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Abstract
Mechanical ventilation (MV) is a tool used for the treatment of patients with acute or chronic

respiratory failure. However, MV is a non-physiological resource, and it can cause meta-

bolic disorders such as release of pro-inflammatory cytokines and production of reactive

oxygen species. In clinical setting, maneuvers such as sigh, are used to protect the lungs.

Thus, this study aimed to evaluate the effects of sigh on oxidative stress and lung inflam-

mation in healthy adult Wistar rats submitted to MV. Male Wistar rats were divided into four

groups: control (CG), mechanical ventilation (MVG), MV set at 20 sighs/h (MVG20), and MV

set at 40 sighs/h (MVG40). The MVG, MVG20, and MVG40 were submitted to MV for 1 h.

After the protocol, all animals were euthanized and the blood, bronchoalveolar lavage fluid,

and lungs were collected for subsequent analysis. In the arterial blood, MVG40 presented

higher partial pressure of oxygen and lower partial pressure of carbon dioxide compared to

control. The levels of bicarbonate in MVG20 were lower compared to CG. The neutrophil influx in bronchoalveolar lavage fluid was

higher in the MVG compared to CG and MVG40. In the lung parenchyma, the lipid peroxidation was higher in MVG compared to

CG, MVG20, andMVG40. Superoxide dismutase and catalase activity were higher in MVG compared to CG, MVG20, andMVG40.

The levels of IL-1, IL-6, and TNF in the lung homogenate were higher in MVG compared to CG, MVG20, and MVG40. The use of

sigh plays a protective role as it reduced redox imbalance and pulmonary inflammation caused by MV.
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Introduction

Mechanical ventilation (MV) is a tool used to restore or
improve gas exchange in patients unable to maintain ade-
quate alveolar ventilation.1,2 Annually, there are hundreds
of thousands of people in intensive care units and operating
rooms who are submitted to MV, and it is estimated that
between 4 and 13% require mechanical ventilation for long

periods.3–5 Indications for mechanical ventilation include
respiratory failure secondary to lung disease, neuromuscu-
lar disease, and patients undergoing surgery under general
anesthesia.2

Despite the clinical relevance of MV, studies show that
its use can promote or aggravate an existing lung injury,
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which is called ventilator-induced lung injury (VILI).6

The mechanisms involved in lung injury triggered by MV
are not entirely understood. Still, studies suggest that cyclic
opening and closing of the distal airways and alveoli may
cause cell damage increasing the production and secretion
of inflammatory cytokines such as interleukin 1 (IL-1) and
interleukin-6 (IL-6), thus promoting the recruitment and
activation of inflammatory cells, especially neutrophils.6–8

In addition to the production of inflammatory markers, in
response to stress caused by MV, there is an increase in the
production of reactive oxygen species (ROS).8 The high
production of reactive species, which is characterized in
an imbalance between oxidants and antioxidants, where
the concentration of reactive species is transiently or chron-
ically increased, causing damage to cellular metabolism
regulation and promoting macromolecule oxidation as
lipids, proteins, and DNA.9,10

In order to prevent the onset or aggravation of lung inju-
ries caused by MV, some maneuvers are known for their
protective actions in the respiratory system, called recruit-
ment maneuvers, such as sighing, gradual insufflation, and
variable ventilation.11–13 Among these, sighing is a lung
inflation maneuver that, when used during MV, it attempts
to simulate the natural reflex that occurs during spontane-
ous ventilation.14,15 Studies report that sigh leads to maxi-
mum expansion of the lungs, which prevents the
progressive collapse of the alveoli, and it is associated
with improved gas exchange.16 In patients with acute respi-
ratory distress syndrome, cyclic sighing is associated with
improved lung function.17 Although there are beneficial
effects already reported in the literature, the use of sigh
may increase respiratory system stress and it may possibly
lead to biological impacts.18 Moreover, the protective mech-
anisms of sigh in the face of the consequences of mechanical
ventilation are still poorly understood, the study of the
sighing effects becomes extremely relevant, since the
understanding of the possible protective effect of this
lung inflation maneuver aims to avoid or even minimize
local and systemic aggravations induced by mechanical
ventilation. It is believed that the present experimental
study in healthy rats may contribute in clarifying the effects
of sigh, thus avoiding possible initial changes as injuries
caused by mechanical ventilation such as inflammation
and oxidative stress. Therefore, this study aimed to analyze
the effects of sigh on status redox and pulmonary inflam-
matory response in healthy adult Wistar rats submitted to
mechanical ventilation.

Materials and methods

Animals

Thirty-one male Wistar rats were obtained from the Animal
Science Center of the Federal University of Ouro Preto
(UFOP). The animals were kept in cages in the experiment
room under controlled conditions of light, temperature,
humidity (12 h light/dark, 24 �C, 50� 10%, respectively),
and had free access to water and food. The experimental
procedures performed in this study followed the Ethical
Principles of Animal Experimentation and were approved

by the Animal Use Ethics Committee (CEUA) under proto-
col number 2018/13.

The animals were randomly divided into four groups:
control group (CG) maintained on spontaneous ventilation
(n¼ 6), mechanical ventilation group (MVG) submitted to
mechanical ventilation (n¼ 9), mechanical ventilation
group set at 20 sighs/h (MVG20) (n¼ 8), and mechanical
ventilation group set at 40 sighs/h (MVG40) (n¼ 8).

Spontaneous ventilation

The control group was kept under spontaneous ventilation
in ambient room air. All animals were initially kept in a
hermetically sealed box, before pulmonary function analy-
sis. Subsequently, each animal was placed individually in
this box for 8min, and a full-body plethysmography was
performed to record the following ventilatory parameters:
respiratory rate, tidal volume, and minute volume.

For data collection, a cylinder containing 8000 L (180
kgf/cm2, White Martins, Praxair Inc., S~ao Paulo, Brazil) of
medical grade air (O2 at 21%) was coupled to the Bourdon
tube and the Thorpe tube (0–15 L/min). A silicone conduit
was connected to the Thorpe tube into a hermetically sealed
box, then the animals were exposed to medicinal air with
known volume detected through a tube connected to the
system. The flow of respiratory gases was captured by the
table spirometer (ADInstruments, Dunedin, New Zealand),
then the signal was amplified and analyzed by Power Lab
software (ADInstruments, Dunedin, New Zealand).

Mechanical ventilation

The animals in the groups: MVG, MVG20, and MVG40
were anesthetized with an intraperitoneal injection of
Midazolam (5mg/kg) and Fentanyl (0.16mg/kg).
Subsequently, a neuromuscular blockade was performed
by intravenous injection of suxamethonium chloride
(1mL/kg). The animals were placed on a surgical table in
the supine position to make an incision in the anterior cer-
vical region. The musculature was dissected with the aid of
a hemostatic forceps. The trachea was exposed, and the
animals were tracheostomized with the aid of a polyethyl-
ene cannula (16G) and the stainless steel cannula (Harvard
Apparatus, MA, USA) was inserted into the site of the tra-
cheostomy and the animals were connected to the mechan-
ical ventilator (Harvard Apparatus, MA, USA) according to
the following parameters: tidal volume (VT) of 7mL/kg,
respiratory rate (RR) of 80 breaths/min, inspired fraction
of oxygen (FiO2) at 21%, PEEP of 3 cm H2O, in volume-
controlled mode. All animals were submitted to MV for
60min.

The rats in the groups, MVG20 and MVG40, received
identical volume-controlled ventilation, MVG (7mL/kg)
with a regular application of lung inflation maneuver (20
or 40 sighs/h; sigh volume 7mL/kg above VT). The adjust-
ment was performed based on the manual from the manu-
facturer (Harvard Apparatus, MA, USA) using the
respiratory rate reference. The ventilator was programmed
to automatically perform a sigh, specifically in the MVG20,
it was programmed to trigger a sigh every 240 respiratory
incursions, and for the MVG40, it triggered one sigh every
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120 respiratory cycles. In the three groups submitted to MV
(MVG, MVG20, and MVG40), the analysis of the peripheral
saturation and body temperature was performed through-
out the mechanical ventilation period.19

Evaluation of cardiovascular parameters

The animals from the four experimental groups (CG, MVG,
MVG20, MVG40) were evaluated for cardiovascular
parameters such as the mean arterial pressure (MAP) and
heart rate (HR). A skin incision was made to separate the
musculature and locate the femoral vascular-nerve bundle,
and the right femoral artery was cannulated. The mean
arterial pressure (MAP) was monitored by a Gould pres-
sure transducer connected to an amplifier (ML221 Bridge
Amp). The pulsable blood pressure (PAP) and heart rate
(HR) were continuously sampled by a 16-bit analog/digital
conversion system (PowerLab 4/30) (ADInstruments,
Dunedin, New Zealand) at a sampling frequency of
100Hz, after which the signal was processed by the Lab
Char 7 software (ADInstruments, Dunedin, New
Zealand). MAP and HR were derived in real-time from
pulsatile blood pressure pulses using Chart 5 software.
These variables were simultaneously displayed on differ-
ent channels on the monitor and stored on the hard disk in
the computer.19

Blood collection and euthanasia

At the end of mechanical ventilation, a 200lL aliquot of
blood was collected directly from the right femoral artery
using a heparinized syringe (MonovetteVR , Sarstedt) for
arterial blood gas analysis. Samples were analyzed by the
PRIMEþVR VET gasometer (Nova Biomedical Corporation,
Waltham, Mass).

After blood was collected for blood gas analysis, the
animals had their thorax exposed, after which an incision
was made in the third intercostal space, then the animals
were euthanized by exsanguination.19,20

Collection and analysis of bronchoalveolar lavage fluid

Immediately after euthanasia, the thorax of each animal
was opened, the left main bronchus was clamped, the tra-
chea was cannulated, and the right lung was washed with
saline (0.9%). The procedure was performed three times,
totaling a final volume of BALF of 2.5 to 3.0mL. The sam-
ples were stored in polypropylene tubes and kept on ice
(4�C) to avoid cell lysis.21,22

For the evaluation of airway leukocytes, the BALF was
centrifuged for 10min at 4�C and 3000 r/min (Eppendorf
5415R; EppendorfVR , Hamburg, Germany). The supernatant
was stored at �80�C, and the pellet was resuspended in
0.1mL saline. For the total count, 20 lL of the resuspended
solution was placed in a tube containing 180lL of the Turk
solution. This solution was used for total leukocyte count in
a Neubauer chamber. The differential count, and the sam-
ples were centrifuged in a cytocentrifuge (INBRAS Health
Equipment, SP, BR). The slides were stained with rapid
staining kits. There were 100 cells counted under an optical

microscope at 100� magnification, protocol adapted from
Campos et al. and Chirico et al.21,23

Lung collection

After BALF collection, the right ventricle was perfused
with saline to remove blood from the lungs. The right
lung was clamped, and the left lung was instilled with
4% buffered formalin (pH 7.2) at a pressure of 25 cm H2O
for 2min. The left lung was removed and immersed in a
fixative solution for 48 h, then the samples were processed,
and the slides were stained with hematoxylin and eosin
(H&E) for stereological analysis. The right lung was collect-
ed, and 100mg of tissue was homogenized with 1mL phos-
phate buffer (pH 7.8), the samples were centrifuged for
10min at 4�C and 13000 r/min, and the supernatant was
collected and stored at �80�C.24

Analysis of antioxidant defense and oxidative stress
biomarkers

Superoxide dismutase (SOD) activity was measured in
tissue homogenate according to the method described by
Marklund and Marklund,25 which is based on SOD ability
to inhibit pyrogallol autoxidation. The catalase activity
(CAT) was measured by decreasing hydrogen peroxide
(H2O2) according to the Aebi method.26 Glutathione
dosage was adapted from the commercial Sigma kit (#
CS0260, Sigma, St. Louis, MO, USA), which uses a kinetic
method to measure total glutathione (GSHþGSSG) by
reducing 5.5’-Dithio Acid -bis- (2-nitrobenzoic) to thio-2-
nitrobenzoic acid.27 Lipid peroxidation analysis was per-
formed according to the method described by Buege and
Aust,28 in which thiobarbituric acid reacts with oxidized
lipids and generates malondialdehyde. Carbonylated pro-
tein analysis was performed according to protocol adapted
from Reznick and Packer.29 Total protein content was deter-
mined according to the method described by Bradford.30

Stereological analysis

In order to evaluate the structure of the lung parenchyma,
20 random fields of H&E stained slides were photographed
using an optical microscope Primo star equipped with a
digital camera (Axiocam 105) (Carl Zeiss AG,
Oberkochen, Germany) coupled with the ZEN lite image
capture software using the 40� microscopic objective.
Analysis of the volume density of the alveolar septum
(Vv [sa]) and alveolar airspace (Vv [a]) was performed
using a 16-point test system and a known test area where
the forbidden line was taken as the limit for avoiding over-
estimation in the number of structures. The number of
points (Pp) that reached the alveolar septa (Vv [sa]) and
the alveolar spaces (Vv [a]) was evaluated according to
the total number of points in the test system (Pt).
Reference volume was estimated by point counting using
the system test point (Pt). The total area of 1.94 mm2 was
analyzed to determine the volumetric analysis of alveolar
septa (Vv [sa]) and alveolar spaces (Vv [a]) in H&E-stained
sections.24,31
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Immunoenzymatic assay for inflammatory markers

Interleukin-1 (IL-1), interleukin-6 (IL-6), monocyte chemo-
tactic protein 1 (MCP1 or CCL2), macrophage inflammato-
ry protein 1-alpha (MIP-1a or CCL3), regulated on
activation, normal T cell expressed and secreted (RANTES
or CCL5), and tumor necrosis factor (TNF) were performed
in lung homogenate by the ELISAmethod. The assays were
performed using commercial kits (PeproTech, Ribeir~ao
Preto, Brazil), and the antibodies and reagents were pre-
pared according to the instructions from the manufacturer.
The assay was performed in 96-well plates, and 100 lL of
monoclonal antibody against the peptides (or proteins)
reconstituted in phosphate-buffered saline (PBS) were
added. After 12 h of incubation at room temperature, block-
ing was performed with a solution containing PBS and 1%
fetal bovine serum for 1 h. Samples were added in a volume
of 50 lL per well. Subsequently, diluted secondary antibod-
ies in PBS and 1% fetal bovine serum were added. Staining
intensity reading was performed on an ELISA reader at
450 nm. The quantification of chemokines and interleukins
present in the samples was determined based on the optical
density obtained with the peptide standard curve, ana-
lyzed by the SOFT Max PRO 4.0 software.19,32

Statistical analysis

Data were expressed as mean� standard error of the mean.
For the analysis of two experimental groups with normal
distribution, the paired T-test was used. For the analysis of
more than two groups with normal distribution, univariate
analysis of variance (one-way ANOVA) was used, followed
by the Bonferroni’s post hoc test. For nonparametric data,
we used the Kruskal–Wallis test, followed by the Dunn�s
post hoc test. In both cases, a significant difference was con-
sidered when P <0.05. All analyses were performed using
GraphPad Prism software version 5.00 for Windows 7,
GraphPad Software (San Diego, CA, USA).

Results

Hemodynamic monitoring

The animals from the four experimental groups were eval-
uated for heart rate and mean arterial pressure throughout
the experimental protocol. For the evaluated parameters,
no significant difference was observed at the beginning
and at the end of the experiment (P> 0.05) (Table 1).

Analysis of arterial blood gas and pulmonary function

Arterial blood gas analysis revealed higher partial oxygen
pressure in MVG and MVG40 when compared with the

control (P <0.05). This same result was also observed in
the PaO2/FiO2 ratio, and the MVG and MVG40 groups
presented higher ratio when compared to the control
group (P <0.05), which may be justified by an increase in
PaO2, since the inspired fraction of oxygen was a fixed var-
iable in the experiment. MVG40 presented lower partial
pressure of carbon dioxide compared to CG, besides
MVG20 presented lower bicarbonate concentration
(HCO3) compared to control group (P <0.05) (Table 2).

Regarding pulmonary function, the groups submitted to
mechanical ventilation had lower respiratory rate when
compared to the control group (P< 0.05). For minute
volume analysis, the ventilated group with 20 sighs/h pre-
sented higher volume compared to MVG, and MVG40 pre-
sented higher minute volume when compared to the other
experimental groups (P< 0.05) (Table 2).

Cells recruitment to bronchoalveolar lavage fluid

After 1 h of ventilation, MVG presented higher leukocyte
count in BALF compared to CG (P< 0.05). Regarding dif-
ferential cell count, a higher neutrophil count was observed
in the group submitted only to ventilation compared to CG,
whereas the association of mechanical ventilation with the
sigh maneuver at a rate of 40 sighs/h led to a lower neu-
trophil count compared to MVG (P< 0.05) (Table 3).

Oxidative stress in the lung parenchyma

The activity of the antioxidant enzymes superoxide dismut-
ase and catalase was higher in MVG compared to the con-
trol group, while the ventilated groups with 20 and 40
sighs/h presented the activity of both enzymes similar to
the control group and lower than MVG (P< 0.05). For the
glutathione system analysis, no differences were observed
between the experimental groups (P> 0.05). The analysis of
lipid peroxidation levels in MVG was higher compared to
CG, while MVG20 and MV40 presented lower levels of
lipid peroxidation compared to MVG, but higher than in
the control group (P< 0.05). The protein cabonylation in the
MVG40 group presented lower level of carbonylated pro-
tein compared to MVG (P< 0.05) (Table 4).

Evaluation of cytokine and chemokine levels in the lung

parenchyma

Inflammatory markers CCL2, CCL3, CCL5, IL-1, IL-6, and
TNF were measured to assess the inflammatory status of
the lungs. Concerning IL-1, IL-6, and TNF cytokines, a
higher level of the three markers in the MVG was observed
compared to CG, and the ventilated groups with 20 and 40

Table 1. Hemodynamics of animals submitted to mechanical ventilation.

Initial CG Final CG P Initial MVG Final MVG P Initial MVG20 Final MVG20 P Initial MVG40 Final MVG40 P

HR (bpm) 441.4�23.5 441.0�16.4 >0.05 421.5�16.1 415.8�17.04 >0.05 394.5�19.1 414.6�13.3 >0.05 424.0�9.04 433.3�7.03 >0.05

MAP (mmHg) 125.8� 3.6 126.7�2.3 >0.05 116.0�4.7 117.6� 6.2 >0.05 124.5�9.1 131.6�5.8 >0.05 123.4�8.2 132.9�3.1 >0.05

Note: Data are expressed as mean� standard error of the mean and were analyzed by paired T-test (P <0.05), n¼ 5–8.

CG: control group; MVG: mechanical ventilation group; MVG20: mechanical ventilation groupþ 20 sighs/h; MVG40: mechanical ventilation groupþ 40 sighs/h; HR:

heart rate; MAP: mean arterial pressure.
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sighs/h presented lower concentration of the three cyto-
kines in the lung parenchyma compared to MVG (P< 0.05).

For the CCL2 and CLL3 chemokines, no significant dif-
ferences were observed between the experimental groups,
whereas, for the CCL5 analysis, the MVG40 presented a
higher level of this chemokine in the lung parenchyma
compared to the control group (P< 0.05) (Table 5).

Stereological analysis of the lung parenchyma

Stereological analysis of the parenchyma showed no signif-
icant differences between the experimental groups for both

alveolar airspace volume density (Vv [a]) and alveolar
septa volume density (Vv [sa]) (P> 0.05) (Figure 1).

Discussion

The aim of this study was to evaluate the effect of mechan-
ical ventilation with and without the use of sigh on oxida-
tive stress and lung inflammatory response in healthy
Wistar rats. We observed that mechanical ventilation pro-
moted the recruitment of inflammatory cells, increased
inflammatory markers and oxidative stress, while the use

Table 2. Arterial blood gas and pulmonary function of animals submitted to mechanical ventilation.

CG MVG MVG20 MVG40

pH 7.38� 0.01 7.39� 0.01 7.37� 0.01 7.39� 0.01

SO2 (%) 95.75� 0.61 94.44� 0.92 93.38� 1.23 94.50� 0.92

PaO2(mmHg) 82.17� 4.15 99.20� 3.89a 95.73� 2.63 100.20� 3.62a

PaCO2 (mmHg) 35.37� 2.31 31.95� 1.29 30.20� 1.25 28.68� 0.80a

HCO3(mmol/L) 21.65� 1.55 19.38� 0.55 18.10� 0.59a 18.29� 0.71

PaO2/FiO2 393.20� 19.87 474.40� 18.70a 458.00� 12.61 479.20� 17.31a

RR (breaths/min) 99.80� 6.16 80.00� 0.00 a 80.00� 0.00 a 80.00� 0.00a

VT (mL) 2.89� 0.26 2.68� 0.07 2.60� 0.08 2.72� 0.05

Vmin (mL/min) 246.70� 13.39 214.60� 5.99 277.30� 9.14b 363.20� 7.18a,b,c

CG: control group; MVG: mechanical ventilation group; MVG20: mechanical ventilation groupþ 20 sighs/h; MVG40: mechanical ventilation groupþ 40 sighs/h; SO2:

oxygen saturation; PaO2: partial pressure of oxygen; PaCO2: p partial pressure of carbon dioxide; HCO3: bicarbonate; FiO2: inspired fraction of oxygen; RR:

respiratory rate; VT: tidal volume; Vmin: minute ventilation.
aRepresents a significant difference in relation to CG.
bRepresents a significant difference in relation to MVG.
cRepresents a significant difference in relation to MV20.

Note: Data are expressed as mean� standard error of the mean. Analysis of variance one-way ANOVA followed by Bonferroni’s post hoc test (P <0.05), arterial blood

gas n¼ 6–9 and pulmonary function n¼ 5�.

Table 3. The effects of mechanical ventilation on recruitment of cells from BALF.

CG MVG MVG20 MVG40

Leukocytes (�105/mL) 13.75� 1.34 20.94� 1.51a 15.54� 1.61 16.00� 1.42

Macrophages (�105/mL) 13.18� 1.25 17.41� 1.11 14.07� 1.46 15.04� 1.39

Lymphocytes (�105/mL) 0.24 (0.16; 0.60) 0.35 (0.16; 1.23) 0.15 (0.11; 0.79) 0.16 (0.0; 0.80)

Neutrophils (�105/mL) 0.15 (0.0; 0.72) 2.46 (2.11; 5.22)a 0.87 (0.61; 2.52) 0.76 (0.34; 0.99)b

CG: control group; MVG: mechanical ventilation group; MVG20: mechanical ventilation groupþ 20 sighs/h; MVG40: mechanical ventilation groupþ 40 sighs/h.
aRepresents a significant difference between groups when compared to CG.
bRepresents a significant difference between groups when compared to MVG.

Note: Data are expressed as mean� standard error of the mean. One-way analysis of variance ANOVA followed by Bonferroni’s post hoc test, for the analysis of the

lymphocytes and neutrophils the Kruskal–Wallis test followed by the Dunn’s post hoc test was used (P <0.05), n¼ 6–9.

Table 4. Biomarkers of oxidative stress in lung parenchyma of animals submitted to mechanical ventilation.

CG MVG MVG20 MVG40

SOD (U/mg protein) 15.66� 2.59 30.04� 1.70a 19.34� 1.47b 16.42� 3.36b

CAT (U/mg protein) 1.27� 0.19 2.27� 0.31a 1.30� 0.17b 1.17� 0.17b

GSH/GSSG ratio 0.77 (0.60; 0.95) 0.75 (0.64; 0.92) 0.88 (0.80; 0.90) 0.88 (0.82; 1.13)

TBARS (nmol/mg protein) 0.54� 0.06 1.69� 0.02a 1.08� 0.14a,b 1.17� 0.15a,b

Protein carbonyl (nmol/mg protein) 9.13� 1.24 16.70� 2.71 13.76� 2.25 8.42� 1.17b

Note: Data are expressed as mean� standard error of the mean and as median (minimum value and maximum value). One-way analysis of variance ANOVA followed

by Bonferroni’s post hoc test, (P <0.05), n¼ 5 for SOD and CAT, n¼ 5–6 for TBARS and protein carbonyl; for the analysis of the GSH/GSSG ratio, the Kruskal–Wallis

test followed by the Dunn’s post-hoc test was used (P <0.05), n¼5.
aRepresents a significant difference in relation to CG.
bRepresents a significant difference in relation to MVG.

CG: control group; MVG: mechanical ventilation group; MVG20: mechanical ventilation groupþ 20 sighs/h; MVG40: mechanical ventilation groupþ 40 sighs/h; SOD:

superoxide dismutase; CAT: catalase; GSH: glutathione sulfide; GSSG: oxidized glutathione; TBARS: thiobarbituric acid reactive substances.

1408 Experimental Biology and Medicine Volume 245 September 2020
...............................................................................................................................................................



of sigh at both frequencies promoted a reduction in the
concentration of inflammatory markers and lower oxida-
tive stress.

Although mechanical ventilation is indispensable in the
case of respiratory failure, it is already described in the

literature that MV is associated with complications, as
hemodynamic changes, impaired lung function, and
tissue damage.33 These complications are related to the
mechanical effects of intrathoracic pressures generated by
the ventilator, alveolar, and systemic inflammation.34 In the

Table 5. Inflammatory markers in lung parenchyma of animals submitted to mechanical ventilation.

CG MVG MVG20 MVG40

CCL2 (pg/mL) 1523.0� 38.2 1520.6� 63.4 1554.8� 79.6 1482.1� 40.4

CCL3 (pg/mL) 173.4� 13.7 185.4� 14.3 157.6� 9.6 157.7� 8.5

CCL5 (pg/mL) 744.4� 80.2 895.2� 64.5 1028.6� 74.2 1086.5� 88.1a

IL-1 (pg/mL) 861.8� 126.6 1178.3� 36.2a 741.7� 41.5b 733.4� 52.1b

IL-6 (pg/mL) 1317.4� 41.8 1605.9� 56.1a 1344.8� 26.6b 1337.4� 30.7b

TNF (pg/mL) 1185.1� 27.3 1478.7� 41.9a 1185.1� 40.1b 1202.4� 21.5b

Note: Data are expressed as mean� standard error of the mean. Analysis of variance one-way ANOVA followed by Bonferroni’s post hoc test (P <0.05) n¼ 6–9 to

CCL2 and CCL5; n ¼5–8 to CCL2; n¼ 5 to IL-1, IL-6, and TNF.
aRepresents a significant difference in relation to CG.
bRepresents a significant difference in relation to MVG.

CG: control group; MVG: mechanical ventilation group; MVG20: mechanical ventilation groupþ 20 sighs/h; MVG40: mechanical ventilation groupþ 40 sighs/h; CCL2

or MCP1: monocyte chemotactic protein 1; CCL3 or MIP-1a: macrophage inflammatory protein 1-alpha; CCL5 or RANTES: regulated on activation, normal T cell

expressed and secreted; IL-1: interleukin 1; IL-6: interleukin 6; TNF: tumor necrosis factor.

Figure 1. Stereological analyses of lung sections. Photomicrographs of lung sections stained with hematoxylin and eosin. Bar¼50 mm, 400� magnification. (a)

Volume density of alveolar septa. (b) Volume density of alveolar airspace. The A and B data were expressed in median, minimum, and maximum value and were

analyzed by Kruskal–Wallis followed by Dunn’s post-test, n¼ 6–8. (A color version of this figure is available in the online journal.)
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present study, we did not observe hemodynamic changes at
the beginning and end of the experimental procedure in all
experimental groups, the experimental time of 60min did
not appear to induce lung injury as evidenced by Figure 1,
and thus may not be sufficient to induce hemodynamic
changes. Recently, Walesa et al.35 did a comparison between
neutrally assisted, controlled, and physiologically variable
ventilation in healthy rabbits. The animals were ventilated
for up to 7 h, where marked deteriorations in elastance
were observed in group using pressure-controlled, while
no changes were detected in ventilation with and without
regular sighs, and others, therefore, suggesting protective
effects on respiratory function as applying regular sighs
during pressure-controlled ventilation. Furthermore, there
was no difference in blood gas, hemodynamic, or inflam-
matory parameters between all groups studied.35

Currently, ventilatory strategies such as the use of
smaller tidal volumes and individualized PEEP value
have been used in order to limit alveolar distension pres-
sure and prevent alveolar collapse.36,37 In rabbits with
severe acute respiratory distress syndrome (ARDS) venti-
lated either with conventional monotonous or variable ven-
tilation patterns, a moderate PEEP (6 cmH2O), both a
variable ventilation based on pre-recorded physiological
breathing pattern and the conventional pressure control
mode prevented further lung function deterioration, that
was otherwise observed in the animals ventilated with con-
ventional pressure-controlled ventilation with regular sighs
or mathematically derived variable ventilation patterns,
suggesting that physiologically variable ventilation was
protective in avoiding the progression of lung injury,
including when increasing PEEP, which may jeopardize
cardiac output.38 In this study with healthy Wistar rats,
we adopted strategies, where no acid–base disorder was
observed in the blood gas analysis of the experimental
groups. Although lower tidal volume is used to limit alve-
olar distension injury, Tsuno et al.39 demonstrated that low
tidal volume may promote progressive atelectasis and con-
sequently hypoxia. On the other hand, Egbert et al.40 dem-
onstrated in patients under general anesthesia that the use
of recruitment maneuvers can improve compliance and
prevent atelectasis.

Bronchoalveolar lavage fluid is used for the differential
diagnosis of lung diseases,41 and studies have already
shown significant changes in BALF in ventilated patients
with lung injury.42 In this study, we demonstrated that
healthy animals submitted only to mechanical ventilation
had higher total leukocyte and neutrophil counts compared
to the control group. Neutrophils are the main inflamma-
tory cells involved in acute lung injury and ventilator-
induced lung injury (VILI),43 and our findings corroborate
previous studies published by the group showing that 1
h of mechanical ventilation promotes the recruitment of
inflammatory cells to the airspace.19,22

Studies have shown that a sigh in humans happens
spontaneously a few times an hour, while in rodents it hap-
pens dozens of times.44–46 In this study, we used two fre-
quencies and evaluated its effects in animals submitted to
mechanical ventilation. In the clinical study, Mauri et al.47

demonstrated that in acute respiratory failure, sigh

improves oxygenation, decreases regional tension and the
risk of ventilator-induced lung injury, therefore, limiting
clinical sequelae. The ventilated group using the frequency
of 40 sighs/h had a lower neutrophil count compared to the
ventilated group. We believe that sigh acted by protecting
the lungs of the animals, and possibly, the properties of
sigh, already described in the literature, have minimized
cell injury and neutrophil recruitment into the airspace.

Neutrophils may contribute to lung injury through dif-
ferent mechanisms including the production of reactive
oxygen species.43 Excessive formation of reactive species
during mechanical ventilation is also associated with the
development of organ damage, acute lung injury, and
ventilator-induced lung injury.48 Reactive oxygen species
can attack cell membrane fatty acids and trigger lipid per-
oxidation and formation of new reactive oxygen spe-
cies.49,50 In our study, we observed greater oxidative
damage in the group submitted to mechanical ventilation
only. Previous studies have shown that mechanical venti-
lation with high tidal volumes and for periods ranging
from 2 to 4 h promotes increased levels of malondialde-
hyde.49–51 Our results differ from the literature since we
demonstrate that the use of physiological tidal volume for
a short period of time promotes increased production of
reactive species and consequently increased oxidation of
membrane lipids. In addition, our results show that sigh,
at both frequencies, promoted less oxidative damage when
compared to the group submitted to mechanical ventilation
without the use of lung inflation maneuver. The sigh acted
by minimizing the recruitment of inflammatory cells and
possibly in these groups there was less damage compared
to ventilation without the use of lung inflation maneuver.

In order to balance the reactive oxygen species produced
during mechanical ventilation, the body has an antioxidant
defense system that is carried out by different pathways.
One of them is the elimination of reactive oxygen species
through the action of antioxidant enzymes including super-
oxide dismutase, catalase, and glutathione peroxidase.50,52

Our results demonstrate that mechanical ventilation pro-
moted increased activity of antioxidant enzymes superox-
ide dismutase and catalase. These findings differ from
Chen et al. and Mar�ın-Corral et al.who observed a decrease
in the activity of antioxidant enzymes in the lungs of the
rat.49,53 Cells subjected to oxidative stress may increase the
synthesis of antioxidant enzymes, but in situations in
which the oxidative process is more intense, endogenous
enzymes cannot remove the reactive species formed and
this generates disturbances in oxidant and antioxidant
system, which impairs cellular metabolism regulation and
promotes oxidation of biomolecules.49 Possibly, our results
differ from those already published because in our study
we promote an acute lung injury, and therefore there is an
increase in the activity of enzymes in order to remove reac-
tive oxygen species produced during ventilation. However,
studies prior to ours used high tidal volumes, which gen-
erated intense oxidative stress and thus depletion of the
enzymes involved in antioxidant defense.49,53

Furthermore, the results demonstrate that, regardless of
frequency, sigh protected the lungs, since the activity of
antioxidant enzymes is lower than in the group subjected
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to ventilation without sigh breath. The mechanisms by
which sigh protects the lung are unclear, but we believe
that by presenting fewer inflammatory cells in the airspace
the production of reactive species is lower in animals ven-
tilated with sigh and therefore there is no change in the
antioxidant system enzyme level.

Mechanical ventilation with positive pressure leads to
abnormal mechanical forces in the lungs. These mechanical
forces are recognized and translated into biological signals
by the lung cells, and are associated with induction of pro-
inflammatory genes, release of cytokines that question the
inflammatory response, changes in the vascular endotheli-
um, including the expression of adhesion molecules,
increased vascular permeability, and activation of inflam-
matory cells.54,55

We observed higher levels of IL-1 and TNF in the lungs
of animals submitted to mechanical ventilation.
Timmermans et al.56 used wild-type mice and IL-1 knock-
out animals; consequently, higher concentrations of IL-1b
and neutrophil influx were observed in the lungs of wild-
type ventilated animals, which was not observed for knock-
out animals. Wu et al.57 observed higher TNF expression in
the lung of ventilated rats with high tidal volumes.
Truflandier et al.58 observed higher TNF-a expression in
the spinal cord of healthy rats submitted to mechanical
ventilation for long periods.

In addition, we observed the highest IL-6 concentration
in the ventilated animals without sigh. IL-6 secretion was
stimulated by cell exposure to TNF and IL-1; however, the
precise role of interleukin in ventilator-induced lung injury
is still unclear.59,60 Ko et al. observed that mice ventilated
with high tidal volume; there was an increase of IL-6 con-
centration in lung and bronchoalveolar lavage.60 Our
results differ from the literature since we showed that in
animals with healthy lungs and ventilated for a short
period with physiological tidal volume higher IL-6 concen-
tration in the lung. Although, in this study, it is not possible
to elucidate the mechanisms by which ventilation without
the use of sigh led to an increase in IL-1, TNF, and IL-6
according to the data already described in the literature, it
is possible that in this experimental model, mechanical
ventilation promoted cell damage and activation of pro-
inflammatory genes and consequent increase in local pro-
duction of inflammatory markers.54

Experimental groups ventilated with the use of sigh at
both frequencies had lower concentrations of IL-1, IL-6, and
TNF in the lung compared to the group submitted to
mechanical ventilation only. Moraes et al. in an experimen-
tal model of acute pulmonary injury of pulmonary origin
observed lower expression of IL-1 and IL-6 in animals con-
trolled in the pressure-controlled mode associated with the
use of sigh at a rate of 10 sighs/h.18 In our study, we eval-
uated the effects of sigh in the lungs of healthy animals; our
results are unprecedented, since previous studies used sigh
in models of lung injury. Possibly in this experimental
model, the sigh acted to minimize cell damage and the
recruitment of inflammatory cells, which promoted less
production and release of cytokines.

We also evaluated the pulmonary parenchyma in order
to evaluate changes in pulmonary histoarchitecture.

According to Weibel, the stereological analysis of the
lungs leads to discoveries about the whole pulmonary
architecture and its structures.61,62 Lipid and protein oxida-
tion, influx of inflammatory cells are involved in pulmo-
nary parenchyma remodeling.22 In our study, although we
observed influx of inflammatory cells, lipid oxidation and
increased activity of antioxidant enzymes in the group sub-
mitted to mechanical ventilation only, and no changes in
pulmonary histoarchitecture were observed. This can be
explained by the short time of mechanical ventilation and
the ventilatory strategies adopted in the study, and this
short-term model of mechanical ventilation in healthy ani-
mals was chosen to answer a specific research question,
which was to investigate the effects of sigh on status
redox and pulmonary inflammatory response in healthy
adult Wistar rats submitted to mechanical ventilation, and
the initial goals were achieved, but all this needs to be
acknowledged and could be addressed in future research.

The findings of this study have to be seen in light of
some limitations. The first one, we showed the inflamma-
tory and oxidative effects bymechanical ventilation and the
protective effect of sigh. However, a more detailed mecha-
nistic study may explain these results better. The second
limitation was concerned with the importance to measure
the respiratory mechanics of the animals studied to show
the effect of sigh as inducing alveolar recruitment, such an
investigation was outside the scope of the current study.
The third limitation was that arterial blood gases were per-
fomed only at the end of the ventilation because of our
methodology used; therefore with the data and samples
collected, we were able to demonstrate only the hyperven-
tilation caused during mechanical ventilation and the respi-
ratory rate adjustment was performed based on previous
studies carried out by our research group, that together also
limits the analysis of our data.

In conclusion, this study showed that mechanical venti-
lation for a short period of time and the use of physiological
tidal volume promoted acute inflammatory response and
pulmonary oxidative stress. In addition, we demonstrated
that sigh maneuver played a protective role in the lungs of
animals during mechanical ventilation.
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