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Introduction
Mechanical ventilation is an important support for patients with 

acute respiratory distress syndrome (ARDS), although it can cause 
ventilator-induced lung injury (VILI) [1-3]. The key to a successful 
clinical management of patients with ARDS is avoidance of further 
advancement of VILI [1-3]. For this reason, prevention of alveolar over-
distension and derecruitment are the goals of recently proposed lung 
protective ventilation strategies. In order to achieve optimal alveolar 
recruitment, patients with ARDS are often exposed to high levels of 
positive end expiratory pressure (PEEP) [3-5]. During disconnect from 
ventilator, patients may be exposed to unintended sudden withdrawal 
of PEEP, which may induce harm to ARDS patients by causing lung 
collapse (derecuritment) and hypoxia. 

Endotracheal suctioning is known to be one of the causes of 
repeated derecruitment during mechanical ventilation [6-10]. There 
are two methods of endotracheal suctioning based on selection of 
catheter: open endotracheal suctioning (OES) and closed endotracheal 
suctioning (CES). More recently, a growing body of evidence 
demonstrates discretely the difference of OES and CES on the 
respiratory and hemodynamic parameters in ARDS. The reports suggest 

that OES induces alveolar derecruitment because of disconnection of 
the patients from the ventilator and negative suctioning pressure [6]. 
Moreover, repeated derecruitment is known to accelerate lung injury 
during mechanical ventilation [11,12]. In contrast, CES is effective to 
prevent alveolar derecruitment by avoiding ventilator disconnection, 
thereby maintaining appropriate oxygenation [6].

It has also been reported that hypoxia up-regulates endothelin-1 
(ET-1) in epithelium and mucosal vasculature [13,14]. ET-1is also 
a significant inflammatory factor that increases significantly in the 
plasma and lung tissue of patients with ARDS [15]. ET-1, a mediator 
of vascular inflammation, cell proliferation, and fibrosis in addition 
to being a potent vasoconstrictor has been potentially implicated 
in the pathogenesis of ARDS. The previous reports suggest that the 
production of ET-1 was increased in plasma and lung tissue in a VILI 

Abstract
Background: A growing body of evidence demonstrates discretely the difference of open endotracheal 

suctioning (OES) and closed endotracheal suctioning (CES) on the respiratory and hemodynamic parameters in acute 
respiratory distress syndrome (ARDS). Endothelin-1 (ET-1), a mediator of vascular inflammation, cell proliferation, 
and fibrosis in addition to being a potent vasoconstrictor has been potentially implicated in the pathogenesis of 
ARDS. Here, we investigated the effects of repeated OES vs. CES during mechanical ventilation on circulatory and 
pulmonary levels of ET-1 in ARDS. 

Methods: Briefly, 22 Japanese White Rabbits were intubated with a 3.5-mm endotracheal tube. Normal saline 
was instilled into lung and washed mildly. After instillation, rabbits were ventilated at definite setting; OES and CES 
duration was for 6 hours and performed every 30 minutes from protocol start. 

Results: At circulatory level, either OES or CES did not alter plasma ET-1 level compared to the ET-1 level 
in ARDS before the initiation of endotracheal suctioning (OES 4.7 ± 1.3 pg/ml vs. CES 4.8 ± 1.5 pg/ml, p=0.839). 
In contrast, pulmonary ET-1 level was significantly higher in CES group compared to OES group after 6 hours of 
repeated suctioning in ARDS (OES 26.9 ± 2.2 pg/mg vs. CES 29.9 ± 3.3 pg/mg, p=0.018). This change in pulmonary 
ET-1 level could maintain a parallel relation with PaO2 level.

Conclusion: At this moment, we can not clarify the mechanism and effects of the observed change in ET-1 in a 
rabbit model of ARDS as well as its clinical impact.
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model [16]. However, the ET-1 change in mechanical ventilation with 
endotracheal suctioning is still unknown.

In the present study, we generated a lavage-induced surfactant 
depleted ARDS rabbit model and investigated the effects of repeated 
OES vs. CES during mechanical ventilation of applied high PEEP on 
circulatory and pulmonary levels of ET-1.

Materials and Methods
The animal protocol of the present study was approved by the 

Ethics Committee of the Animal Resource Center of the University of 
Tsukuba. The animals were cared for in accordance with the guidelines 
for ethical animal research. 

Animal preparation and induction of lung injury

Briefly, 22 rabbits (2.8-3.5 kg) were initially anesthetized and 
intubated with a 3.5-mm endotracheal tube. Then, animals were 
ventilated in pressure-controlled mode with a constant tidal volume (6 
mL/kg). Anesthesia and muscle paralysis were maintained by continuous 
infusion of sodium pentobarbital (5 mg/kg/h) and pancuronium (0.1 
mg/kg/h) via infusion pump through the ear vein. Normal saline (3 
mL/kg/h) was then continuously infused as maintenance fluid. The 
right carotid artery was catheterized for blood gas sampling and 
monitoring of arterial pressure. Heart rate and mean arterial pressure 
were monitored by using Philips IntelliVueMP50 Patient Monitor 
(Philips MedizinSysteme GmbH, Böblingen, Germany). 

After 30 min of stability, baseline data were recorded. Through the 
endotracheal tube, 15 mL/kg of saline solution at 38°C was administered 
into the lung, using a modification of the technique described earlier by 
Lachmann et al. [17]. Lavage was repeated until the arterial blood gas, 
drawn 5 mins later, showed PaO2< 100 mmHg. After we confirmed 
stable severe lung injury by another arterial blood gas 30 min later 
(PaO2<100 mmHg), the experimental protocol was begun.

Ventilation protocol

After lung injury, intermittent mandatory pressure control 
ventilation was set up. The fraction of inspired oxygen was set at 1.0. 
Tidal volume was set at 6 mL/kg, inspiratory time at 0.5 secs, PEEP 
set at 10 cm H2O and the mandatory respiratory rate at 30/min. The 
mandatory respiratory rate was subsequently adjusted to maintain the 
PaCO2 in the range of 60-100 mmHg when possible, with a minimum 
rate of 4 /min and maximum of 40/min.

Suctioning protocol

After lung injury, one animal from each pair was randomly 
assigned to either the CES or OES groups. However, none treated 
rabbits (no lavage and suctioning) were used as a healthy control 
(Control). Endotracheal suctioning was performed twice every 30 
minute during ventilation. CES was performed using 6 French-
closed suctioning catheter (Ballard Medical products, Draper, Utah) 
connected to endotracheal tube under following conditions: a) a 
suctioning time and pressure of 10 sec and 140 mmHg, respectively; 
and b) suction depth of 2 cm (length of adapter) plus length of tracheal 
tube. OES was performed with the same catheter (Trachcare) under 
the same conditions, except with a disconnected ventilator circuit from 
the animal. 

Enzyme-Linked Immunosorbent Assay (ELISA) 

The concentrations of ET-1, tumor necrosis factor (TNF)-α and 

interleukin (IL)-6in lung tissue and plasma/serum were determined by 
a commercial ELISA kit (R&D Systems, MN, USA). All assays were 
performed in duplicate.

Histologic analysis

The right lungs were inflated with 4% formaldehyde to a pressure 
of 20 cm H2O via trachea and were fixed in 4% formaldehyde for >24 
h. Subsequently the lungs were divided into 4 regions with a #11 blade 
scalpel. Each region was then sectioned, stained with hematoxylin 
and eosin, and scored by two investigators blinded to experimental 
conditions. Samples were assigned an injury score in each of the 5 
categories (edema, hemorrhage, neutrophil infiltration, bronchiolar 
epithelial desquamation, and hyaline membrane formation) based on 
severity (0=not present, 4=severe and present throughout) a previously 
described [16,17]. Regional composite lung injury scores were 
calculated by summing the category scores within each lung region. 
Whole lung injury scores were calculated by summing the regional 
composite lung scores within each animal.

Statistical analysis

Baseline, hemodynamic, gas exchange variables, ET-1, TNF-α 
and IL-6 concentrations were expressed as mean ± SD. Intergroup 
differences were compared by Student’s t-test. Repeated-measures 
analysis of variance was used to determine intra group differences. 
Specific time points of this difference were determined by using 
Bonferroni’s correction for multiple comparisons. Lung injury score 
were expressed as medians and interquartile range (25th and 75th 
percentiles) and the data was analyzed using Mann-Whitney U test. 
The relationships between the variables were evaluated by the pearson 
correlation coefficient. A result was considered significant at P<0.05. 
The data from each group were compared with the previous time point 
starting from baseline injury by a test of within-subjects contrasts of 
repeated-measures analysis of variance by IBM-SPSS version19.0 
software (IBM-SPSS Inc, Chicago, IL).

Results 
Baseline characteristics

Baseline characteristics of the animals in the study groups are shown 
in Table 1. There were no differences in body weight, hemodynamic 
variables and gas exchange before the induction of lung injury.

Gas exchange
After lung injury was induced, PaO2 was reduced to a mean of 

66 ± 19 mmHg and 67 ± 14 mmHg for the CES and OES groups, 

OES group n = 9 CES group n = 9 p Value
Wt, kg 3.1 ± 0.2 3.0 ± 0.2 .273
Lavage, times 3.0 ± 0.2 3.0 ± 0.4 .673
MAP, mmHg 125 ± 13 115 ± 13 .081
HR, beats/min 211 ± 50 204 ± 35 .470
RR, breaths/min 24.5 ± 4.6 22.7 ± 6.8 .532
PIP, mmHg 12.3 ± 1.9 13.5 ± 2.7 .091
Arterial pH 7.40 ± 0.22 7.38 ± 0.45 .104
PaO2, mmHg 470.6 ± 22 485.1 ± 55.4 .588
PaCO2, mmHg 45.2 ± 4.5 45.6 ± 5.8 .883

OES: Open Endotracheal Suctioning; CES: Closed Endotracheal Suctioning; 
MAP: Mean Arterial Pressure; HR: Heart Rate; RR: Respiration Rate; PIP: Peak 
Inspiratory Pressure. Values are mean ± SD

Table 1: Baseline characteristic of experimental animals.



Citation: Sakuramoto H, Jesmin S, Shimojo N, Kamiyama J, Miya K, et al. (2014) Effects of Closed Vs. Open Repeated Endotracheal Suctioning 
During Mechanical Ventilation on the Pulmonary and Circulatory Levels of Endothelin-1 in Lavage-Induced Rabbit ARDS Model. J Vasc Med 
Surg 2: 127. doi: 10.4172/2329-6925.1000127

Page 3 of 5

Volume 2 • Issue 1 • 1000127
J Vasc Med Surg
ISSN: 2329-6925 JVMS, an open access journal 

respectively (p=0.995). After PEEP levels were increased to 10 cm H2O, 
PaO2 increased to >400 mmHg in both groups. In the CES group, PaO2 
remained 400 mmHg for the duration of the study. However, in the 
OES group, PaO2 decreased continuously and dropped to a mean of 
300 ± 128 mmHg at 4 hour and to 291 ± 48 mmHg at 6 hour (p=0.023 
and p=0.001 vs. PaO2 at 1hour after injury). This PaO2 level was 
significantly lower than in the CES groups (p=0.023 and p=0.001 at 4 
and 6 hours, respectively) (Table 2). 

Heart rate and mean arterial pressure
Overall there was no significant difference in mean arterial pressure 

and heart rate between both groups (Table 2). 

Histologic analysis 
No significant differences in histologic variables were observed 

between CES (median, 6; interquartile range, 2.5-9.0) and OES 
(median, 8.0; interquartile range, 5.5-14.0) lungs (p=0.329).

Circulatory and pulmonary levels of ET-1 in different 
suctioning groups by ELISA

There was no significant difference observed in the levels of plasma 
ET-1 between experimental groups at baseline (Figure 1) before the 
start of lavage (p=0.916). After induction of lung injury, but before 
the start of CES and OES interventions, plasma ET-1 levels of the 
two groups treated with saline lavage were elevated significantly (CES 
group; 4.7 ± 1.3 pg/ml, OES group; 5.0 ± 1.0 pg/ml) compared to the 
baseline variables(no lung injury, all p<0.001) (Figure 1). At circulatory 
level, either CES or OES did not alter plasma ET-1 levels compared to 
levels (ET-1) observed at the end of the six hours repeated suctioning 
protocol in ARDS (lung injury) animals. The mean values for ET-
1plasma concentrations in the CES and OES groups after 6 hours were 
4.8 ± 1.5 pg/ml and 4.7 ± 1.3 pg/ml, respectively (p=0.839) (Figure 1). 
In contrast, ET-1 level of lung tissues was significantly higher in CES 
group compared to the OES group after 6 hours of repeated suctioning 
in lavage-induced ARDS. The ET-1 level of lung tissues concentrations 
in the CES and OES groups were 29.9 ± 3.3 pg/mg and 26.9 ± 2.2 pg/
mg, respectively (p=0.018) (Figure 1).

Correlation assessment between ET-1 levels and value of PaO2

No significant correlation was observed either between plasma or 
pulmonary ET-1 levels and PaO2, respectively (r=-0.037, p=0.86) (r=-
0.223, p=0.26) in each experimental group, irrespective of the type of 
suctioning used, in the present study. 

Circulatory and pulmonary levels of TNF-α and IL-6 in 
different suctioning groups by ELISA

There were no significant differences observed in pulmonary 
and serum protein concentrations of IL-6 and TNF-α between CES 
and OES groups, as demonstrated by ELISA. Pulmonary and serum 
concentrations of IL-6 and pulmonary concentrations of TNF-α were 
higher in all other groups (lung injury irrespective of type of suctioning 
protocol) compared to the control groups (all p<0.005). Mean values 
for IL-6 pulmonary concentrations (pg/mg) in the CES, OES and 
control groups were 267 ± 157, 303 ± 177and 79 ± 7, respectively. IL-6 
serum concentrations (pg/ml) in the CES, OES and control groups 
were 232 ± 45, 245 ± 52 and 84 ± 20, respectively. The concentrations 
of pulmonary TNF-α (pg/mg) in the CES, OES and control groups 
were 654 ± 320, 633 ± 260 and 91 ± 63, respectively. TNF-α serum 
concentrations (pg/ml) in the CES, OES and control groups were 66 ± 
38, 91 ± 41and 30 ± 2, respectively.

Discussion
The key findings of the present study are that: a) repeated open 

endotracheal suctioning causes gradual and time-dependent reductions 
in arterial oxygenation over the course of endotracheal suctioning; 
b) there was no distinct difference in lung injury severity and extent 
between OES and CES groups; c) at circulatory level, either OES or 
CES did not alter plasma ET-1 level. In contrast, pulmonary ET-1 level 
was significantly higher in CES group compared to the OES group after 
6 hours of repeated suctioning in lavage-induced ARDS animals. The 
changes in ET-1 levels in the OES and CES groups did not correlate 
with changes in accompanying arterial oxygenation and blood pressure 
of the current lung injury model.

The lung lavage induced ARDS model is a well characterized and 
frequently used experimental model of ARDS [18,19]. After the lavage, 
animals are initially induced surfactant depleted, severe atelectasis 
and decreased arterial PaO2. Severe atelectasis then cause lung injury 
(atelectruma) because of the associated shear stress on the boundary 
between aerated and collapsed areas oratelectasis per se may promote 
lung injury through the activation of intracellular pathways that may 
alter cellular life span [20]. To achieve a large-enough difference 
between the in vivo ARDS models, we used a lung protective strategy 
combining low VT with high PEEP to minimize further injury. This 
concept of high PEEP protection was supported by some previous 
studies illustrating that the use of PEEP could decrease atelectrauma 

OES, open endotracheal suctioning; CES, closed endotracheal suctioning; PIP, peak inspiratory pressure; MAP, mean arterial pressure; HR, heart rate.Values are mean ± 
SD.ap <0.05 vs. CES group; bp<0.05 compared with previous value within the same group

Table 2: Sequential changes in variables of lung mechanics and hemodynamics.

Variables group baseline injury 2Hr 4Hr 6Hr
PIP , cm H2O OES 12.3 ± 1.9 18.5 ± 2.8 b 22.4 ± 2.6 23.4 ± 2.4ab 24.3 ± 2.5ab

CES 13.5 ± 2.7 19.2 ± 2.7 b 21.3 ± 2.0 21.2 ± 2.2 21.8 ± 2.3
Arterial pH OES 7.40 ±0.22 7.03 ± 0.15 b 7.14 ± 0.14 7.03 ± 0.11 7.02 ± 0.11

CES 7.38 ±0.45 7.05 ± 0.12 b 7.15 ± 0.11 7.11 ± 0.15 7.14 ± 0.07
Lactate, mmol/L OES 1.60 ± 0.91 5.46 ± 2.98 5.10 ± 5.40 5.96 ± 6.12 6.07 ± 7.01

CES 1.46 ± 0.59 6.40 ± 3.29 4.46 ± 3.82 5.38 ± 4.54 6.28 ± 7.61
PaO2, mmHg OES 470 ± 22 67 ± 14 467 ± 33 300 ± 128ab 291 ± 48ab

CES 483 ± 55 66 ± 19 447 ± 54 430 ± 74 434 ± 103
MAP, mmHg OES 125 ± 13 118 ± 20b 103 ± 16b 99 ± 23 92 ± 17 b

CES 115± 13 121 ± 17 97 ± 15 91 ± 21 90 ± 17b

HR, beats/min OES 211 ± 50 214 ± 40 210 ± 33 212 ± 41 213 ± 32
CES 204 ± 35 189 ± 25 217 ± 33 210 ± 35 208 ± 27
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and microatelectatic area. To prevent further injury caused by 
inappropriate PEEP, the current study adopted an appropriate PEEP of 
10 cm H2O according to a recent rabbits lavage induced ARDS model 
study which presented that the optimized PEEP was between 9 and 12 
cm H2O [11,12]. Suh et al. [11] showed that repeated derecruitment 
appeared to cause lung damage during mechanical ventilation with 
high PEEP in a lavage-induced surfactant-depleted lung injury model 
[12].

Previous studies reported that levels of circulatory and pulmonary 
ET-1 are elevated in ARDS models [16,21,22]. The current data are 
consistent with data from these earlier reports. Thus, collectively, data 
from the present study and these earlier studies show a significant 
alteration in levels of both circulatory and pulmonary ET-1 compared 
to the healthy control subjects in lavage-induced surfactant depleted 
ARDS models. Secondly, these data suggest validation of the present 
animal model as a suitable model for ARDS, including the patterns of 
circulatory and pulmonary ET-1 levels as seen in other frequently used 
ARDS models [16,21,22].

Endotracheal suctioning is known to be one of the causes of 
repeated derecruitment, hypoxemia and hemodynamic instability in 
ARDS subjects [6-10]. While CES is effective in preventing alveolar 
derecruitment and hemodynamic instability by avoiding ventilator 
disconnection, thereby maintaining appropriate oxygenation [6], OES 
has been shown to cause significant hypoxygenation and hemodynamic 
instability in mechanically-ventilated subjects [6-10]. ET-1, the most 
potent vasoconstrictor known so far, has been shown to potentially 
associate with hypoxygenation and hemodynamic change [23] in 
previous report. However, there is a lack of evidence on the effects of OES 
on ET-1 levels in mechanically-ventilated lung injury model/subject. 
Collectively, these facts led us to assume that OES would cause further 
aggravation in pulmonary ET-1 levels compared to CES in the current 
study design in lung injury model which had already upregulated ET-1 
level compared to the healthy control subject. Further, we assumed that 
if pulmonary ET-1 levels were more up-regulated in OES group, then 
there might be a significant correlation between the upregulated levels 
of ET-1 in lung and the decrease in arterial oxygenation caused by OES 
in the current experimental setting.

In fact, our present findings on arterial desaturation are similar to 
those of other groups that have evaluated CES [6,8,24-26]. Consistent 
to our results, other groups have also found that arterial desaturation 
related to endotracheal suctioning is greater with OES than with CES 
[6,8,24-26]. Moreover, the present study demonstrated that PIP levels 
were higher in the OES group compared to CES groups. This finding 
suggests that the OES group had decreased lung compliance than that in 

CES group. Therefore, it is likely that continuous alveolar derecruitment 
is responsible for this progressive reduction in oxygenation as observed 
in OES group. Although arterial desaturation related to endotracheal 
suctioning is greater with OES than with CES in present study, plasma 
and pulmonary ET-1 changes did not correlate with changes in 
reductions in arterial oxygenation of the lung injury model. Further, 
while ET-1 levels of lung tissue were significantly higher in CES group 
compared to the OES group, there was no significant difference in 
lung injury score between OES and CES groups, as demonstrated in 
the present study. In fact, in our most recent observation [27], using 
the same model and time points as in the present study, repeated OES 
and CES failed to cause further up regulation of serum and pulmonary 
TNF-α and IL-6 in the ARDS model. Thus, this is the first study to show 
differential expression of potential inflammatory cytokines, such as 
TNF-α, IL-6 and ET-1 in mechanically-ventilated lung injury models, 
which depended on the types of endotracheal suctioning, performed.

ET-1 is known to be released during various types of endothelial 
impairment, such as ischemia, reperfusion and sepsis [28,29]. Also 
ET-1 enhance the inflammatory response, increase the microvascular 
leak [30], and exacerbate the lung injury [31]. While ET-1 levels of 
lung tissue were significantly higher in CES group compared to the 
OES group, parallel or corresponding changes in lung injury were not 
observed in the present study. The discrepancies between the present 
data with the earlier mentioned reports above for now cannot be 
adequately accounted for. We do, however, know that the human lung 
is an important site for both ET-1 clearance and production [32]. In a 
past study, net pulmonary ET-1 clearance was found to decrease early 
in ARDS, and was reversed in patients who subsequently recovered 
[33]. In the present study, CES group may have earlier recovery from 
ARDS and, subsequently, may have higher pulmonary levels of ET-1. 
At this moment, the underlying mechanism and effects of the observed 
change in ET-1 in a rabbit model of ARDS as well as its clinical impact 
are unclear. In addition, throughout the experiment, no significant 
difference in blood pressure was observed between OES and CES groups, 
although pulmonary levels of ET-1 in the CES group were increased in 
animals with lung injury. Because ET-1 is a potent vasoconstrictor that 
has been implicated in the pathogenesis of hypertension [27], many 
studies have been able to show the relationship between blood pressure 
and ET-1 change. For now, the mechanisms underlying the selective 
and tissue-specific increase in ET-1 levels in pulmonary but not in 
circulatory level as observed here, also remains unclear.

One of the most important findings of the present study is that, 
there were no significant correlations between plasma/pulmonary 
ET-1 levels and the accompanying arterial desaturation in each group 
of endotracheal suctioning. It is difficult to explain this unexpected 
finding in the context of alterations observed in other target parameters 
in the current study, which ranged from morphological injury to other 
potential cytokine assessment. Future studies are needed to clarify 
the relationship between ET-1 expression profile and the degree of 
arterial desaturation in view of the clinical implications of the present 
findings, where longer duration of suctioning was utilized. Future 
studies should also focus on more in depth exploration of involvement 
of various inflammatory cytokines and vaso-active peptides tically 
engineered experimental animal models. Indeed, biotrauma is 
known toin the pathogenesis of VILI in ARDS/lung injury subjects 
undergoing mechanical ventilation using gene potentially contribute 
to the development and progression of VILI in ARDS subject although 
this biotrauma field in connection with VILI has just begun to be 
investigated. 
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Figure 1: (A): Changes in plasma levels of endothelin (ET)-1 and (B) pulmonary 
levels of ET-1 at the end of the study by ELISA; (A) OES, open endotracheal 
suctioning (open circle); CES, closed endotracheal suctioning (closed circle). 
*p<0.05 vs. baseline value. (B) comparisons of CES group (gray bar) with OES 
group (white bar). *p<0.05 vs. control;†p <0.05 vs. OES group.
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Conclusion
The current observation for the first time reported the involvement 

of vasoactive peptide like ET-1 underlying the pulmonary changes 
of endotracheal suctioning during mechanical ventilation in a 
lavage induced ARDS model. At this moment, we cannot clarify the 
mechanism and effects of the observed change in ET-1 in a rabbit 
model of ARDS as well as its clinical impact.

Acknowledgements

This work was supported in part by a Grant-in-Aid for Scientific Research B 
and C from the Ministry of Education, Culture, Sports, Science and Technology 
of Japan (22390334, 23592025, 24406026, 25462812 and 25305034) and Japan 
Society for the Promotion of Science.

References

1. Dreyfuss D, Saumon G (1998) Ventilator-induced lung injury: lessons from
experimental studies. Am J Respir Crit Care Med 157: 294-323.

2. Slutsky AS (1999) Lung injury caused by mechanical ventilation. Chest 116:
9S-15S.

3. Lionetti V, Recchia FA, Ranieri VM (2005) Overview of ventilator-induced lung
injury mechanisms. Curr Opin Crit Care 11: 82-86.

4. Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson BT, et al. (2000)
Ventilation with lower tidal volumes as compared with traditional tidal volumes
for acute lung injury and the acute respiratory distress syndrome. N Engl J Med 
342: 1301-1308.

5. Bowton DL, Kong DL (1989) High tidal volume ventilation produces increased
lung water in oleic acid-injured rabbit lungs. Crit Care Med 17: 908-911.

6. Maggiore SM, Lellouche F, Pigeot J, Taille S, Deye N, et al. (2003) Prevention 
of endotracheal suctioning-induced alveolar derecruitment in acute lung injury. 
Am J Respir Crit Care Med 167: 1215-1224.

7. Brochard L, Mion G, Isabey D, Bertrand C, Messadi AA, et al. (1991) Constant-
flow insufflation prevents arterial oxygen desaturation during endotracheal 
suctioning. Am Rev Respir Dis 144: 395-400.

8. Cereda M, Villa F, Colombo E, Greco G, Nacoti M, et al. (2001) Closed system 
endotracheal suctioning maintains lung volume during volume-controlled
mechanical ventilation. Intensive Care Med 27: 648-654.

9. Lu Q, Capderou A, Cluzel P, Mourgeon E, Abdennour L, et al. (2000) A
computed tomographic scan assessment of endotracheal suctioning-induced
bronchoconstriction in ventilated sheep. Am J Respir Crit Care Med 162: 1898-
1904.

10. Dyhr T, Bonde J, Larsson A (2003) Lung recruitment manoeuvres are effective 
in regaining lung volume and oxygenation after open endotracheal suctioning
in acute respiratory distress syndrome. Crit Care 7: 55-62.

11. Suh GY, Koh Y, Chung MP, An CH, Kim H, et al. (2002) Repeated
derecruitments accentuate lung injury during mechanical ventilation. Crit Care
Med 30: 1848-1853.

12. Koh WJ, Suh GY, Han J, Lee SH, Kang EH, et al. (2005) Recruitment 
maneuvers attenuate repeated derecruitment-associated lung injury. Crit Care
Med 33: 1070-1076.

13. Hieda HS, Gomez-Sanchez CE (1990) Hypoxia increases endothelin release in 
bovine endothelial cells in culture, but epinephrine, norepinephrine, serotonin,
histamine and angiotensin II do not. Life Sci 47: 247-251.

14. Dikranian K, Tomlinson A, Loesch A, Winter R, Burnstock G (1994) Increase in 
immunoreactivity to endothelin-1 in the mucosal vasculature and epithelium of
the large intestine during chronic hypoxia. J Anat 185 ( Pt 3): 609-615.

15. Nakano Y, Tasaka S, Saito F, Yamada W, Shiraishi Y, et al. (2007) Endothelin-1 
level in epithelial lining fluid of patients with acute respiratory distress syndrome. 
Respirology 12: 740-743.

16. Lai TS, Cai SX, Guo ZH (2010) Serum and lung endothelin-1 increased in a
canine model of ventilator-induced lung injury. Chin Med J (Engl) 123: 1021-
1027.

17. Lachmann B, Robertson B, Vogel J (1980) In vivo lung lavage as an
experimental model of the respiratory distress syndrome. Acta Anaesthesiol
Scand 24: 231-236.

18. Matute-Bello G, Frevert CW, Martin TR (2008) Animal models of acute lung 
injury. Am J Physiol Lung Cell Mol Physiol 295: L379-399.

19. Bayat S, Porra L, Albu G, Suhonen H, Strengell S, et al. (2013) Effect of positive 
end-expiratory pressure on regional ventilation distribution during mechanical
ventilation after surfactant depletion. Anesthesiology 119: 89-100.

20. Duggan M, McCaul CL, McNamara PJ, Engelberts D, Ackerley C, et al. (2003) 
Atelectasis causes vascular leak and lethal right ventricular failure in uninjured 
rat lungs. Am J Respir Crit Care Med 167: 1633-1640.

21. Pan C, Wang J, Liu W, Liu L, Jing L, et al. (2012) Low tidal volume protects 
pulmonary vasomotor function from “second-hit” injury in acute lung injury rats. 
Respiratory research 13: 77.

22. Deja M, Busch T, Wolf S, Donaubauer B, Petersen B, et al. (2004) Inhalation 
of the endothelin-A receptor antagonist LU-135252 at various doses in
experimental acute lung injury. J Cardiovasc Pharmacol 44 Suppl 1: S151-155.

23. Kohan DE (2013) Role of collecting duct endothelin in control of renal function
and blood pressure. Am J Physiol Regul Integr Comp Physiol 305: R659-668.

24. Lee CK, Ng KS, Tan SG, Ang R (2001) Effect of different endotracheal
suctioning systems on cardiorespiratory parameters of ventilated patients. Ann 
Acad Med Singapore 30: 239-244.

25. Maggiore SM, Iacobone E, Zito G, Conti C, Antonelli M, et al. (2002) Closed
versus open suctioning techniques. Minerva Anestesiol 68: 360-364.

26. Johnson KL, Kearney PA, Johnson SB, Niblett JB, MacMillan NL, et al.
(1994) Closed versus open endotracheal suctioning: costs and physiologic
consequences. Crit Care Med 22: 658-666.

27. Sakuramoto H, Shimojo N, Jesmin S, Unoki T, Kamiyama J, et al. (2013)
Repeated open endotracheal suctioning causes gradual desaturation but does 
not exacerbate lung injury compared to closed endotracheal suctioning in a
rabbit model of ARDS. BMC anesthesiology 13: 47.

28. Boscoe MJ, Goodwin AT, Amrani M,Yacoub MH (2000) Endothelins and the
lung. Int J Biochem Cell Biol 32: 41-62.

29. Sanai L, Haynes WG, MacKenzie A, Grant IS, Webb DJ (1996) Endothelin 
production in sepsis and the adult respiratory distress syndrome. Intensive
Care Med 22: 52-56.

30. Hu GD, Cai SX, Chen B, Chen YH (2006) Effects of serum of the rats ventilated 
with high tidal volume on endothelial cell permeability and therapeutic effects of 
ulinastatin. Chin Med J (Engl) 119: 1374-1380.

31. Clavijo LC, Carter MB, Matheson PJ, Wills-Frank LA, Wilson MA, et al. (2000) 
Platelet-activating factor and bacteremia-induced pulmonary hypertension. J
Surg Res 88: 173-180.

32. Dupuis J, Stewart DJ, Cernacek P, Gosselin G (1996) Human pulmonary
circulation is an important site for both clearance and production of endothelin-1. 
Circulation 94: 1578-1584.

33. Langleben D, DeMarchie M, Laporta D, Spanier AH, Schlesinger RD, et al.
(1993) Endothelin-1 in acute lung injury and the adult respiratory distress
syndrome. Am Rev Respir Dis 148: 1646-1650.

http://www.ncbi.nlm.nih.gov/pubmed/9445314
http://www.ncbi.nlm.nih.gov/pubmed/9445314
http://www.ncbi.nlm.nih.gov/pubmed/10424561
http://www.ncbi.nlm.nih.gov/pubmed/10424561
http://www.ncbi.nlm.nih.gov/pubmed/15659950
http://www.ncbi.nlm.nih.gov/pubmed/15659950
http://www.ncbi.nlm.nih.gov/pubmed/10793162
http://www.ncbi.nlm.nih.gov/pubmed/10793162
http://www.ncbi.nlm.nih.gov/pubmed/10793162
http://www.ncbi.nlm.nih.gov/pubmed/10793162
http://www.ncbi.nlm.nih.gov/pubmed/2766764
http://www.ncbi.nlm.nih.gov/pubmed/2766764
http://www.ncbi.nlm.nih.gov/pubmed/12615633
http://www.ncbi.nlm.nih.gov/pubmed/12615633
http://www.ncbi.nlm.nih.gov/pubmed/12615633
http://www.ncbi.nlm.nih.gov/pubmed/1859066
http://www.ncbi.nlm.nih.gov/pubmed/1859066
http://www.ncbi.nlm.nih.gov/pubmed/1859066
http://www.ncbi.nlm.nih.gov/pubmed/11398690
http://www.ncbi.nlm.nih.gov/pubmed/11398690
http://www.ncbi.nlm.nih.gov/pubmed/11398690
http://www.ncbi.nlm.nih.gov/pubmed/11069832
http://www.ncbi.nlm.nih.gov/pubmed/11069832
http://www.ncbi.nlm.nih.gov/pubmed/11069832
http://www.ncbi.nlm.nih.gov/pubmed/11069832
http://www.ncbi.nlm.nih.gov/pubmed/12617741
http://www.ncbi.nlm.nih.gov/pubmed/12617741
http://www.ncbi.nlm.nih.gov/pubmed/12617741
http://www.ncbi.nlm.nih.gov/pubmed/12163804
http://www.ncbi.nlm.nih.gov/pubmed/12163804
http://www.ncbi.nlm.nih.gov/pubmed/12163804
http://www.ncbi.nlm.nih.gov/pubmed/15891338
http://www.ncbi.nlm.nih.gov/pubmed/15891338
http://www.ncbi.nlm.nih.gov/pubmed/15891338
http://www.ncbi.nlm.nih.gov/pubmed/2201863
http://www.ncbi.nlm.nih.gov/pubmed/2201863
http://www.ncbi.nlm.nih.gov/pubmed/2201863
http://www.ncbi.nlm.nih.gov/pubmed/7649796
http://www.ncbi.nlm.nih.gov/pubmed/7649796
http://www.ncbi.nlm.nih.gov/pubmed/7649796
http://www.ncbi.nlm.nih.gov/pubmed/17875064
http://www.ncbi.nlm.nih.gov/pubmed/17875064
http://www.ncbi.nlm.nih.gov/pubmed/17875064
http://www.ncbi.nlm.nih.gov/pubmed/20497708
http://www.ncbi.nlm.nih.gov/pubmed/20497708
http://www.ncbi.nlm.nih.gov/pubmed/20497708
http://www.ncbi.nlm.nih.gov/pubmed/7445941
http://www.ncbi.nlm.nih.gov/pubmed/7445941
http://www.ncbi.nlm.nih.gov/pubmed/7445941
http://www.ncbi.nlm.nih.gov/pubmed/18621912c
http://www.ncbi.nlm.nih.gov/pubmed/18621912c
http://www.ncbi.nlm.nih.gov/pubmed/23559029
http://www.ncbi.nlm.nih.gov/pubmed/23559029
http://www.ncbi.nlm.nih.gov/pubmed/23559029
http://www.ncbi.nlm.nih.gov/pubmed/12663325
http://www.ncbi.nlm.nih.gov/pubmed/12663325
http://www.ncbi.nlm.nih.gov/pubmed/12663325
http://www.ncbi.nlm.nih.gov/pubmed/22954351
http://www.ncbi.nlm.nih.gov/pubmed/22954351
http://www.ncbi.nlm.nih.gov/pubmed/22954351
http://www.ncbi.nlm.nih.gov/pubmed/15838267
http://www.ncbi.nlm.nih.gov/pubmed/15838267
http://www.ncbi.nlm.nih.gov/pubmed/15838267
http://www.ncbi.nlm.nih.gov/pubmed/23986358
http://www.ncbi.nlm.nih.gov/pubmed/23986358
http://www.ncbi.nlm.nih.gov/pubmed/11455735
http://www.ncbi.nlm.nih.gov/pubmed/11455735
http://www.ncbi.nlm.nih.gov/pubmed/11455735
http://www.ncbi.nlm.nih.gov/pubmed/12029246
http://www.ncbi.nlm.nih.gov/pubmed/12029246
http://www.ncbi.nlm.nih.gov/pubmed/8143475
http://www.ncbi.nlm.nih.gov/pubmed/8143475
http://www.ncbi.nlm.nih.gov/pubmed/8143475
http://www.ncbi.nlm.nih.gov/pubmed/24308643
http://www.ncbi.nlm.nih.gov/pubmed/24308643
http://www.ncbi.nlm.nih.gov/pubmed/24308643
http://www.ncbi.nlm.nih.gov/pubmed/24308643
http://www.ncbi.nlm.nih.gov/pubmed/10661893
http://www.ncbi.nlm.nih.gov/pubmed/10661893
http://www.ncbi.nlm.nih.gov/pubmed/8857438
http://www.ncbi.nlm.nih.gov/pubmed/8857438
http://www.ncbi.nlm.nih.gov/pubmed/8857438
http://www.ncbi.nlm.nih.gov/pubmed/16934184
http://www.ncbi.nlm.nih.gov/pubmed/16934184
http://www.ncbi.nlm.nih.gov/pubmed/16934184
http://www.ncbi.nlm.nih.gov/pubmed/10644485
http://www.ncbi.nlm.nih.gov/pubmed/10644485
http://www.ncbi.nlm.nih.gov/pubmed/10644485
http://www.ncbi.nlm.nih.gov/pubmed/8840847
http://www.ncbi.nlm.nih.gov/pubmed/8840847
http://www.ncbi.nlm.nih.gov/pubmed/8840847
http://www.ncbi.nlm.nih.gov/pubmed/8256914
http://www.ncbi.nlm.nih.gov/pubmed/8256914
http://www.ncbi.nlm.nih.gov/pubmed/8256914

	Title
	Corresponding author
	Abstract
	Keywords
	Abbreviations
	Introduction
	Materials and Methods 
	Animal preparation and induction of lung injury 
	Ventilation protocol 
	Suctioning protocol 
	Enzyme-Linked Immunosorbent Assay (ELISA)  
	Histologic analysis 
	Statistical analysis 

	Results
	Baseline characteristics 
	Gas exchange 
	Heart rate and mean arterial pressure 
	Histologic analysis  
	Circulatory and pulmonary levels of ET-1 in different suctioning groups by ELISA 
	Correlation assessment between ET-1 levels and value of PaO2 
	Circulatory and pulmonary levels of TNF-α and IL-6 in different suctioning groups by ELISA 

	Discussion
	Conclusion
	Acknowledgements
	Table 1
	Table 2
	Figure 1
	References

