damaging effects of MV due to mechanical
forces have been described in the literature.
Studies have shown that sheared endothelial
cells produce inflammatory mediators, including
the release of nuclear factor kappa B-mediated
TNF-o,'® and that mechanotransduction
mechanisms, in which the cytoskeleton transmits
tensions directly to internal organelles, are
involved in producing reactive oxygen species
(ROS) and signaling adhesion proteins, such
as P-selectin.!'®'” Although the mechanisms
that underlie the mechanotransduction that
induces ROS production in the lungs still need
to be elucidated, increased mitochondrial
NADPH oxidase activity has been related to ROS
production in endothelial cells as a response to
mechanical stretch, signaling the activation of
inflammatory responses.('?

1t is widely known that TNF-o is an early
inflammatory cytokine that subsequently
regulates early neutrophil infiltration and
eosinophil recruitment into the lung and airspace,
produced by other inflammatory cells, such
as macrophages, or via mechanotransduction
mechanisms."” Tn previous studies, it has been
reported that TNF-a levels were unchanged
following 2 h of MV.?? In view of the fact that
TNF-o. expression was significantly increased
in the lung homogenates of the MV group, we
believe that short-term MV with a low V. was
able to initiate the inflammatory response in
the mouse lungs. The elevated protein content
in BALF and the increase in myeloperoxidase
activity®”  might support this statement

regarding our MV group. We believe that the
use of a distinct mouse strain might account
for these differences, since we have shown, in
a previous study, that C57BL/6 mice are more
susceptible to oxidative damage than are Swiss
mice.®

1t has been previously reported that MV is
a modulator of oxidative stress not only in the
lungs,® but also in other organs,® and that
nuclear factor (erythroid-derived-2)-related
factor-2 (NRF-2), which is a signal-activated
transcription factor for antioxidant enzymes,
plays a critical role in that stress.? We believe
that, in the present study, two main processes
were involved in the lung injury caused by MV:
oxidative stress and inflammation. 1t is known

that MV increases neutrophil recruitment
and myeloperoxidase activity in animals
and humans.®® Myeloperoxidase is mainly

released by activated neutrophils, and this is
also characterized by powerful pro-oxidative
and pro-inflammatory properties. In addition,
myeloperoxidase catalyzes the production of
potent oxidants, such as hypochlorous acid, and
of the nitrating species (such as nitrogen dioxide
from nitrite).?® Therefore, oxidative damage is
most likely to occur in an environment where
myeloperoxidase activity is high.

The association between lipid oxidation
in the lungs and MV has been previously
reported.?” In the present study, the amount of
peroxidation-derived aldehydes was increased
in the lung homogenates after 30 min of MV.
Due to their stability, lipid peroxidation-derived
aldehydes can diffuse within or even escape
from the cell and attack targets far from the site
of the original free radical event.

Because there were no gross histological
alterations in the alveolar-capillary membrane
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in low V, models of MV (data not shown),
we suggest that mechanical stress-induced
alveolar cell recruitment and decreased tissue
oxygenation levels might have played important
roles in the early oxidative stress process in our
model. Regarding pro-oxidant mechanisms,
it has been shown that under hypoxic or
shear stressed conditions, lung cells respond
to damaging stimuli by producing ROS, such
as superoxide (0,), either via NADPH or via
increases in xanthine oxidase levels, leading to
the formation of peroxynitrite (ONOO") if nitric
oxide is present in the environment, mainly in
components of the alveolar-capillary membrane.
(28)

We found a significant decrease in the
superoxide dismutase activity in the MV group.
The reduction of superoxide dismutase activity
might be in part due to the loss of enzyme specific
activity, as observed by the action of oxidants.
Therefore, we suggest that reduced superoxide
dismutase activity might have a direct effect on
0, overproduction in the lungs. However, 0,
might have first been converted into ONOO-, since
the rate constant is over 3.5 times faster than
is that of the dismutation of O, by superoxide
dismutase.? In addition, in the present study,
increased H,0, production might have served
mainly as a substrate for myeloperoxidase,
rather than being totally inactivated by catalase,
as indicated by the reduction of catalase activity
in the MV group. Furthermore, our data indicate
a possible lipid peroxidation-inducing effect of
ROS, which might have resulted in increased
malondialdehyde levels in the MV group. In order
to buffer the oxidative action of reactive lipids,
glutathione peroxidase activity also increases
and, in turn, the GSH/GSSG ratio decreases.

Short-term, low-V, MV induced not only
inflammation, but also redox imbalance and
oxidative damage in healthy mouse lungs.
Although our model offers opportunities to
study the early biomarkers of oxidative response
that lay behind MV, it also presents limitations.
One cannot exclude the possibility that the
oxidative stress status might be transient in
this model and might therefore not necessarily
result in histoarchitectural changes in the
mouse lungs. In addition, the repair mechanism
and antioxidants might be simultaneously
activated to counteract the intense increases in
myeloperoxidase and TNF-o in order to achieve
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a new redox balance before an alteration of the
‘normal’ function/morphology could be detected.
The pro-inflammatory status was analyzed only
by quantifying TNF-o. expression. The other
cytokines and regulators of inflammation, such
as nuclear factor kappa B and activator protein
1, should be considered in future studies.
Furthermore, NRF-2, which is responsible for
the release of antioxidant enzymes and the
regulation of redox imbalance, should be studied
in more detail. In the present study, humidified
air was not used, and neither Pa0, nor blood
pressure was measured. Therefore, some of the
inflammatory and oxidative stress parameters
analyzed could be the result of hypoxia related
to MV efficiency. However, various authors
speculated that atelectrauma might play a role
in ventilator-induced lung injury (VILI) due to
low V,, since parts of the lung might undergo
various hypoxemic periods during MV.G
Therefore, it is possible that Tow V. resulted in
inadequate ventilation volumes, causing tissue
hypoxia. With a low V,, it is possible that gas
exchange is hampered because of dead space
ventilation. Small volumes might not lead to
adequate exchange of air in the alveoli if they
are close to the dead space. Although we cannot
rule out the possibility that the low V, led to
hypoxia, mostly due to dead space ventilation,
we do not think that this was the main reason
for oxidative stress and inflammation. Other
problems related to hypoxia include low FiO, and
the use of non-humidified air. Taken together,
these limitations do not invalidate our results
but rather open the field of study regarding
oxidative stress and inflammation during MV in
mouse lungs.

We cannot state that there is a direct cause-
and-effect relationship between our model
of VILI and oxidative stress/inflammation.
It is possible that MV induces a process of
mechanical stress, which leads to oxidative stress
and inflammation. This should be investigated
in future studies. However, health professionals
should be aware of the fact that early lung-
protective ventilation used as a therapeutic
approach might also cause an early oxidative
stress response. In addition, the modulation of
the early inflammatory and oxidative response
might provide strategies for reducing VILI.
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