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Anesthetic isoflurane (ISO) has immunomodulatory effects. In the present study, we investigated whether a subanesthetic dose of
ISO (0.7%) protected against zymosan (ZY) induced inflammatory responses in the murine lung and isolated neutrophils. At 1
and 6 hrs after ZY administration intraperitoneally, ISO was inhaled for 1 hr, and 24 hrs later, lung inflammation and injury were
assessed. We found that ISO improved the survival rate of mice and mitigated lung injury as characterized by the histopathology,
wet-to-dry weight ratio, protein leakage, and lung function index. ISO significantly attenuated ZY-induced lung neutrophil
recruitment and inflammation. This was suggested by the downregulation of (a) endothelial adhesion molecule expression and
myeloperoxidase (MPO) activity in lung tissue and polymorphonuclear neutrophils (b) chemokines, and (c) proinflammatory
cytokines in BALF. Furthermore, ZY-induced nuclear translocation and DNA-binding activity of NF-𝜅B p65 were also reduced by
ISO. ISO treatment inhibited iNOS expression and activity, as well as subsequent nitric oxide generation. Consistent with these in
vivo observations, in vitro studies confirmed that ISO blockedNF-𝜅B and iNOS activation in primarymouse neutrophils challenged
by ZY. These results provide evidence that 0.7% ISO ameliorates inflammatory responses in ZY-treated mouse lung and primary
neutrophils.

1. Introduction

Multiple organ dysfunction syndrome (MODS) leads to high
morbidity and mortality rates in the intensive care unit and
is one of the most urgent and challenging public health prob-
lems worldwide [1, 2]. The lung is frequently the first organ
that fails during the development of this syndrome. However,
the mechanism of lung injury induced by inflammation
remains to be determined, and the therapeutic regimen
requires further investigation.

Zymosan-induced generalized inflammation (ZIGI)
mouse model can reproduce many characteristics of human

MODS, which is adopted by many research groups [3, 4].
Several reports have shown that the onset of ZY-induced in-
flammatory response in mouse lung is associated with
the gas exchange barrier and that it culminates with max-
imal neutrophil accumulation, exudate formation, and proin-
flammatory cytokines production [5–7]. ZY is recognized
by toll-like receptor 2 (TLR-2) on immune cells (e.g.,
neutrophils), which subsequently trigger signal cascade for
nuclear factor-𝜅B (NF-𝜅B) activation [8]. NF-𝜅B activation is
required for maximal expression of many proinflammatory
cytokines and chemokines and iNOS involved in the path-
ogenesis of acute lung injury [9].
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ISO is a widely used inhaled anesthetic, which exerts
protective properties mainly through antioxidant and anti-
inflammatory properties [10, 11]. Several studies have demon-
strated that the anti-inflammatory activity of ISO at anes-
thetic concentration (1.2%–2.5%) is associated with (A) ame-
liorated lung dysfunction and mortality [12], (B) decreased
proinflammatory cytokine and chemokine release, (C)
decreased polymorphonuclear neutrophil infiltration [13],
and (D) diminished NF-𝜅B and inducible nitric oxide
synthase-NO (iNOS-NO) pathway activation [12, 14]. How-
ever, ISO at clinical anesthetic dose has adverse effects for
critically ill patients, who cannot tolerate its hemodynamic
effects that include vasodilation, myocardial depression, and
bradycardia [15]. ISO at less than 1% for sedation weakly
interferes with hemodynamics, which is more beneficial for
critically ill patients in the intensive care unit [16, 17]. Our
recent study demonstrated that ISO at a subanesthetic dose
(0.7%) results in suppression of inflammatory responses via
antioxidant activity in ZY-induced lung injury [18]. How-
ever, it is not known whether the inhibition of ZY-induced
pulmonary injury in mice by subanesthetic doses of ISO is
promoted by its anti-inflammatory properties. The purpose
of this study was to investigate how the suppression of the
inflammatory response by 0.7% ISO contributes to its ability
to attenuate ZY-induced inflammatory lung injury in mice.

2. Materials and Methods

2.1. Reagents. All reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise stated. NF-𝜅B
activation inhibitor (NAI) and ISO were obtained from Cal-
biochem (Darmstadt, Germany) and Baxter (Baxter Health-
care Corporation,Deerfield, IL), respectively. All suspensions
were freshly made before use.

2.2. Animals and Treatments. Male BALB/C mice (8 weeks
old and weighing 22–25 g) were used in this study. Animal
procedures were approved by the Ethics Committee for Ani-
mal Experimentation of Fourth Military Medical University.
Euthanasia by pentobarbital was consistent with the AVMA
Guidelines on Euthanasia, June 2007.

An inflammation-associated lung injury model was
established by aseptic intraperitoneally (IP) injection of ZY
(25mg/mL suspended in normal saline (NS)) into mice, at
a dose of 1 g/kg of body weight, as previously described [18,
19]. The animals were placed in a sealed plexiglass chamber
with inflow and outflow outlets. The same volume of NS
was injected through the same route as the sham control.
Mice were exposed to ISO via inhalation as the previous
study [18, 19]. Briefly, ISO was delivered by air into the
chamber through a tube at a rate of 4 L/min. The flow rate
of ISO was accurately and real-time controlled by regulation
of Anesthetic Vaporizers (Harvard apparatus, USA). The
concentration of ISO in the outflow hose of the chamber
was continuously monitored with a gas analyzer (Brüel &
Kjae, Naerum, Denmark) and maintained at 0.7% during
the treatment. The concentration of oxygen in the cham-
ber was maintained at 21% by using supplemental oxygen

and continuously monitored with a gas analyzer (Medical
Gas Analyzer LB-2, Model 40M; Beckman, Fullerton, CA).
Carbon dioxide was removed from the chamber gases with
baralyme (Allied Healthcare Products, Inc., St. Louis, MO).
The animals without ISO treatment were exposed to room air
(RA) in the chamber as the vehicle control.

2.3. Neutrophil Isolation and Culture. Neutrophils were iso-
lated from peripheral venous blood of healthy mice using
an anti-Ly-6G MicroBead Kit (Miltenyi Biotec, Germany)
according to the manufacturer’s protocol. Isolated neu-
trophils (5 × 106/mL) were cultured as previously described
[20]. Prior to all experiments, >99% of cells were deter-
mined viable by Live/Dead violet (Invitrogen, Carlsbad,
CA).

2.4. Experimental Design. For in vivo studies, eighty mice
were randomly allocated as follows (𝑛 = 20 per group;
Figure 1(a)). (1) ZY + vehicle group: mice were given an IP
injection of ZY (1 g/kg, dissolved in NS solution), followed by
inhalation of RA (vehicle) for 1 h starting at 1 h and 6 h after
ZY administration. (2) ZY + 0.7% ISO group: no differences
from the ZY + vehicle group, except for 1 h inhalation of ISO
starting at 1 h and 6 h instead of RA after ZY administration.
(3) Sham + vehicle group: no differences from the ZY +
vehicle group, except for administration with NS (sham)
instead of ZY. (4) Sham + 0.7% ISO group: identical to the
sham+ vehicle group, except for 1 h inhalation of ISO starting
at 1 h and 6 h after NS (Sham) administration. At 24 hrs after
administration of ZY, animals were assessed for ZY-induced
lung injury. In another set of experiments, animals (𝑛 =
20 each group) were randomly assigned and monitored for
survival for 7 days after ZY/ISO or NS/ISO administration.

For in vitro studies, primary mouse neutrophils were
plated in 6-well plates and treated with the following reagents
(Figure 1(b)): sterile NS, DMSO, ISO (0.15mM, equal to
0.7%), NF-𝜅B activation inhibitor (NAI, 10 𝜇M; dissolved
in DMSO), ZY (1.5mg/mL), ISO for 15mins following ZY
(ZY + ISO), NAI for 15mins following ISO (ISO + NAI),
NAI for 15mins following ZY ( ZY + NAI ), or NAI for
15mins following ISO for 15mins and then following ZY
(ZY + ISO + NAI). Assays for NF-𝜅B or iNOS expression
and activity and iNOS-derived NO formation were per-
formed 45mins or 18 hrs after treatment with ZY/NS/DMSO,
respectively.

2.5. Histologic Examination. Lungs were harvested for
observing morphologic alterations at 24 hrs after ZY or NS
administration. The subjects were fixed with 10% formalin
for 8 hrs at room temperature, embedded in paraffin, and
sectioned at 4 𝜇m thickness. After deparaffinization and
rehydration, the sections were sequentially stained with
hematoxylin and eosin. Histologic changes were evaluated
by two independent pathologists, who had no knowledge of
the treatment regimen received by each respective animal.
The degree of lung injury was scored on a subjective scale
ranging from 0 to 3; 0 = absence, 1 = mild, 2 = moderate,
and 3 = severe. The ranging scale was used for each of
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Figure 1: Schematic diagram depicting the experimental designs for this study. (a) Four treatment groups were used for in vivo experiments.
At 1 and 6 hrs after NS (sham) or ZY injection, mice were subjected to inhalation of 0.7% ISO or RA (vehicle) for a 1 hr duration. BALF
and lung tissues were harvested for a series of assays at 24 hrs following NS or ZY administration. (b) Test and control groups for 0.7% ISO
treatment of isolated neutrophils. At 45mins or 18 hrs after single or combined treatments with ZY, ISO or NF-𝜅B activation inhibitor (NAI)
in neutrophils, assays for NF-𝜅B DNA-binding activity, iNOS activity, and NO formation were performed. DMSO was assayed as a solvent
control. For more detailed descriptions, see Section 2.

histologic features: edema, hyperemia and congestion,
neutrophil margination and tissue infiltration, intra-alveolar
hemorrhage and debris, and cellular hyperplasia. The final
score will be the adding of the single evaluation [21].

2.6. Wet/Dry Weight Ratio. To quantify the magnitude of
pulmonary edema, we evaluated lung wet/dry (W/D) weight
ratio at 24 hrs after NS or ZY administration. The harvested
wet lung was weighed and then placed in an oven for 24 hrs
at 80∘C and weighed when it was dried. The ratio of wet lung
to dry lung was calculated [22].

2.7. Protein Leakage. Total protein concentration in the BALF
was determined using a standard commercial kit (Bio-Rad
Laboratories, Hercules, CA).

2.8. pH/Blood Gases Analysis. At 24 hrs after NS or ZY
administration, blood samples were taken and centrifuged
(1500 g for 5min at room temperature) to separate plasma.
For the evaluation of acid-base balance and blood gas analysis
(indicators of lung function), arterial blood levels of pH,
PaO
2
, and PCO

2
and HCO

3

− were determined by pH/blood
gases analyzer as previously described [23].

2.9. BALF Collection and Cell Counts. At 24 hrs after admin-
istration of ZY or NS, BALF collection was performed
by the methods described previously [24]. The mice were
anesthetized with pentobarbital, tracheas were cannulated
after exsanguination, and lungswere gentlywashedwith 2mL
of PBS. The amount of exudate was calculated by subtracting
the volume injected (2mL) from the total volume recovered.
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BALF samples were centrifuged at 500 g at 4∘C for 12mins,
and the supernatant was stored at −70∘C for subsequent
analysis of protein and cytokine levels. Furthermore, cell
pellets were resuspended in 1mL of PBS, and the number of
total cells was determined using a hemocytometer (Beckman
Coulter, Inc). For differential cells counts, cytospin slides
were prepared and stained with Diff-Quick [25], and every
kind of cell was identified by a certified laboratory technolo-
gist in a blinded fashion.

2.10. Measurement of Lung MPO Activity. Myeloperoxidase
(MPO) activity was measured as an indicator of neutrophil
infiltration into the lung tissue as previously described [26].
At 24 hrs after ZY or NS injection, all animals (𝑛 = 10 for
each group) were sacrificed with pentobarbital. Lungs were
obtained and perfused with cold PBS to remove all blood,
and homogenated lung supernatants were prepared to detect
the activity of MPO. MPO activity was defined by the
change in absorbance measured by spectrophotometer (DU
640B; Beckman) at 590 nm and expressed in unit per gram
weight of wet tissue. The activity of MPO was measured by
using commercial kits purchased from Cayman Chemical
Company.

2.11.Measurement of Cytokine and Chemokine Production. At
24 hrs after ZY orNS injection, the cytokines and chemokines
levels in BALF were measured using commercially available
enzyme-linked immunosorbent assay (ELISA) kits (mouse
TNF-𝛼, IL-1𝛽, IL-6, high-mobility group box-1 (HMGB-1),
keratinocyte-derived chemokine (KC), macrophage inflam-
matory protein-1𝛼 (MIP-1𝛼), macrophage inflammatory
protein-2 (MIP-2), and monocyte chemoattractant protein-1
(MCP-1) ELISA kits are from R&D Systems, Minneapolis,
MN). The optical density (OD) was measured on an ELISA
plate scanner (CA94089, Molecular Devices, Sunnyvale,
Canada). All experiments were performed according to the
manufacturers’ instructions [27].

2.12. Determination of iNOS Enzyme Activity. Measuring
iNOS activity by monitoring the conversion of arginine to
citrulline was a standard assay as described previously [28].
At the predetermined time points (see experimental design or
Figure 1), a aliquot of homogenated lung tissue or neutrophil
lysate was incubated with L-[3H] arginine accompanied with
the essential substrates and cofactors (tetrahydrobiopterin,
nicotinamide adenine dinucleotide phosphate, flavin adenine
dinucleotide, etc.), and the production of L-[3H] citrulline
was calculated by liquid scintillation counting. For the quan-
tification of iNOS activity, ethylenediamine tetraacetic acid
(EDTA) and ethylene glycol tetraacetic acid (EGTA) were
sequentially added to the incubation buffer. An appropriate
blank was needed as a reaction including 1mM L-NAME
(competitive iNOS inhibitor) to exclude the effect from the
background of the nonspecific metabolism of L-arginine and
the similar description sees our previous study [19]. iNOS
activity in the citrulline assay was determined by the L-
NAME inhibitable degree in the EDTA-EGTA sample, and

its expression was measured using Units (1 Unit = 1 pmol L-
citrulline/mg protein/min).

2.13. Measurement of Nitrite Concentration. Production of
nitrite (NO

2

−), an indicator of NO synthesis, was assessed
using a colorimetric reaction with the Griess reagent [29]. At
the predetermined time points (see experimental design or
Figure 1), BALF or the neutrophil culturemedia was collected
and mixed with an equal (1 : 1) volume of Griess reagent
(0.1% N-(1-naphthyl) ethylenediamine dihydrochloride, 1%
sulfanilamide, and 2.5%H

3
PO
4
). A 96-wellmicroplate reader

(Spectra MAX 340PC, Molecular Devices) was used to
measure the absorbance at 540 nm; data were analyzed
using Softmax Pro software. Sodium nitrite was dissolved in
double-distilled water then used as standards.

2.14.WesternBlotAnalysis. At 24 hrs afterZYorNS injection,
cytosolic and nuclear extracts of homogenated lung tissue
were prepared with a nuclear extract kit (Active Motif,
Carlsbad, CA). According to the manufacturer’s instructions,
all standards and samples were run in triplicate [29]. NF-
𝜅B p65 levels were quantified in nuclear fractions. All
other protein levels were quantified in cytosolic fractions.
The ultimate two extracts (cytosolic and nuclear protein)
were boiled, separated by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE), electrotransferred
onto nitrocellulose membranes, and then immunoblotted
with rabbit anti-iNOS polyclonal antibody (pAb) (Millipore,
Temecula, CA, USA), rabbit anti-NF-𝜅B pAb, and rabbit anti-
I𝜅B pAb (Santa Cruz Biotechnology, CA, USA). Equivalent
sample loading was confirmed by probing with mouse anti-
𝛽-actin monoclonal antibody (mAb) and rabbit anti-laminin
BmAb (Sigma, CA, USA). Detection was performed with the
enhanced chemiluminescence assay kit (Pierce, Rockford, IL,
USA).

2.15. NF-𝜅B DNA-Binding Activity Assay. At the predeter-
mined time points (see experimental design or Figure 1),
the DNA-binding activity of NF-𝜅B in lung tissues and
neutrophils was quantified using the TransAM NF-𝜅B p65
transcription factor assay kit (Active Motif, Carlsbad, CA).
The nuclear extracts of lung tissues were prepared with a
nuclear extract kit (Active Motif). According to the manu-
facturer’s instructions, all standards and samples were run in
duplicate [30].

2.16. Quantitative Real-Time Reverse Transcriptase (RT)-PCR.
At the predetermined time points (see experimental design
or Figure 1), total RNA from lung tissue or neutrophils
was isolated and extracted with TRIzol Regant (Invitro-
gen, Carlsbad, CA, USA) following the instructions of the
manufacturer. For quantitative real-time reverse transcrip-
tase (RT)-PCR analysis, cDNA was synthesized from total
RNA with SuperScript Reverse Transcriptase kit (Invit-
rogen). Quantitative real-time RT-PCR reaction was per-
formed with iQ5 Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). The primers had the following
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Figure 2: Effect of 0.7% ISO treatment on mortality of ZY-
challenged mice. Mice were treated with RA (vehicle) or ISO
inhalation for 1 hr at 1 and 6 hrs after NS (sham) or ZY injection.
The survival percentage was calculated each day for 7 days following
initial treatment (𝑛 = 20 per group). ∗𝑃 < 0.05 versus sham +
vehicle; #

𝑃 < 0.05 versus ZY + vehicle.

sequences: for iNOS, forward 5-AACGGAGAACGTTGG-
ATTTG-3 and reverse 5-CAGCACAAGGGGTTTTCTTC-
3; for E-selectin, forward 5-TCTGGACCTTTCCAAAAT-
GG-3 and reverse 5-TGCAAGCTAAAGCCCTCATT-3;
for VCAM-1, forward 5-TGGAGGAAATGGGCATAAAG-
3 and reverse 5-CAGGATTTTGGGAGCTGGTA-3; for
ICAM-1, forward 5-CGAAGGTTCTTCTGAGC-3 and
reverse 5-GTCTGCTGAGACCCCTCTTG-3; for 𝛽-actin,
forward 5-TGAGAGGGAAATCGTGCGTG-3 and reverse
5-TTGCTGATCCACATCTGCTGG-3. The PCR settings
were as follows: initial denaturation at 95∘C was followed
by 25 cycles of amplification for 10 s at 95∘C and 20 s at
56∘C, with subsequent melting curve analysis, increasing
the temperature from 72 to 95∘C. Quantification of gene
expression was calculated relative to 𝛽-actin.

2.17. Immunohistochemistry. Immunohistochemistry was
performed as previously described [31]. At 24 hrs after ZY or
NS injection, the lung tissues were fixed in 10% PBS-buffered
formalin, and 5𝜇m sections were prepared from paraffin-
embedded tissues. After deparaffinization, endogenous
peroxidase was blocked with 0.3% (volume/volume [v/v])
hydrogen peroxide in 60% (v/v) methanol for 30mins. The
sections were permeabilized with 0.1% (v/v) PBS-buffered
Triton X-100 for 20mins. Incubate the section in 3% (v/v)
normal goat serum in PBS for 20mins to minimize the
nonspecific adsorption. Endogenous biotin or avidin
binding sites were blocked by sequential incubation for
15mins with avidin and biotin (BD biosciences, CA, USA).
The sections were then incubated overnight with rabbit
anti-iNOS mAb (BD biosciences, CA, USA, 1 : 500 in PBS,
v/v) or with control solutions. Controls included buffer

alone or nonspecific purified rabbit immunoglobulin G. A
biotin-conjugated specific secondary anti-immunoglobulin
G and avidin-biotin peroxidase complex were used to detect
the specific labeling. To verify the binding specificity for
iNOS, some sections were also incubated with primary
antibody only (no secondary antibody) or with secondary
antibody only (no primary antibody). In these situations, no
positive staining was found in the sections indicating that
the immunoreactions were positive in all the experiments
carried out.

2.18. Statistical Analyses. With the exception of histologic
scores, all values are expressed as mean ± SD. Survival
data were calculated by the Fisher exact probability test
and expressed as percentages. The histologic scores were
analyzed with the Kruskal-Wallis test followed by the Mann-
Whitney U test with a Bonferroni correction. The intergroup
differences were tested by one-way analysis of variance
followed by a least-significant-difference (LSD) t test formul-
tiple comparisons. GraphPad statistical software (GraphPad
Software, Inc., San Diego, CA) was used to perform the data
analysis. Values of 𝑃 < 0.05 were considered statistically
significant.

3. Results

3.1. Subanesthetic ISO Treatment Improves the Survival Rate
in ZY-Challenged Mice. As expected, all the mice from the
Sham+ vehicle and Sham+ ISO groups survived. And no sig-
nificant differences existed in the two groups. However, the 7-
day survival rate for ZY-challenged mice was 10% (Figure 2).
Inhalation of 0.7% ISO for 1 hr starting at 1 and 6 hrs after
ZY injection improved the 7-day survival rate from 10%
to 50% (Figure 2). This suggests that 0.7% ISO treatment
can significantly reduce the mortality of ZY-challenged
mice.

3.2. Subanesthetic ISO Treatment Alleviates Lung Injury in
ZY-Challenged Mice. Histology studies showed that ZY-
challenged mice have significant lung injury characterized by
alveolar wall thickening, infiltration of neutrophils into lung
interstitium, consolidation, and alveolar hemorrhage (𝑃 <
0.05; Figures 3(a) and 3(b)) but that ISO treatment resulted
in a reduction of inflammatory response and a marked
improvement in lung architecture (𝑃 < 0.05; Figures 3(a)
and 3(b)). No histologic alteration was observed in the lung
from sham-treated mice (𝑃 < 0.05; Figures 3(a) and 3(b)).
ZY-challengedmice also showedmarked increases in exudate
volume, wet-to-dry weight ratio, and protein leakage as com-
pared with the sham group, and these increases in indicators
of lung injury were significantly reduced by ISO treatment
(𝑃 < 0.05; Figures 3(c)–3(e)). Moreover, ZY administration
in mice led to significant reduction in the levels of markers
for lung function, including the arterial levels of PaO

2
,

PCO
2
, HCO

3

−, and pH as compared to shammice, and these
values were normalized by ISO treatment (Figures 3(f)–3(i)).
These results suggest that 0.7% ISO treatment mitigates lung
injury caused by ZY.
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Figure 3: ISO at 0.7% preserved lung architecture and normalized lung function in ZY-challenged mice. (a) Lung morphology as assessed
by hematoxylin and eosin staining (top, 100x magnification; bottom, 200x magnification). (b) Histologic scoring for the treatment groups in
Figure (a). ((c)–(e)) Measurement of markers of lung injury: BALF exudate volume (c), lung wet/dry weight ratio (d), and protein leakage
(e). ((f)–(i)) Measurement of markers of lung intactness: PaO

2
(f), PCO

2
(g), HCO

3

− (h), and pH (i). The animals were treated as shown in
Figure 1(a). Data represent means ± SD (𝑛 = 10 mice per group). ∗𝑃 < 0.05 versus sham + vehicle #

𝑃 < 0.05 versus ZY + vehicle.

3.3. Subanesthetic ISO Treatment Reduces ZY-Induced Acti-
vation of NF-𝜅B. NF-𝜅B is a critical transcription fac-
tor required for maximal expression of pro-inflammation
cytokines in ZY-induced shock [9]. To investigate the cellular
mechanisms whereby 0.7% ISO treatment attenuated ZY-
induced lung injury, we evaluated I𝜅B-𝛼 degradation and the
nuclear accumulation of NF-𝜅B p65 as markers of NF-𝜅B
activation. I𝜅B-𝛼 levels in lung tissues were substantially

reduced in ZY-treated mice compared to the sham group,
while treatment with ISO prevented ZY-induced I𝜅B-𝛼
degradation (𝑃 < 0.05; Figures 4(a) and 4(c)). Furthermore,
the nuclear translocation of NF-𝜅B p65 was dramatically
elevated 24 hrs after ZY administration as compared with
the sham group, but this elevation was reversed by ISO
treatment (𝑃 < 0.05; Figures 4(b) and 4(d)). Assays for
NF-𝜅B DNA binding activity in pulmonary tissue further
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Figure 4: NF-𝜅B activation caused by ZY in lung at 24 hrs was reduced by 0.7% ISO treatment. Representative western blot for cytoplasmic
I𝜅B degradation (a) and nuclear translocation of NF-𝜅B p65 (b). Results were quantified as arbitrary densitometry units ((c) and (d)). (e)
NF-𝜅B DNA-binding activity as assayed by optical density. The animals were treated as shown in Figure 1(a). Data represent means ± SD
(𝑛 = 10 mice per group). ∗𝑃 < 0.05 versus sham + vehicle; #

𝑃 < 0.05 versus ZY + vehicle.

supported these findings (𝑃 < 0.05; Figure 4(e)). These data
demonstrate that ZY results in lung NF-𝜅B activation in ZY-
challenged mice and that this activation is blocked by ISO
treatment.

3.4. Effect of Subanesthetic ISO Treatment on Cytokine Expres-
sion. The levels of the proinflammatory cytokines tumor
necrosis factor 𝛼 (TNF-𝛼), interleukin 1𝛽 (IL-1𝛽), interleukin
6 (IL-6), and high-mobility group box-1 (HMGB-1) in the
BALF were significantly increased 24 hrs after ZY admin-
istration in mice compared with those of the sham groups
(𝑃 < 0.05; Figure 5). However, ISO treatment dramatically
attenuated proinflammatory cytokine production (𝑃 < 0.05;
Figure 5). These results indicate that ISO treatment reduces
proinflammatory cytokine levels in the BALF from ZY-
challenged mice.

3.5. Subanesthetic ISO Treatment Suppresses ZY-Induced
iNOS/NO Production. NOmediates inflammatory response,
which produces high levels of this endogenous free radical

upon induction of iNOS by inflammatory stimulus [32].
Additionally, iNOS activity is regulated by NF-𝜅B in mice
after ZY insult [33]. A substantial increase in iNOS expres-
sion was detected by immunohistochemistry (𝑃 < 0.05;
Figure 6(a)) and western blot (𝑃 < 0.05; Figures 6(b) and
6(c)) in lung tissue 24 hrs after ZY administration compared
with the sham group. ISO treatment significantly reduced
pulmonary iNOS expression (𝑃 < 0.05; Figures 6(a)–6(c)).
In addition, both iNOS activity and BALF NO

2

− levels were
substantially increased in ZY-treated mice compared with
the sham-operated mice, and this increase was significantly
reduced by ISO treatment (𝑃 < 0.05; Figures 6(d) and 6(e)).
The data suggests that ISO treatment attenuates pulmonary
iNOS/NO production in ZY-challenged mice.

3.6. Subanesthetic ISO Treatment Inhibits ZY-Induced Neu-
trophil Recruitment into the Lung. ZY-treated mice exhibited
a marked increase in total cells and polymorphonuclear
neutrophils in the BALF at 24 hrs, and this increase was
significantly reduced by ISO treatment (Table 1). However,
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Figure 5: Effect of 0.7% ISO treatment on cytokine production in BALF in ZY-treated mice at 24 hrs. The following inflammatory indicators
in BALF were measured by ELISA: (a) TNF-𝛼; (b) IL-1𝛽; (c) IL-6; and (d) HMGB-1. The animals were treated as shown in Figure 1(a). Data
represent means ± SD (𝑛 = 10 mice per group). ∗𝑃 < 0.05 versus sham + vehicle; #

𝑃 < 0.05 versus ZY + vehicle.

ZY had no significant effect on recruitment of lymphocytes,
macrophages, and eosinophils into the lung.

Chemokines play a critical role in neutrophil infiltration
into the lung upon inflammation stimulus [34]. Our studies
showed that the levels of KC, MIP-1𝛼, MIP-2, and MCP-
1 in BALF were dramatically elevated 24 hrs following ZY
injection compared with sham groups, but this elevation was
significantly reduced by ISO treatment (𝑃 < 0.05; Figures
7(a)–7(d)). Because neutrophil influx is dependent on the
activation of endothelial cells [35], we examined the effect
of ISO on the expression of endothelial adhesion molecules
in lung tissue from ZY-treated mice. Compared to sham-
treated animals, ZY increased the pulmonary mRNA levels
of E-selectin, intercellular adhesion molecule (ICAM)-1, and
vascular cell adhesion molecule (VCAM)-1, and this increase
was also significantly reduced by ISO treatment (𝑃 < 0.05;
Figures 7(e)–7(g)). We also examined lung MPO activity as

an indicator of neutrophil infiltration 24 hrs after ZY/ISO
administration compared with sham treatment. The lung
MPO activity of ZY-challenged mice dramatically increased,
and this increase was significantly attenuated by ISO treat-
ment (𝑃 < 0.05; Figure 7(h)). Taken together, these results
indicate that ISO treatment inhibits ZY-induced neutrophil
recruitment into the lung by regulating the expression of
several extravasation-associated proteins.

3.7. Subanesthetic ISO Treatment Inhibits ZY-Induced NF-
𝜅B Activation and iNOS Activity and NO Formation In
Vitro. Based on the above findings, neutrophils are likely to
represent a major component of ZY-induced inflammatory
response in the mouse lung. To determine whether inflam-
matory mediators are modulated in neutrophils, we tested
whether 0.7% ISO inhibited ZY-induced NF-𝜅B activation,
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Figure 6: Effects of 0.7% ISO treatment on iNOS/NO production in ZY-treated lung at 24 hrs. iNOS protein expression was assayed by
immunohistochemistry (a) and western blot (b). (c) The average iNOS staining from western blots was quantified by arbitrary densitometry
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𝑃 <

0.05 versus ZY + vehicle.

Table 1: Total and differential cell counts in bronchoalveolar lavage fluid (×105 cells/mL).

Sham + vehicle Sham + ISO ZY + vehicle ZY + ISO 𝑃

Total cells 1.35 ± 1.00 1.30 ± 1.01 8.63 ± 3.02
∗

2.10 ± 0.68
#

<0.05
Neutrophils 0.05 ± 0.04 0.05 ± 0.03 7.38 ± 1.46

∗
1.8 ± 0.52

#
<0.05

Lymphocytes 0.06 ± 0.07 0.03 ± 0.03 0.16 ± 0.15 0.14 ± 0.17 ns
Macrophages 1.01 ± 0.46 1.00 ± 0.50 1.22 ± 0.55 0.96 ± 0.60 ns
Eosinophils 0.02 ± 0.03 0.15 ± 0.02 0.03 ± 0.02 0.03 ± 0.01 ns
Values are expressed as the mean ± SD. ∗𝑃 < 0.05 versus sham + vehicle; #

𝑃 < 0.05 versus ZY + vehicle; ns: nonsignificant.
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Figure 7: Effects of 0.7% ISO treatment on chemokine production, endothelial adhesion protein expression, and neutrophil recruitment
in ZY-treated lung at 24 hrs. Levels of the following chemokines in BALF were measured by ELISA: (a) keratinocyte-derived chemokine
(KC); (b) macrophage inhibitory protein-1𝛼 (MIP-1𝛼); (c) macrophage inhibitory protein-2 (MIP-2); (d) monocyte chemoattractant protein-
1 (MCP-1). The mRNA expression of the following endothelial adhesion molecules in lung tissue from all groups was measured by qPCR: (e)
E-selectin; (f) ICAM-1; (g) VCAM-1. Lung MPO activity is shown in (h). The animals were treated as shown in Figure 1(a). Data represent
mean ± SD (𝑛 = 10 mice per group). ∗𝑃 < 0.05 versus sham + vehicle; #

𝑃 < 0.05 versus ZY + vehicle.

iNOS activity, and NO generation. Consistent with the
pulmonary tissue experiments (Figures 4 and 6), NF-𝜅B
DNA-binding activity, iNOS activity, and iNOS-derived NO
increased after ZY administration compared with control
groups but were significantly attenuated by ISO treatment
(𝑃 < 0.05; Figures 8(a)–8(d)). ISO + NAI treatment further

inhibited iNOS activity and NO generation in ZY-stimulated
neutrophils compared to a ISO treatment alone (Figures
8(b)–8(d)). The data suggests that ISO treatment inhibits
ZY-induced NF-𝜅B and iNOS activation in neutrophils in
vitro and that NF-𝜅B mediates the induction of iNOS gene
expression and activity.
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Figure 8: ISO at 0.7% inhibited ZY-induced NF-𝜅B activation, iNOS activity, and NO production in neutrophils. (a) NF-𝜅B DNA-binding
activity. (b) iNOSmRNAexpression as assessed by qPCR. (c) iNOS enzyme activity. (d)Assay of nitrite levels as an indicator ofNOgeneration.
The neutrophils were treated as shown in Figure 1(b). Data represent means ± SD for triplicates of each group. #

𝑃 < 0.05 versus ZY + vehicle
(ZY). §
𝑃 < 0.05 versus ZY + ISO. NAI, NF-𝜅B activation inhibitor. DMSO is provided as a solvent control for NAI.

4. Discussion

Volatile anesthetic ISO has been shown to exhibit anti-
inflammatory effects. Prospects for clinical usage of ISO have
been hampered due to adverse systemic effects. However, our
recent report showed that subanesthetic dose of ISO (0.7%
ISO) protected against ZY-induced shock by upregulating
antioxidant enzymes [18]. We extend our findings in this
study and demonstrate that 0.7% ISO reduces the develop-
ment of lung injury in mice challenged with ZY via anti-
inflammatory activity.

We first examined the effect of ISO on the pathobiology of
ZY-mediated vascular lung injury in mice. Our results show
that administration of ISO following onset of ZY-induced
inflammation significantly prolongs survival and reduces
pulmonary vascular damage. ZY also increases two indices

of lung injury, lung water content, and protein leakage. ISO
postconditioning significantly attenuated these conditions.
Moreover, ISO prevented a significant loss of blood PaO

2
,

PCO
2
, HCO

3

−, and pH levels in the ZY-challenged mice,
further suggesting improved lung function. Our studies also
examined levels of enhancement by ZY of key proinflam-
matory cytokines (TNF-𝛼, IL-1𝛽, IL-6, and HMGB-1) in the
BALF. ISO treatment was highly effective in reducing the
enhancement of these proinflammatory cytokines.

During inflammation-related lung edema, endothelial
and epithelial injuries are accompanied by an influx of
neutrophils into the interstitium and bronchoalveolar space.
The activation and transmigration of neutrophils play a
key role in the progression of lung injury as seen in both
clinical data and animal models [36, 37]. Neutrophil infil-
tration of the lung is controlled by a complex network of
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chemokines. In our study, subjects exposed to ZY alone
exhibited markedly high levels of neutrophil chemoattrac-
tants (keratinocyte-derived chemokine, macrophage inflam-
matory protein-1𝛼, macrophage inflammatory protein-2, and
monocyte chemoattractant protein-1) in BALF, which was
simultaneously associated with high MPO activity (an indi-
cator of neutrophil infiltration) in pulmonary tissue. ISO
attenuated the accumulation of these chemokines and down-
regulated MPO activity in the lung. Animal inflammation
models also show that cell adhesion molecules (ICAM-1,
VCAM-1, and E-selection) are associated with neutrophil
infiltration in the lung [38]. Our studies suggest that ZY
administration in mice upregulates mRNA expression of
ICAM-1, VCAM-1, and E-selection in the lung. We also
observed that ISO significantly decreased the expression of
endothelial adhesion molecules E-selection, ICAM-1, and
VCAM-1, consistent with previous studies [39, 40].

Inflammation results in increased activation of NF-𝜅B
in the lungs [41]. In mouse models, induced neutropenia
significantly diminishes the amount of NF-𝜅B that accu-
mulates in the nuclei of pulmonary cell populations [38].
This indicates that neutrophils are important in modulating
NF-𝜅B activation in the lungs. Experiments in mice show
that, following endotoxin administration, nuclear concen-
trations of NF-𝜅B are increased in the neutrophils that
accumulate in the lungs, compared with peripheral blood
neutrophils [42]. This pattern of increased activation of lung
versus peripheral blood neutrophils is consistent with that
of cytokine expression, where expression of IL-1𝛽 and TNF-
𝛼 is markedly increased in neutrophils isolated from the
lungs after inflammatory stimulus. In addition, inhibition of
NF-𝜅B activation prevents inflammation-induced increases
in edema, neutrophil infiltration, and proinflammatory
cytokine expression in the lungs [43]. Our studies showed
that ZY induced NF-𝜅B activation in lung tissue and purified
primary neutrophils by promoting I𝜅B-𝛼 degradation and
nuclear translocation of NF-𝜅B p65. However, ISO treatment
substantially blocked NF-𝜅B activation. Furthermore, ZY
did not markedly increase lymphocytes, macrophages, and
eosinophils but did increase total cells and neutrophils in the
BALF. ISO treatment decreased total cells in the BALFmainly
by inhibiting neutrophil recruitment. Our results suggest that
ISO treatment suppresses ZY-activated NF-𝜅B in the lung,
where neutrophils are likely the major source of NF-𝜅B.

Enhanced formation of NO after the induction of iNOS
has been implicated in the pathogenesis of the inflammatory
process associated with ZY-induced shock [44]. In this study,
we demonstrated that ISO attenuated NO release, evaluated
as nitrite levels in murine BALF from ZY-challenged mice.
The effect on NO formation correlated with the inhibition
of iNOS expression by ISO as demonstrated by western
blot and immunohistochemistry. It has been demonstrated
that NF-𝜅B mediates the induction of iNOS in several NO-
producing cell types on the basis of studies with iNOS
gene promoter constructs [45] or with inhibitors of NF-𝜅B
[46]. Furthermore, the 5-upstream sequence of the murine
iNOS gene contains NF-𝜅B binding sites. Lipopolysaccharide
treatment increases binding activity for the NF-𝜅B sites,
whichmight indicate translocation of NF-𝜅B into the nucleus

[47]. In our report, ZY also induced NF-𝜅B binding activity,
iNOS expression and activity, as well as NO generation in
neutrophils, which were all significantly attenuated by ISO
treatment. NF-𝜅B activation inhibitor blocked this induction
of iNOS and NO synthesis, suggesting that NF-𝜅B activation
mediates the induction of iNOS in ZY-stimulated primary
mouse neutrophils. Hence, these results cumulatively indi-
cate that ISO reduces the development of lung injury caused
by ZY by downregulating nuclear concentrations of NF-𝜅B in
the lung neutrophils.

The final but most essential aspect in our study is its
clinical implication. In contrast to the clinical doses of ISO
preconditioning that have been traditionally utilized, we
have administered a subanesthetic dose of ISO after the
onset of inflammatory response caused by ZY, an IP model
that can reproduce many characteristics of sepsis, and this
subanesthetic dose effectively ameliorated lung injury in
mice. Importantly, inhaling ISO at a concentration of less
than 1% has been used in intensive care unit patients for
facilitating mechanical ventilation [48]. Thus, the clinical
relevance in our studies of administrating ISO after the
ZY insult further enhances the appeal of this treatment
modality. Taken together, our results demonstrate that a
subanesthetic dose of ISO is beneficial for ZY-induced lung
injury due to its anti-inflammatory actions.The present study
of subanesthetic doses of ISO offers a new avenue for future
translational and clinical research and holds promise for the
development of new therapeutic approaches.

5. Conclusions

The present study demonstrated that the degree of ZY-
induced murine lung damage is significantly attenuated
by subanesthetic doses of ISO (0.7% ISO) postcondition-
ing. Clearly, 0.7% ISO reduces dependent on its anti-
inflammatory effects: (1) BALF exudate volume, W/D weight
ratio, protein leakage, andhistologic scores; (2) the expression
and activities of proinflammatory signalingmolecules NF-𝜅B
and iNOS; (3) the BALF levels of proinflammatory cytokines
and chemokines, the expression of several extravasation-
associated proteins, and MPO activity, as well as total cell
number in the lung mainly by inhibiting neutrophils recruit-
ment; (4) ultimately, mortality rate of ZY-challenged mice. In
accordance with in vivo observations, we found that 0.7% ISO
also inhibited NF-𝜅B activation and reduced iNOS activity
and NO formation in ZY-stimulated primary mouse neu-
trophils, and NF-𝜅B activation promoted iNOS expression
and increased iNOS activity andNOgeneration.These in vivo
and in vitro results indicate a novel pharmacological action
by subanesthetic doses of ISO for anti-inflammation in the
future.
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