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T HE acute respiratory distress syndrome (ARDS) affects 
nearly 200,000 patients per year in the United States, 

with mortality rates as high as 45%.1,2 ARDS is character-
ized by the presence of proteinaceous fluid, inflammatory 
cells, and hyaline membranes in the alveolar space that cause 
decreased lung compliance, hypoxemia, and respiratory dis-
tress.3 Maintenance of an intact alveolar epithelial barrier 
requires specialized structures called tight junctions, and data 
from animal studies suggest that lung injury is mediated, in 
part, by dysregulation of several key tight junction proteins.4

Supportive care is the mainstay of ARDS treatment and 
includes mechanical ventilation (MV) when patients develop 
respiratory failure. While often life-saving, MV can also 
exacerbate preexisting lung injury (e.g., from pneumonia or 
extrapulmonary sepsis), known as ventilator-induced lung 
injury (VILI).5 Patients undergoing MV, including patients 
in the intensive care unit (ICU) or operating room, require 
medications for general anesthesia, sedation, or anxiolysis. 

Although often necessary to support critically ill patients 
receiving MV, these medications can also have adverse effects 
including prolonged MV and increased ICU length of stay.6 

What We Already Know about This Topic

•	 Isoflurane preconditioning has been shown to confer protec-
tion in some animal models of lung injury including inhaled 
endotoxin and ventilator-induced lung injury (VILI), with little 
information available regarding its mechanism

What This Article Tells Us That Is New

•	 In a murine two-hit model of endotoxin-induced inflammation 
followed by ventilator-induced lung injury (VILI), isoflurane ex-
posure before mechanical ventilation ameliorated the VILI by 
improving both lung mechanics and vascular leakage without 
changing inflammatory responses

•	 In mouse lung tissue and in lung epithelial cells injured similarly 
to the in vivo model, decrease of a key tight junction protein (zona 
occludens 1) was prevented with isoflurane preconditioning
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ABSTRACT

Background: Isoflurane may be protective in preclinical models of lung injury, but its use in patients with lung injury remains 
controversial and the mechanism of its protective effects remains unclear. The authors hypothesized that this protection is 
mediated at the level of alveolar tight junctions and investigated the possibility in a two-hit model of lung injury that mirrors 
human acute respiratory distress syndrome.
Methods: Wild-type mice were treated with isoflurane 1 h after exposure to nebulized endotoxin (n = 8) or saline control  
(n = 9) and then allowed to recover for 24 h before mechanical ventilation (MV; tidal volume, 15 ml/kg, 2 h) producing 
ventilator-induced lung injury. Mouse lung epithelial cells were similarly treated with isoflurane 1 h after exposure to lipopoly-
saccharide. Cells were cyclically stretched the following day to mirror the MV protocol used in vivo.
Results: Mice treated with isoflurane following exposure to inhaled endotoxin and before MV exhibited significantly less 
physiologic lung dysfunction. These effects appeared to be mediated by decreased vascular leak, but not altered inflammatory 
indices. Mouse lung epithelial cells treated with lipopolysaccharide and cyclic stretch and lungs harvested from mice after 
treatment with lipopolysaccharide and MV had decreased levels of a key tight junction protein (i.e., zona occludens 1) that 
was rescued by isoflurane treatment.
Conclusions: Isoflurane rescued lung injury induced by a two-hit model of endotoxin exposure followed by MV by main-
taining the integrity of the alveolar–capillary barrier possibly by modulating the expression of a key tight junction protein. 
(Anesthesiology 2015; 123:377-88)
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Volatile anesthetics are a class of sedatives with favorable 
pharmacokinetic properties including a rapid onset and 
rapid recovery upon discontinuation. Volatile anesthetics are 
routinely used for patients undergoing surgery, but there is 
debate as to whether they should be used in patients with 
lung injury that require anesthesia.

Isoflurane is one of the most commonly used volatile 
anesthetics7 and possesses cytoprotective properties,8 anti-
inflammatory properties,9–11 and cardioprotective effects.12 
Although isoflurane has been shown to confer protection in 
animal models of lung injury including inhaled endotoxin13 
and VILI,14,15 its use in patients with lung injury remains 
controversial, as some data suggest it may have deleterious 
effects.16,17 Furthermore, the mechanism of protection with 
isoflurane following endotoxin-induced lung injury and 
VILI remains unclear. It has been reported that a brief period 
of preconditioning with isoflurane can confer protection 
from other types of injury, including myocardial ischemia/
reperfusion,12 sepsis-induced lung injury,13 and ischemic 
brain injury,18 many hours after exposure to the volatile 
anesthetic and that the mechanism of protection may be 
due to changes in gene expression.19 Given that isoflurane 
has been shown to prevent vascular leak in several mouse 
models of lung injury,20,21 we hypothesized that its protec-
tive effects may be due to changes in the expression of key 
alveolar tight junction proteins, as no studies to date have 
addressed the role of inhaled anesthetics in epithelial tight 
junction integrity. To test this hypothesis, we used a two-hit 
model of lung injury that involves MV following lipopoly-
saccharide exposure. Although the majority of acute lung 
injury animal studies involve a single injury to the lungs, 
critically ill patients in the ICU frequently sustain multiple 
injuries to the lungs (e.g., pneumonia, sepsis, cardiogenic 
pulmonary edema, and transfusion-associated lung injury) 
and then require MV and inhalational anesthetics after the 
initial injury has ensued.22 We set out to use a model of lung 
injury that mirrored the course of ICU patients with ARDS 
and to determine whether isoflurane conferred protection in 
this model.

Materials and Methods

Two-hit Murine Model of Lung Injury and In Vivo 
Isoflurane Exposure
All animal experiments were approved by the Brigham 
and Women’s Institutional Animal Care and Use Com-
mittee (Boston, MA) and were handled according to the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. Wild-type, male, 6- to 8-week-old 
C57BL/6 mice (Jackson Laboratories, USA) were treated 
with 10 mg of nebulized Pseudomonas aeruginosa endo-
toxin from Sigma-Aldrich (L9143; USA) dissolved in 
phosphate-buffered saline (PBS) or PBS alone using an 
Aeroneb nebulizer (Aerogen, Ireland) as described previ-
ously (fig. 1A).23 One hour later, mice were exposed to 

1.4% isoflurane in 100% oxygen for 2 h as described pre-
viously.24 Briefly, mice were randomly assigned to receive 
1.4% isoflurane in 100% oxygen or 100% oxygen alone 
with identical flow rates in identical anesthetizing cham-
bers. This concentration of isoflurane was selected because 
it represents one minimum alveolar concentration in the 
rodent.24 Animals treated with isoflurane were anesthe-
tized and able to breathe spontaneously. The isoflurane 
concentration was measured continuously with an agent 
analyzer (Datex, USA; Ohmeda, USA). The physiologic 
status of the mice was monitored in a pilot study using 
mice with femoral arterial catheters that were treated with 
similar concentrations of isoflurane (see table, Supplemen-
tal Digital Content 1, http://links.lww.com/ALN/B166). 
During isoflurane anesthesia, temperature was maintained 
at 37°C using heating pads. Anesthesia was terminated by 
discontinuing isoflurane administration. After anesthesia, 
the anesthetized and control animals recovered in 100% 
oxygen for 20 min. Twenty-four hours after isoflurane 
treatment, mice were anesthetized with 70 mg/kg of pento-
barbital (Akorn, USA), and a tracheostomy was performed 
before pressure-limited (30 cm H2O), volume-cycled MV 
with ambient air using a Flexivent rodent ventilator (Sci-
req, Canada) with a tidal volume of 15 ml/kg. Other ven-
tilator settings included a respiratory rate of 150 breaths/
min and a positive end-expiratory pressure of 2.5 cm H2O. 
Similar minute ventilation in prior mouse studies has been 
shown to maintain normal Paco2 and arterial pH levels25 
as well as normal oxygenation.26 Measurements of lung 
physiology including elastance (H) and tissue resistance 
(G) were measured at baseline and twice hourly thereaf-
ter. Standardized recruitment maneuvers were performed 
before each physiologic measurement to prevent atelectasis 
and standardize volume history.27 When MV was com-
pleted, a bronchoalveolar lavage (BAL) was performed by 
instilling 1 ml of sterile PBS twice. Cells were pelleted from 
the BAL fluid and assessed for total and differential cell 
counts using a hemacytometer and a cytospin followed by 
Diff-Quick staining (Fisher Scientific, USA).

Histologic Assessment of Lung Injury
Lungs were flushed free of blood by perfusing the right 
ventricle with 10 ml of sterile PBS. Lungs were inflated to 
30 cm H2O and fixed in 10% formalin overnight at 4°C 
before paraffin embedding. Five-micron sections were 
obtained, and staining with hematoxylin and eosin was 
performed. Gr-1 (neutrophil) staining was performed and 
quantitated as described previously.28 Briefly, three random 
×400 images were acquired using an Olympus microscope 
(Olympus, USA). Images were converted to 8-bit (gray-
scale) and analyzed using NIH Image J software (USA). 
Minimum intensity and size thresholds were set and 
applied to all images. The mean of the three random fields 
was calculated and reported as Gr-1-positive cells per high 
power field.
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Measurement of BAL Protein
Protein was measured in BAL supernatants using a standard 
Bradford assay (Bio-Rad, USA) with a standard curve using 
albumin.

Evans Blue Assay and Wet to Dry Ratios
Mice were injected intravenously via tail vein with 30 mg/kg 
of 1% Evans blue dye in PBS (Sigma-Aldrich) 30 min before 
MV. After MV, blood was obtained by right ventricular 
puncture and plasma was isolated. Lungs were perfused free 
of blood by injecting the right ventricle with 10 ml of sterile 
PBS. The left lung was snap frozen in liquid nitrogen and 
the right lung was weighed (wet weight). The right lung was 
dried in a 60°C oven and weighed daily for 72 h or until the 
weight was unchanged on subsequent days (dry weight). For 
the Evans blue assay, the left lung was homogenized in 500 
μL PBS and two volumes of formamide (Sigma-Aldrich) 
were added. Lung homogenates were incubated overnight at 
60°C before centrifugation at 13,000 rpm for 30 min. The 
optical density of the lung homogenate and diluted plasma 

were obtained at 620 nm and 740 nm, and the permeability 
index was calculated as described previously.29

Enzyme-linked Immunosorbent Assay
Enzyme-linked immunosorbent assay for interleukin-6 was 
performed using 50 μL of BAL fluid according to the manu-
facturer’s specifications (Thermo Fisher, USA).

Cell Culture, In Vitro Cyclic Stretch Assay, and  
Isoflurane Exposure
Immortalized mouse lung epithelial cells (MLE-15) were the 
generous gift of Jeffrey Whitsett, M.D. (Professor of Pediat-
rics, University of Cincinnati College of Medicine, Cincinnati, 
OH), and were cultured as described previously.30 For cyclic 
stretch experiments, cells were plated on Pronectin-coated 
Flexcell plates (Flexcell, USA) and grown to confluence. Cells 
were then treated with a combination of 0.5 μg/ml Escherichia 
coli lipopolysaccharide (L2762, Sigma-Aldrich) and 100 U/
ml of interferon gamma (315-05, Peprotech, USA) or PBS 
control for 4 h (fig. 1B). Cells were subsequently exposed to 

Fig. 1. Schematic of the in vivo and in vitro models used. BAL = bronchoalveolar lavage; ISO = isoflurane; LPS = lipopolysac-
charide; MLE = mouse lung epithelial cells; PEEP = positive end-expiratory pressure; RR = respiratory rate; TV = tidal volume.
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isoflurane (or control gas containing 23% oxygen, 5% CO2, 
balance nitrogen) in an airtight chamber for 2 h as described 
previously.31 Isoflurane, oxygen, and carbon dioxide concen-
trations were measured every 30 min as described previously.31 
After isoflurane exposure, cell were incubated overnight before 
biaxial cyclic stretch (10% stretch, 0.5 Hz) delivered via a 
Flexcell Strain Unit FX-3000 (Flexcell) for 2 h before isolating 
RNA or protein. Control cells were placed in the stretching 
device, but not subjected to stretch.

RNA Isolation, Reverse Transcription, and Quantitative 
Polymerase Chain Reaction
Total RNA was isolated from cells and lung tissue using an 
RNeasy mini kit (Qiagen, USA) according to the manufacturer’s 
protocol. RNA was treated with recombinant DNAse (Invitro-
gen, USA) according to the manufacturer’s protocol to remove 
any genomic DNA contamination. Complementary DNA was 
synthesized from 1 μg of RNA using the Superscript III reverse 
transcription kit (Invitrogen). Quantitative real-time poly-
merase chain reaction was performed using a 7300 Real-Time 
PCR System (Applied Biosystems, USA) to determine gene 
expression for zona occludens (ZO)-1 (Mm 00493699_m1), 
occludin (Mm005000912_m1), claudin 4 (Mm00515514_
s1), and surfactant protein B (SPB) (Mm00455681_m1) using 
validated TaqMan® gene expression assay primer/probe com-
binations (Applied Biosystems). All quantitative polymerase 
chain reaction results were normalized to the expression of the 
endogenous control 18S (Hs99999901_s1). Fold changes in 
transcripts were determined using the delta delta cycle threshold 
(i.e., ΔΔCt) method.

Protein Isolation, Sodium Dodecyl Sulphate-
Polyacrylamide Gel Electrophoresis, and Immunoblotting
Cells were placed on ice and media was aspirated before 
washing twice with ice-cold PBS. Cell lysis buffer was 
prepared by adding a complete mini protease inhibitor 
tablet (Roche Diagnostics, USA) and phosphatase inhibi-
tors (Sigma-Aldrich) to protein isolation buffer (40 mM 
HEPES, 120 mM NaCl, 1 mM EDTA, 3% CHAPS 
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fonate) w/v). Ice-cold buffer was added to each well and cells 
were mechanically disrupted using a rubber scraper. Protein 
extracts were subjected to a freeze/thaw cycle before centrif-
ugation (6,000 rpm × 20 min). Supernatants were collected 
and protein concentrations were determined using a BCA 
assay (Thermo Fisher). Protein concentrations were equal-
ized and samples were boiled after adding NuPAGE load-
ing buffer (Life Technologies, USA) and β-mercaptoethanol. 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
was performed using 4% to 12% Bis/Tris gels (Life Tech-
nologies) and proteins were transferred to nitrocellulose 
membranes. Membranes were blocked with 5% nonfat milk 
in Tris Buffered Saline with Tween before incubating with 
anti-zona occludens 1 or anti-occludin (Invitrogen) antibod-
ies at 1:1,000 for 2 h at room temperature. Membranes were 

washed three times in Tris Buffered Saline with Tween before 
incubating with a horseradish peroxidase–conjugated sec-
ondary antibody. Membranes were again washed three times 
before being developed with ECL reagent and imaged with 
a ChemiDoc imaging system (Bio-Rad). Quantitative assess-
ment was performed using Image Lab software (Bio-Rad).

ZO-1 Immunostaining and Quantitation
Formalin-fixed and paraffin-embedded lungs sections were 
deparaffinized and rehydrated before boiling in 10 mM 
sodium citrate/0.5% Tween 20 (pH 6.0) for 25 min for anti-
gen retrieval. Tissue was permeabilized with 0.3% Triton-X 
(American Bioanalytical, USA) and blocked with 10% goat 
serum in PBS (Cellgro, USA). ZO-1 was identified by immu-
nofluorescence staining using a polyclonal rabbit anti ZO-1 
antibody (Zymed, USA) at a concentration of 7.5 μg/ml in 
5% goat serum/PBS (or goat serum alone as a control). Alexa 
fluor 546 (red) goat anti-rabbit-IgG (2 mg/ml) (Invitrogen) 
at 1:600 dilution was used as the secondary antibody with 
4',6-diamidino-2-phenylindole counterstaining. Representa-
tive images were acquired using a confocal microscope, and 
8-bit pictures were used for quantitative analysis. To avoid 
interference from other channels, only the red channel (ZO-
1) was used. Quantitative assessment was performed using 
Image J software. Briefly, the lung interstitial background was 
calculated by randomly choosing ten 5.19 μm2 regions. The 
average of maximum intensity was calculated, and this value 
was used as the measurement threshold. Next, 10 fields were 
selected at random, and the average of the maximum and 
mean intensities was calculated correcting for the background 
threshold. Three images per animal were assessed.

Statistical Analysis
All data are shown as mean ± SEM unless otherwise noted. 
Data were plotted and analyzed using Prism (GraphPad, USA) 
software. We did not perform an a priori statistical analysis. 
Our sample sizes were chosen based on our prior lung injury 
studies,30 and sample sizes are indicated in each figure legend. 
Two-tailed hypothesis testing was used for all experiments in 
our study. A Mann–Whitney test was used for comparisons 
between two groups when the data were not normally distrib-
uted. For comparisons between multiple groups, a one-way 
ANOVA with Tukey multiple comparisons test or a two-way 
ANOVA with Bonferroni post hoc test was performed depend-
ing on the number of experimental variables. A Kruskal–Wallis 
test with Dunn multiple comparisons test was used to compare 
multiple groups when the data were not normally distributed. A 
P value of less than 0.05 was considered statistically significant.

Results

Isoflurane Attenuates Lung Injury in a Two-hit Murine 
Model of Acute Lung Injury
Mice were exposed to nebulized lipopolysaccharide or saline 
control, with or without MV to induce VILI 24 h later 
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(fig. 1A). Mice exposed to nebulized endotoxin followed by 
MV developed a significant increase in lung elastance (i.e., 
stiffness, termed “H”) compared with control mice or VILI 
alone (table 1; fig. 2A). Mice were treated with isoflurane or 

identical control gas for 2 h after exposure to endotoxin (or 
saline) and before MV (fig. 1A). Mice treated with isoflu-
rane were anesthetized and breathed spontaneously. Hemo-
dynamic monitoring and blood gas analysis in a pilot study 

Table 1.  Summary of Detailed Lung Physiology Data Presented in Figure 2

PBS/VILI LPS/VILI

Control Isoflurane Control Isoflurane

G H G H G H G H

Baseline 6.12 ± 0.12 28.20 ± 0.80 6.02 ± 0.23 28.5 ± 0.82 6.24 ± 0.28 30.2 ± 1.35 5.31 ± 0.27 25.2 ± 1.48
30 min 5.98 ± 0.23 27.80 ± 0.67 5.78 ± 0.21 27.0 ± 0.51 6.56 ± 0.25 32.0 ± 1.56 5.16 ± 0.31 26.5 ± 1.35
60 min 5.75 ± 0.23 27.90 ± 0.63 5.67 ± 0.22 27.1 ± 0.53 6.65 ± 0.31 32.6 ± 1.83 5.31 ± 0.29 27.0 ± 1.22
90 min 5.85 ± 0.21 28.00 ± 0.70 5.42 ± 0.26 26.1 ± 1.77 6.80 ± 0.40 34.3 ± 2.26 5.59 ± 0.42 28.0 ± 1.44
120 min 5.67 ± 0.31 27.90 ± 0.94 5.68 ± 0.20 27.5 ± 0.70 6.98 ± 0.37 34.4* ± 2.30 5.64** ± 0.44 28.1** ± 1.69

C57BL/6 mice (n = 8/group) were treated with nebulized lipopolysaccharide (or saline control) 1 h before exposure to isoflurane (or control gas) 24 h before 
mechanical ventilation. Lung elastance (i.e., stiffness, H, cm H2O/ml) and tissue resistance (G, cm H2O/ml) were measured at the onset of mechanical ven-
tilation (i.e., baseline) and every 30 min thereafter. After 2 h of mechanical ventilation, mice injured with lipopolysaccharide (LPS/VILI) had significantly higher 
lung elastance (H) compared with all other groups (*P < 0.05 vs. PBS, PBS + iso, LPS + iso by one-way ANOVA with Tukey multiple comparisons test). At 
2 h, LPS/VILI mice treated with isoflurane had significantly lower elastance (H) and resistance (G) compared with LPS/VILI mice without isoflurane treatment 
(**P < 0.05 by one-way ANOVA with Tukey multiple comparisons test).
G = lung tissue resistance; H = lung elastance (stiffness); iso = isoflurane; LPS/VILI = mechanically ventilated mice previously treated with nebulized endotoxin;  
PBS/VILI = mechanically ventilated mice previously treated with nebulized phosphate-buffered saline.
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Fig. 2. Isoflurane attenuates lung injury in a two-hit model using nebulized endotoxin and mechanical ventilation. C57BL/6 mice 
(n = 8/group) were treated with isoflurane (or control gas) 1 h after exposure to 10 mg nebulized lipopolysaccharide (LPS) and 
24 h before mechanical ventilation (15 ml/kg, 2 h). (A) The combination of nebulized endotoxin and mechanical ventilation to in-
duce ventilator-induced lung injury (LPS/VILI) increased lung elastance (H, stiffness) compared with mice treated with nebulized 
phosphate-buffered saline (PBS, no VILI, n = 8) or nebulized PBS followed by VILI (PBS, 2 h VILI, n = 8). Isoflurane prevented 
the increase in lung stiffness seen following LPS/VILI at both 1 and 2 h (*P < 0.05 vs. LPS/VILI + isoflurane at same time point by 
two-way ANOVA with Bonferroni posttest). (B) LPS treatment resulted in inflammatory cell infiltration (arrowhead) and interstitial 
thickening (arrow) consistent with edema that was more pronounced with LPS/VILI and appeared to be ameliorated by isoflu-
rane. (C) Isoflurane did not alter lung surfactant protein B (SPB) message levels following LPS/VILI.
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demonstrated that mice treated with isoflurane did not have 
evidence of hypotension, hypercarbia, or hypoxemia (see 
table, Supplemental Digital Content 1, http://links.lww.
com/ALN/B166). Mice exposed to inhaled isoflurane either 
1 h after nebulized lipopolysaccharide or the following day 
(23 h after lipopolysaccharide) exhibited a significant reduc-
tion in lung elastance (H) at 2 h after VILI (fig. 2A; table 1; 
see figure, Supplemental Digital Content 2, http://links.
lww.com/ALN/B167). Hematoxylin and eosin staining of 
lung sections revealed interstitial thickening and infiltration 
of inflammatory cells after nebulized lipopolysaccharide and 
MV that appeared more pronounced compared to either 
injury alone (fig. 2B). Exposure to inhaled isoflurane attenu-
ated histologic lung injury as indicated by pulmonary edema 
accumulation following lipopolysaccharide and VILI, with 
the most pronounced effects observed after the combination 
of both lipopolysaccharide and VILI (fig. 2B), without dif-
ferences noted in quantity of inflammatory cells (see next 
paragraph). We previously reported that physiologic lung 
dysfunction after injury with endotoxin correlated with sur-
factant dysfunction due to decreased levels of the critical pro-
tein, SPB, at the message and protein levels.30 We therefore 

measured SPB message levels in lung tissue following the 
combination of lipopolysaccharide and VILI and found no 
difference in SPB levels with isoflurane exposure (fig. 2C). 
Thus, the ameliorated physiologic lung injury parameters 
with isoflurane are not explained by altered SPB expression 
in this model.

Isoflurane Does Not Alter the Degree of Lung 
Inflammation after Lipopolysaccharide, VILI, or 
Lipopolysaccharide and VILI Combined
Given that decreased lung inflammation is often observed in 
the setting of ameliorated lung injury and has been reported 
in some lung injury studies where isoflurane was protec-
tive, we set out to determine whether isoflurane prevented 
lung injury in our model by modulating markers of lung 
inflammation. Total BAL inflammatory cells (fig. 3A) and 
BAL neutrophils (fig.  3B) increased following endotoxin 
and endotoxin and VILI combined compared to control 
and VILI animals. However, the number of inflammatory 
cells in the BAL fluid did not differ with the addition of iso-
flurane exposure to lipopolysaccharide or the combination 
of lipopolysaccharide and VILI (fig. 3, A and B). We next 
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Fig. 3. Isoflurane does not impact lung inflammation after nebulized endotoxin, mechanical ventilation, or the combination of 
both injuries. Total bronchoalveolar lavage (BAL) inflammatory cells (A) and neutrophils (B) were increased following injury with 
lipopolysaccharide (LPS, n = 3) and LPS followed by mechanical ventilation to induce ventilator-induced lung injury (LPS/VILI, 
n = 7) compared with control mice treated with nebulized phosphate-buffered saline (PBS, n = 2) or PBS treatment followed by 
mechanical ventilation (PBS/VILI, n = 8) but were not affected by isoflurane treatment. Interleukin-6 (IL-6) levels in BAL fluid (C) 
increased following LPS/VILI (n = 7) compared with PBS/VILI (n = 7) but were not altered by isoflurane treatment. Staining for 
Gr-1 revealed increased neutrophils (arrows) in animals subjected to LPS/VILI compared with either injury alone, but there was 
no significant change in neutrophil infiltration with isoflurane (D).
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examined BAL levels of interleukin-6, a proinflammatory 
cytokine, that is a well-described marker of lung injury.32,33 
BAL interleukin-6 levels increased significantly after treat-
ment with lipopolysaccharide and VILI and were not sig-
nificantly altered in animals that were exposed to isoflurane 
(fig. 3C). In order to assess for the presence of neutrophils in 
the interstitial space, we performed immunostaining for the 
neutrophil marker Gr-1, which revealed increased neutro-
phils in animals subjected to endotoxin and VILI compared 
to either injury alone, but there was no significant change in 
neutrophil infiltration with isoflurane (fig. 3D).

Isoflurane Prevents Increased Alveolar–Capillary  
Barrier Permeability following Injury with 
Lipopolysaccharide and VILI
To further explore the mechanism of protection of isoflurane 
in lung injury, we next set out to determine whether isoflu-
rane altered alveolar–capillary membrane permeability dur-
ing lung injury by assessing BAL protein levels. Mice treated 
with lipopolysaccharide and VILI exhibited increased BAL 
protein levels that were significantly reduced with exposure 
to isoflurane (fig. 4A). To confirm that isoflurane preserves 
alveolar–capillary barrier integrity, we performed an Evans 
blue assay and found decreased barrier leak with isoflurane 
treatment in animals subjected to lipopolysaccharide and 
VILI when isoflurane was administered either 24 h before 
MV or immediately before MV (fig.  4B; see figure, Sup-
plemental Digital Content 2, http://links.lww.com/ALN/
B167). Additionally, mice injured with endotoxin and VILI 
that were treated with isoflurane had lower wet to dry ratios 
(fig. 4C), also indicative of decreased barrier leak with iso-
flurane treatment. These findings were consistent with less 
edema observed histologically with the addition of isoflurane 
to mice injured with the combination of lipopolysaccharide 

and MV (fig. 2B). Thus, the improved lung compliance seen 
in animals treated with isoflurane correlated with decreased 
alveolar–capillary membrane permeability assessed by mul-
tiple different methods at multiple time points.

Isoflurane Attenuates the Reduction of the Tight Junction 
Protein ZO-1 following Lipopolysaccharide and Cyclic 
Stretch In Vitro
In order to dissect the mechanism by which isoflurane 
protected against increased alveolar–capillary membrane 
permeability after injury with lipopolysaccharide and MV, 
we treated mouse lung epithelial cells with a combination 
of lipopolysaccharide and interferon-γ (fig. 1B), which has 
been shown to mimic the downstream effects of lipopolysac-
charide in vivo in mice.30 Cells were then exposed to iso-
flurane after endotoxin but before cyclic stretch in order to 
mirror our in vivo lung injury model. We hypothesized that 
expression of tight junction protein family members known 
to be critical for maintenance of barrier function4,34 might 
be dysregulated in our two-hit model and that isoflurane 
might modulate expression of these proteins. We focused on 
ZO-1, given our recent study demonstrating the importance 
of this protein in maintaining barrier function in the gut in 
sepsis.35 The combination of endotoxin and interferon-γ fol-
lowed by cyclic stretch significantly decreased ZO-1 message 
levels (fig. 5A; see figure, Supplemental Digital Content 3, 
http://links.lww.com/ALN/B168) compared to control cells. 
Treatment with isoflurane after lipopolysaccharide exposure 
but before cyclic stretch significantly attenuated the decrease 
in ZO-1 message levels (fig. 5A). Interestingly, the effect of 
isoflurane appeared to be specific to ZO-1, as message levels 
of other tight junction proteins, including occludin and 
claudin-4, were not significantly altered by lipopolysaccha-
ride/interferon-γ and stretch (fig. 5B). ZO-1 protein levels 

A B C

no isoflurane isoflurane
0.0

0.5

1.0

1.5

2.0

2.5

Ev
an

s
bl

ue
pe

rm
ea

bi
lit

y
in

de
x

**

no isoflurane isoflurane
0

2

4

6

8

W
et

/D
ry

R
at

io

**

PBS/VILI LPS/VILI
0.0

0.2

0.4

0.6

0.8

1.0 no isoflurane
isoflurane

*

B
A

L
pr

ot
ei

n
(m

g/
m

L)

Fig. 4. Isoflurane prevents increased alveolar–capillary barrier permeability following injury with lipopolysaccharide and me-
chanical ventilation. C57BL/6 mice were subjected to injury with nebulized lipopolysaccharide (LPS) and mechanical ventilation 
to induce ventilator-induced lung injury (LPS/VILI) or nebulized phosphate-buffered saline followed by mechanical ventilation 
(PBS/VILI) before performing bronchoalveolar lavage (BAL). (A) BAL protein increased significantly following LPS/VILI (n = 3) 
compared with PBS/VILI (n = 3). Isoflurane treatment following LPS but before VILI (n = 4) prevented the increase in BAL protein 
seen with LPS/VILI without isoflurane (n = 3) (*P < 0.001 vs. LPS/VILI and no isoflurane by two-way ANOVA with Bonferroni 
posttest). In a separate experiment, mice were subjected to LPS/VILI with isoflurane (n = 6) or control gas (n = 5). Mice treated 
with isoflurane had significantly less alveolar–capillary permeability as measured by Evan blue assay (B) and wet to dry ratio (C).  
**P < 0.05 versus LPS/VILI and no isoflurane by Mann–Whitney test.
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decreased significantly after cells were subjected to lipo-
polysaccharide/interferon-γ and stretch, but this decrease 
was prevented with addition of isoflurane (fig. 5, C and D). 
Occludin protein levels did not change significantly follow-
ing lipopolysaccharide/interferon-γ and stretch and were not 
affected by isoflurane treatment (fig. 5, C and D).

Isoflurane Exposure Attenuates the Reduction in Lung 
Epithelial ZO-1 Levels In Vivo in a Two-hit Model of Acute 
Lung Injury
To determine whether ZO-1 levels were similarly altered 
following lung injury with the combination of lipopolysac-
charide and MV in vivo, we performed immunostaining of 
lung sections harvested from control mice or mice subjected 

to endotoxin and MV with or without isoflurane exposure. 
Lung sections from control animals revealed smooth linear 
ZO-1 staining along the alveolar epithelium consistent with 
intact tight junctions4 (fig. 6A). Lung sections from mice 
injured with lipopolysaccharide and MV revealed decreased 
ZO-1 expression marked by staining that was irregular and 
interrupted in nature (fig. 6B). Sections from mice exposed 
to lipopolysaccharide and MV with isoflurane revealed res-
toration of smooth, linear ZO-1 staining along the alveolar 
epithelium (fig. 6C), consistent with intact tight junctions. 
Quantitation of ZO-1 staining revealed that levels of ZO-1 
in mice injured with endotoxin and MV and treated with 
isoflurane had returned nearly to baseline before lung 
injury (fig. 6D). Thus, the amelioration of physiologic lung 
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Fig. 5. Isoflurane attenuates the reduction of zona occludens 1 (ZO-1) following lipopolysaccharide and cyclic stretch in vitro. 
Mouse lung epithelial cells were plated in six-well dishes on flexible silico-elastic membranes and grown to confluence before 
treatment with lipopolysaccharide (LPS) and interferon gamma (IFN-γ). After LPS/IFN-γ treatment, cells were exposed to iso-
flurane (iso) (or control gas) 1 day before cyclic stretch (10% stretch, 2 h). Complementary DNA was synthesized, and message 
levels were analyzed by quantitative polymerase chain reaction after normalizing for the housekeeping gene 18S. In separate 
experiments, protein was isolated and tight junction protein levels were probed by immunoblotting. (A) The combination of LPS/
IFN-γ and cyclic stretch (denoted LPS/stretch, n = 13 wells) decreased ZO-1 message levels compared with control cells (no 
LPS/IFN-γ and no stretch, n = 8 wells). The decrease in ZO-1 message was significantly attenuated by isoflurane treatment  
(n = 15 wells, *P < 0.05 vs. no isoflurane by Mann–Whitney test). (B) Occludin and claudin 4 message levels did not change 
significantly following the combination of LPS/IFN-γ + stretch compared with control cells (no LPS/IFN-γ, no stretch) (C) ZO-1 
protein levels, but not occludin protein levels, decreased following LPS/IFN-γ + stretch. (D) Image quantitation revealed that 
ZO-1 expression (C) decreased significantly with LPS/IFN-γ + stretch, but ZO-1 expression did not differ significantly from con-
trol (no LPS/IFN-γ, no stretch) levels when cells were treated with isoflurane (**P < 0.05 vs. control/no iso by Kruskal–Wallis test 
with Dunn multiple comparisons test). All data n = 3 wells/group unless otherwise noted.
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dysfunction by isoflurane correlates with reduced alveolar–
capillary membrane dysfunction and dysregulation of the 
tight junction protein, ZO-1.

Discussion
Isoflurane has been shown to confer protection in various 
models of acute lung injury, including zymosan-induced lung 
injury,36,37 systemic endotoxemia,21 inhaled endotoxin,7,13 
hemorrhagic shock,20 and VILI.14,15 Although isoflurane 
has been studied in models using a single lung injury, our 
study is, to the best of our knowledge, the first to examine 
the effects of isoflurane in a clinically relevant two-hit model 
of lung injury where isoflurane was administered after lung 
injury was established. We chose this model given debate 
about the choice of anesthetic for patients with lung injury 
who require MV. One important group of patients felt to be 
particularly susceptible to VILI is patients with established 

lung injury that do not require MV but do require invasive 
procedures or surgical intervention. Examples of this sce-
nario include a patient with lung injury in the setting of nec-
rotizing pancreatitis who requires pancreatic fluid drainage, 
debridement, or necrosectomy or a patient with burns that 
requires debridement/escharotomy. The use of volatile anes-
thetics in these types of scenarios remains controversial.17

Although prior studies have shown that isoflurane is pro-
tective in each of the injuries that comprise our model,13,14 
the mechanism of its protective effects remains incompletely 
understood. In a mouse model of endotoxin-induced lung 
injury, isoflurane decreased BAL inflammatory cells in mice 
that were either pretreated or treated 1 h after nebulized 
lipopolysaccharide.13 Surprisingly, we did not see evidence 
of decreased BAL inflammatory cells, neutrophils, or altered 
BAL interleukin-6 levels in mice injured with the combina-
tion of lipopolysaccharide and MV that were treated with 
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Fig. 6. Isoflurane exposure attenuates the reduction in lung epithelial zona occludens 1 (ZO-1) after injury with lipopolysaccha-
ride (LPS) and mechanical ventilation in vivo. Wild-type C57BL/6 mice (n = 3/group) were subjected to lung injury with the com-
bination of LPS followed by mechanical ventilation to induce ventilator-induced lung injury (LPS/VILI) with or without isoflurane 
treatment and compared with control mice subjected to treatment with nebulized phosphate-buffered saline (PBS) without VILI. 
ZO-1 immunostaining revealed decreased ZO-1 expression in LPS/VILI (B) that was discontinuous in nature compared with con-
trol animals (A). The addition of isoflurane treatment after LPS but before mechanical ventilation (C) restored ZO-1 levels back to 
those seen in control mice, and staining was smooth and continuous in nature similar to that seen in control mice. Quantitation 
of ZO-1 staining (D, three images per mouse) from lung sections confirmed that ZO-1 levels significantly decreased with LPS/
VILI and that isoflurane treatment prevented this decrease. *P < 0.05 versus all other groups by one-way ANOVA with Tukey 
multiple comparisons test.
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isoflurane (fig. 3). This difference may be due to the use 
of different serotypes of endotoxin, due to the fact that we 
assessed lung inflammation at a later time point compared 
to most studies, or due to the fact that our model produces 
overwhelming lung inflammation that might not be easily 
modifiable. Our findings are consistent with Giraud et al.38 
who showed that another inhaled anesthetic (halothane) 
attenuated influx of inflammatory cells into rat lungs fol-
lowing injury with lipopolysaccharide and MV at 4 h but 
not 24 h (as was used in our study), stressing the importance 
of later time point assessments in these models. In addition 
to the effect of isoflurane on lung inflammation, the study 
by Reutershan et al.13 also showed that isoflurane attenuated 
the alveolar–capillary barrier leak that occurred after injury 
with lipopolysaccharide. Barrier leak and inflammatory cell 
infiltration often occur simultaneously in lung injury, sug-
gesting a common pathophysiologic mechanism. However, 
in some instances, the mechanisms of each process are dis-
tinct. Recruitment of neutrophils and other inflammatory 
cells to the alveolar space is an active process involving cell 
migration in response to chemokines, and noncardiogenic 
pulmonary edema results from dysfunction of the pulmo-
nary capillary and epithelial barriers. The protective effect 
of isoflurane and other volatile anesthetics has been primar-
ily attributed to dampened inflammation, and the fact that 
multiple lung injury studies have demonstrated that volatile 
anesthetics abrogate vascular leak has led investigators to 
suggest that dampened inflammation might be responsible 
for this effect.7,20,37,39 Our study raises a novel concept that 
isoflurane directly affects the alveolar–capillary membrane 
independent of effects on lung inflammation.

In recent years, it has become clear that tight junctions 
play a key role in the pathogenesis of noncardiogenic pul-
monary edema that is characteristic of ARDS.40–42 Tight 
junctions are complex subcellular structures composed of 
both transmembrane and cytosolic proteins that create a 
semipermeable barrier between adjacent epithelial cells.43 In 
order to determine how isoflurane prevented increased lung 
edema after injury with lipopolysaccharide and MV (fig. 4), 
we developed an in vitro model using mouse lung epithelial 
cells subjected to lipopolysaccharide and interferon-γ before 
cyclic stretch. To our knowledge, we are the first to use this 
type of in vitro stretch model to study the molecular effects 
of volatile anesthetics. Given that brief exposure to isoflurane 
provided durable protection against further lung injury 24 h 
after exposure, we hypothesized that the protective effect 
may be due to alterations in gene expression, specifically the 
expression of key tight junction proteins. We chose to focus 
on the role of ZO-1 given prior data showing the impor-
tance of this tight junction protein in lung injury following 
endotoxemia4 and hyperoxia42 induced lung injury. Using 
our model, we determined that the combination of lipopoly-
saccharide and interferon-γ followed by cyclic stretch sig-
nificantly reduced the expression of ZO-1 (fig. 5) and then 
observed that ZO-1 expression was similarly reduced in vivo 

(fig. 6). Although others have described the role of another 
tight junction protein, claudin-4,41 in VILI, this is the first 
report of the role of ZO-1 in a model of VILI.

There are several unique features of our study. Our study is 
the first to describe the protective role of isoflurane in a clini-
cally relevant lung injury model where MV was instituted 
after lung injury was established. Decreased lung compliance 
is a key clinical variable that is important in management of 
ARDS, and our study is the only one that we are aware of 
that has shown improved physiologic lung function with iso-
flurane. Interestingly, isoflurane did not improve measures of 
lung function in a mouse model of VILI alone14 even though 
it did reduce other injury parameters, suggesting that volatile 
anesthetics may possess greater protective effects when used 
after lung injury is established. We have previously shown 
that physiologic lung dysfunction after endotoxin treatment 
was due to decreased SPB levels,30 and others have shown 
that sevoflurane increased SPB levels in a rat model of lung 
injury that combined lipopolysaccharide and MV.39 How-
ever, we did not observe any changes in lung SPB message 
levels after treatment with isoflurane (fig. 2), which may be 
due to differential effects of individual volatile anesthetics or 
due to differences in the model. In addition to our use of a 
clinically relevant lung injury model and our novel effects of 
isoflurane on improving lung physiology, we are also the first 
to use an in vitro system to test the effects of isoflurane on 
lung epithelial cells before cyclic stretch. This model enabled 
us to perform mechanistic studies, which ultimately lead to 
our observation that isoflurane prevents the down-regulation 
of ZO-1 after injury with the combination of lipopolysac-
charide and MV.

There are several potential limitations to our study, 
including that our model used MV with a tidal volume of 
15 ml/kg. Although lower tidal volumes (i.e., 6 ml/kg) are 
used in patients with ARDS, lung injury is heterogeneous 
with regional variation in lung mechanics that leads to local 
areas of high levels of stretch.44 In order to model the injury 
that occurs in these areas, the standard approach is to use 
MV with higher tidal volumes in preclinical models.22,29,45 
Another limitation of the two-hit model is that it is diffi-
cult to determine the exact mechanism of protection with 
isoflurane as it may exert its effect on either injury indepen-
dently or in combination. In our model using a short period 
of moderate tidal volume ventilation, MV alone does not 
induce significant injury and was employed to exacerbate 
preexisting lung injury, as is often seen when patients with 
an initial “hit” to the lung acquire a second “hit” with MV 
(even if employed with protective ventilatory strategies). 
Although we show here that isoflurane modulates ZO-1 
levels and prevents noncardiogenic pulmonary edema, it 
remains unclear whether this effect is specific to isoflurane 
or generalizable to all anesthetics (volatile or intravenous). 
Finally, our study only examined the effect of isoflurane on 
epithelial barrier integrity, and it is possible that isoflurane 
also affects other factors that contribute to noncardiogenic 
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pulmonary edema in ARDS including changes in endothe-
lial permeability and by active transport of salt and water 
across the epithelial barrier. Despite these limitations, there 
are several clinically relevant implications of our findings. 
Now that there is a growing literature to support the ben-
eficial effects of isoflurane and other volatile anesthetics in 
lung injury, and several reports of using volatile anesthetics 
for more prolonged periods of time in the ICU,46 there are 
potential opportunities to translate our findings to critically 
ill patients. There remains substantial debate surrounding 
the choice of anesthetic regimens for patients with ARDS 
that require surgery, and our data suggest that isoflurane may 
be advantageous in this situation even when administered 
at different time points after the initial lung injury, but fur-
ther studies will be needed to confirm this. Enthusiasm for 
long-term use of volatile anesthetics in the ICU should be 
tempered by preclinical reports of potential adverse cerebral 
effects of these medications.47,48 These issues will be impor-
tant to address in models of critical illness, as the aggregate 
effects may be different in the setting of significant lung dis-
ease. In summary, we have shown that isoflurane is protec-
tive in a two-hit model of lung injury where isoflurane was 
administered after lung injury was established. Future stud-
ies will be needed to determine whether isoflurane might 
someday have a role in the management of critically ill 
patients with ARDS in the ICU or in the operating room.
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