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We investigated the effect of 1.4% isoflurane (ISO) on the development of inflammation and apoptosis caused by zymosan (ZY) in
mice.We found that ZY-challengedmice exhibited significant bodyweight loss,markedly highmortality, and significant lung injury
characterized by the deterioration of histopathology, histologic scores, and wet-to-dry ratio after ISO treatment. ISO dramatically
attenuated ZY-induced lung neutrophil recruitment and inflammation, as evidenced by the reduced levels of total cells, neutrophils,
and proinflammatory cytokines (i.e., tumor necrosis factor-𝛼, interleukin- (IL-) 1𝛽, IL-6, and macrophage inflammatory protein-
2) in bronchoalveolar lavage fluid and of their mRNA expression in lung tissues. ISO also inhibited ZY-induced expression and
activation of nuclear factor-kappaB p65 and inducible nitric oxide synthase in pulmonary tissue. ZY administration also resulted in
the upregulation of heme oxygenase-1 expression and activity in the lung, which was further enhanced by ISO treatment.Moreover,
ISO markedly prevented ZY-induced pulmonary cell apoptosis in mice, as reflected by the decrease in expression of procaspase-8,
procaspase-3, cleaved caspase-8, and cleaved caspase-3, as well as in caspase-3 activity and Bcl-2-associated X/B-cell lymphoma 2
ratio. These results indicate that ISO is a potential therapeutic drug for treating ZY-induced lung injury, and further investigations
are warranted.

1. Introduction

Multiple organ dysfunction syndrome (MODS) is one of
the most urgent and challenging public health problems
worldwide. In the USA alone, the yearly incidence of MODS
is approximately 75 cases per 1 × 105 people, which accounts
for 2% of hospital admissions [1, 2]. Lung tissue usually fails
first in the development of MODS and intense inflammation,
and inflammatory-stress-induced apoptosis is themain cause
of lung injury [3–5]. Despite considerable research, the
mechanism underlying inflammation-induced lung injury
and appropriate treatment approaches are still unknown.

In 1986, Goris et al. [6] described a zymosan- (ZY-)
induced generalized inflammation (ZIGI) model, which is
recognized as the only model to share numerous char-
acteristics with human MODS and has been adopted by
other research groups [6] including our group [7]. ZY is
a substance derived from the cell wall of the yeast Saccha-
romyces cerevisiae. When injected into animals, ZY induces
inflammation by upregulating a wide range of inflammatory
mediators [8–10]. However, intensive inflammation has also
been associated with apoptotic cell death [11]. ZY admin-
istration also results in the upregulation of proapoptotic
Fas ligand and altered balance between Bcl-2-associated X



2 Mediators of Inflammation

protein (Bax) and B-cell lymphoma 2 (Bcl-2) during inflam-
mation,which contributes to organ injury [12].Therefore, ZY-
induced inflammatory and apoptotic responses are critical
contributors to the development of MODS, including lung
damage.

Isoflurane (ISO) is a widely used inhaled anesthetic with
protective properties ascribed to its anti-inflammatory or
antiapoptotic activities [13, 14].The anti-inflammatory effects
of the volatile anesthetic ISO can be explained by several
mechanisms, most of which focus on preconditioning [15].
The development of inflammatory lung injury is associ-
ated with the activation of complex cytokine cascades. The
systemic production of proinflammatory cytokines (tumor
necrosis factor-𝛼 (TNF-𝛼), interleukin- (IL-) 1𝛽, and IL-6)
and nitric oxide (NO) causes inflammatory cell recruitment
and activation [16, 17]. Several studies have revealed that
using volatile anesthetics reduces the expression of inflam-
matory mediators and the mRNA expression of proinflam-
matory cytokines [18]. Nuclear factor- (NF-) 𝜅B is a key
transcription factor with an important function in inflam-
matory response. NF-𝜅B activation induces the expression of
various inflammation-related products, including cytokines,
chemokines, and adhesion molecules [19]. ISO pretreat-
ment can attenuate inflammation in lipopolysaccharide-
(LPS-) treated lung by inhibiting NF-𝜅B activation [20].
Neutrophils are an important component of the inflam-
matory response that characterizes lung injury. Neutrophil
recruitment into the lung depends on adhesion molecules
and chemokines [21]. In vitro data have suggested that
ISO decreases expression of 𝛽2-integrins in neutrophils
stimulated with 𝑁-formyl-methionyl-leucyl-phenylalanine
[22]. Most importantly, anti-inflammatory activity of ISO
pretreatment at anesthetic concentrations (1.4%–2.5%) is
associated with ameliorated lung dysfunction and mortality
[15]. Regarding posttreatment, ISO can reduce neutrophil
infiltration into the lung when administered 1 h after an
inflammatory stimulus is introduced [15]. Our previous study
has shown that ISO post-treatment protects against lung
damage caused by ZY because ISO has antioxidant property
[7]. However, the protective effects of post-treatment with the
volatile anesthetic ISO depending on its anti-inflammation
property on ZY-induced inflammatory response in mouse
lung remain unknown. ISO pretreatment reportedly inhibits
cardiac myocyte apoptosis during inflammatory stress by
activating Akt and enhancing Bcl-2 expression [23]. ISO also
reduces neonatal hypoxic-ischemic brain injury in rats by
decreasing the cleaved caspase-3 levels and protects against
human endothelial cell apoptosis caused by TNF-𝛼 [14, 24].
Similar to ISO pretreatment, ISO post-treatment protects
against cell apoptosis triggered by inflammatory stressmainly
for cardioprotection and neuroprotection [25–28]. However,
in a model of lung injury caused by ZY-induced apoptotic
responses, the protective effects of post-treatment with ISO
ascribed to its anti-apoptosis property are largely unknown.

Our previous studies only have demonstrated that
compared with 0.7% ISO post-treatment, 1.4% ISO post-
treatment provides better protection against ZY-induced
lung damage given the antioxidant property of ISO [7].
Accordingly, the present study investigated whether 1.4% ISO

post-treatment attenuated ZY-induced lung injury in mice
through anti-inflammatory and antiapoptotic activities.

2. Materials and Methods

2.1. Materials. All reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise noted. All
chemicals were of the highest commercial grade available. ZY
A from S. cerevisiaewas dissolved in isotonic sodium chloride
solution (normal saline (NS)) to a final concentration of
25mg/mL, homogenized by magnetic stirring, and sterilized
at 100∘C for 80min. All suspensions were freshlymade before
use.

2.2. Animals. Male BALB/C mice (8 weeks old and weigh-
ing 22 g to 25 g) from the Laboratory Animal Center of
the Fourth Military Medical University were maintained
at a comfortable temperature (22∘C to 24∘C), regular 12 h
day/night cycle, and standard laboratory chow and tap water
available ad libitum.TheInstitutional Animal Research Ethics
board of the Fourth Military Medical University approved
all experimental protocols. Each animal received humane
treatment in full compliance with the National Institutes of
Health (Bethesda, MD, USA) criteria for the Care and Use
of Laboratory Animals. Mice were sacrificed under anesthe-
sia with sodium pentobarbital, and all efforts to minimize
suffering were exerted. Euthanasia by sodium pentobarbital
was performed in accordance with the American Veterinary
Medical Association Guidelines on Euthanasia, June 2007.

2.3. ZY-Induced Lung Injury and ISO Treatment. As pre-
viously described in [7], a ZY-induced inflammatory lung
injury model was established by an aseptic intraperitoneal
(IP) injection of ZY in mice with a dose of 1 g/kg body weight
(BW).The same volume of NS was injected through the same
route in mice to serve as sham controls.

The animals were placed in a sealed plexiglass chamber
with inflow and outflow outlets. ISO was delivered by air flow
into the chamber through a tube at a rate of 4 L/min.The ISO
concentration in the outflow hose of the chamber was contin-
uouslymonitoredwith a gas analyzer (Brüel&Kjaer,Naerum,
Denmark) and maintained at 1.4% during treatment. The
oxygen concentration in the chamber was maintained at 21%
using supplemental oxygen and continuouslymonitoredwith
a gas analyzer (Medical Gas Analyzer LB-2, Model 40M;
Beckman, Fullerton, CA,USA). Carbon dioxidewas removed
from the chamber gases with Baralyme (Allied Healthcare
Products, Inc., St. Louis, MO, USA). Animals without ISO
treatment were exposed to room air (RA) in the chamber
as a vehicle control. The temperature of the room and the
chamber was maintained at 22∘C to 24∘C.

2.4. Experimental Design. Eighty mice were randomly allo-
cated as follows. (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 (𝑛 = 20). (2) ZY + ISO
group: no differences from the ZY + vehicle group, except
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for 1 h inhalation of 1.4% ISO starting at 1 h and 6 h instead
of RA after ZY administration (𝑛 = 20). (3) Sham + vehicle
group: no differences from the ZY + vehicle group, except for
administration with NS (Sham) instead of ZY (𝑛 = 20). (4)
Sham + ISO group: identical to the sham + vehicle group,
except for 1 h inhalation of 1.4% ISO starting at 1 h and 6 h
after NS (sham) administration (𝑛 = 20). At 24 h after ZY or
NS administration, the animals were assessed for ZY-induced
lung injury as described below. In another set of experiments,
animals (𝑛 = 20 each group) were randomly assigned as
described above and monitored for survival 10 days after ZY
or NS administration.

2.5. Wet/Dry Weight Ratio. To quantify pulmonary edema,
we evaluated lung wet/dry (W/D) weight ratio 24 h after ZY
or NS administration. The harvested wet lung was weighed,
placed in an oven for 24 h at 80∘C, and weighed again when
it dried. The lung W/D ratio was then calculated [29].

2.6. Histologic Examination. Lungs were harvested to
observe morphological alterations 24 h after ZY or NS
administration. The samples were fixed with 10% formalin
for 8 h at room temperature, embedded in paraffin, and
sectioned to 4 𝜇m thickness. After deparaffinization and
rehydration, the sections were stained with hematoxylin
and eosin (HE). 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 based on a subjective
scale ranging from 0 to 3, where 0 = absence, 1 = mild,
2 = moderate, and 3 = severe. The ranging scale was
used for each of the following histologic features: edema,
hyperemia and congestion, neutrophil margination and
tissue infiltration, intra-alveolar hemorrhage and debris, and
cellular hyperplasia. The total score is the sum of a single
evaluation [30].

2.7. Sample Preparation and Cell Counts. At 24 h after ZY
or NS administration, bronchoalveolar lavage fluid (BALF)
was collected using a previously described method [31].
All animals were anesthetized with sodium pentobarbital
(50mg/kg, IP),tracheas were cannulated after exsanguina-
tion, and lungs were gently washed with 1mL of phosphate-
buffered saline (PBS). Lavage samples were centrifuged at
1000 g for 8min at 4∘C. The supernatant was stored at −20∘C
for subsequent analysis. Cell pellets were resuspended in
PBS, and the total number of cells was determined with
a hemocytometer (Beckman Coulter, Inc.). For differential
cell counts, cytospin slides were prepared and stained with
Diff-Quick [32], and each cell type was identified by an
independent and certified investigator that had no knowledge
of the treatment regimen received by each respective animal.

2.8. Enzyme-Linked Immunosorbent Assay. At 24 h after
ZY or NS injection, enzyme-linked immunosorbent assay
(ELISA) was performed to determine the levels of the pro-
inflammation cytokines TNF-𝛼, IL-1𝛽, IL-6, andmacrophage
inflammatory protein-2 (MIP-2) using four commercially

available kits from R&D Systems Inc. (Minneapolis, MN,
USA) in BALF. The optical density was measured on an
ELISA plate scanner (Molecular Devices, Sunnyvale, CA,
USA) at 490 nm. All experiments were carried out according
to themanufacturers’ instructions.The results were expressed
as picograms of TNF-𝛼, IL-1𝛽, IL-6, and MIP-2 per milliliter
of BALF. All standards and samples were run in duplicate.

2.9. Heme Oxygenase-1 (HO-1) Activity Assay. HO-1 activity
was quantified by the spectrophotometric determination of
bilirubin generation as previously described [33]. At 24 h
after ZY or NS injection, the supernatant from homogenated
lung tissue was incubated for 1 h in a 37∘C water bath in
the dark with nicotinamide adenine dinucleotide phosphate
(NADPH; 20mM), hemin (10mM), and 1mg of liver cytosol
protein (source of bilirubin reductase). After chloroform
extraction, bilirubin formation was determined from the
absorbance difference at 464 and 530 nm.

2.10. Determination of Inducible NO Synthase (iNOS) Activity.
iNOS activity was measured by monitoring the conversion
of arginine to citrulline based on a previously described
standard assay [34]. At 24 h after ZY or NS administration, a
10 𝜇L aliquot of homogenated lung tissue was incubated with
L-[3H] arginine and the essential substrates and cofactors
(tetrahydrobiopterin, NADPH, flavin adenine dinucleotide,
etc.). The production of L-[3H] citrulline was calculated
by liquid scintillation counting. To quantify iNOS activity,
ethylenediamine tetraacetic acid (EDTA) and ethylene glycol
tetraacetic acid (EGTA) were sequentially added to the
incubation buffer. An appropriate blank containing 1mM
l-NG-nitroarginine methyl ester (l-NAME), a competitive
iNOS inhibitor, was used to determine the effect from the
background of the nonspecific metabolism of l-arginine.
iNOS activity in the citrulline assay was determined by the
inhibitable degree of l-NAME in the EDTA-EGTA sample,
and iNOS expression was expressed in units (where 1 unit =
1 pmol l-citrulline/mg protein/min).

2.11. Preparation of Cell Fractions and Western Blot Analysis.
At 24 h after ZY or NS injection, cytosolic and nuclear
extracts of fresh lung tissues from all groups were prepared
by a previous method with some modifications [35]. About
100mg of lung samples was homogenized in tissue lysis
and extraction buffer containing protease inhibitor cock-
tail set III (EMD Chemicals Inc., Germany). The crude
homogenates were repetitively filtered and centrifuged at
15000×g for 25min at 4∘C.The supernatantswere collected as
cytosolic fractions. The nuclei-rich pellets were resuspended
in nuclear protein extraction buffer containing 20mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.9),
10% glycerol, 1mM dithiothreitol, 400mM NaCl, 1mM
EDTA, and cocktail set III. After 20min of centrifugation
at 15000×g and 4∘C, the supernatants containing nuclear
protein were pooled. The NF-𝜅B p65 levels were quantified
in nuclear fractions. All other protein levels were quantified
in cytosolic fractions. The final two extracts (cytosolic and
nuclear protein) were boiled, separated by sodium dodecyl
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sulfate polyacrylamide gel electrophoresis, electrotransferred
onto nitrocellulose membranes, and then immunoblotted
with rabbit anti-NF-𝜅B polyclonal antibody (pAb), rabbit
anti-I𝜅B-𝛼 pAb, rabbit anti-caspase-3 pAb, and rabbit anti-
caspase-8 pAb (Santa Cruz Biotechnology, CA, USA), as
well as rabbit anti-HO-1 pAb, rabbit anti-iNOS pAb, rabbit
anti-Bax pAb, and rabbit anti-Bcl-2 pAb (Cell Signaling
Technology Inc., Danvers, MA, USA). Equivalent sample
loading was confirmed by probing with mouse anti-𝛽-actin
monoclonal antibody (mAb) and rabbit anti-histone-3 mAb
(Sigma, CA, USA), respectively. Detection was performed
with an enhanced chemiluminescence assay kit (Pierce,
Rockford, IL, USA). Protein bands were quantified using
Quantity One software (BioRad, USA).

2.12. Analysis of mRNA Levels by Reverse Transcription-
Polymerase Chain Reaction (RT-PCR). At 24 h after ZY or
NS administration, total RNA was isolated and extracted
from the lung tissues from all groups with TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA), following the manufac-
turer’s instructions. RT-PCR was performed as previously
described [36]. cDNA was first synthesized from total RNA
with a SuperScript RT kit (Invitrogen) and then used as
a template to amplify TNF-𝛼, IL-1𝛽, IL-6, MIP-2, HO-
1, iNOS, and 𝛽-actin (as an internal standard) genes by
PCR. The following primers were used: TNF-𝛼, 5-TTG-
ACCTCAGCGCTGAGTTG-3, and 5-CCTGTAGCCCAC-
GTCGTAGC-3; IL-1𝛽, 5-CAGGATGAGGACATGAGC-
ACC-3 and 5-CTCTGCAGACTCAAACTCCAC-3; IL-
6, 5-GTACTCCAGAAGACCAGAGG-3, and 5-TGC-
TGGTGACAACCACGGCC-3; MIP-2, 5-CCAAGGGTT-
GACTTCAAGAAC-3, and 5-AGCGAGGCACATCAG-
GTACG-3; HO-1, 5-TCCCAGACACCGCTCCTCCAG-
3, and 5-GGATTTGGGGCTGCTGGTTTC-3; iNOS, 5-
CCCTTCCGAAGTTTCTGGCAGCAGC-3, and 5-GGC-
TGTCAGAGCCTCGTGGCTTTGG-3; and 𝛽-actin, 5-
GTGGGCCGCCCTAGGCACCAG-3, and 5-GGAGGA-
AGAGGATGCGGCAGT-3. The amplified DNA products
were separated on 1% agarose gels and photographed using
an electronic documentation system (Biostep, Germany)
after staining with ethidium bromide. Signal intensities were
quantified with Quantity One software (BioRad, USA).

2.13. Caspase-3 Activity. At 24 h after ZY or NS administra-
tion, lung homogenates were prepared and caspase-3 activity
was measured with a caspase-3/CPP32 Fluorometric Assay
Kit (Biovision, Inc, Mountain View, CA, USA) according to
the manufacturer’s instructions [37]. The assay was run in
duplicate.

2.14. Immunohistochemistry. Immunohistochemistry was
performed as previously described [10]. In a typical
procedure, 24 h after ZY or NS injection, the lung sections
were stained with rabbit anti-Bax mAb and rabbit anti-Bcl-2
mAb (Santa Cruz, CA, USA) at 1 : 200 and 1 : 100 dilutions,
respectively. The immunohistochemical slides were blindly
observed by two experienced pathologists.

2.15. Statistical Analyses. All data in the text and figures
are expressed as mean ± SD. Survival data were calculated
using the Fisher exact probability test and are expressed
as percentages. An independent, two-tailed Mann-Whitney
U test was used to compare BW medians. The immuno-
histochemical results were analyzed by one-way ANOVA
followed by Bonferroni’s post hoc test for multiple com-
parisons. Other intergroup differences were tested by one-
way ANOVA, followed by a least significant difference t-
test for multiple comparisons. GraphPad statistical software
(GraphPad Software, Inc., San Diego, CA, USA) was used to
perform data analysis. In all tests, 𝑃 < 0.05 was considered
statistically significant.

3. Results

3.1. Effect of 1.4% ISO Treatment on ZY-Induced BW Loss,
Mortality, and Lung Damage. In this study, we found that ZY
administration caused significant BW loss in mice (𝑃 < 0.05;
Figure 2(a)). The 10-day survival rate of ZY-challenged mice
was 20% (𝑃 < 0.05; Figure 2(b)). Treatment with 1.4% ISO
significantly reduced loss in BW (𝑃 < 0.05; Figure 2(a)) and
mortality (𝑃 < 0.05; Figure 2(b)) caused by ZY. However, no
significant change in these parameters was observed in sham-
treated mice (𝑃 > 0.05; Figures 2(a) and 2(b)). Moreover,
no significant difference was observed between the sham +
vehicle and sham + ISO groups. All mice in the sham groups
survived throughout the experiment. We also investigated
the effects of 1.4% ISO inhalation on lung histopathology
in mice with either NS or ZY challenge (Figures 2(c)
and 2(d)). ZY-challenged mice appeared to have significant
lung injury characterized by alveolar space, consolidation,
neutrophil infiltration into lung interstitium, and alveolar
wall thickening (Figure 2(c)). HE-stained sections of lungs
showed that ISO treatment reduced infiltrated inflammatory
cells and improved lung architecture in ZY-challenged mice
(Figure 2(c)). A scoring system was used to grade the
degree of lung injury. Lung histologic scores significantly
increased in ZY-challenged mice (𝑃 < 0.05; Figure 2(d))
but were reduced by ISO treatment (𝑃 < 0.05; Figure 2(d)).
ZY-challenged mice showed significantly increased lung
W/D ratio compared with the sham group, which was also
decreased by ISO treatment (𝑃 < 0.05; Figure 2(e)). At 24 h
after IP injection with ZY, total cells and polymorphonuclear
neutrophils (PMNs) in BALF significantly increased (𝑃 <
0.05; Figures 2(f) and 2(g)); however, the number of BALF
macrophages and lymphocytes remained almost unchanged
(Figures 2(h) and 2(i)). ISO treatment markedly reduced
the number of total cells and PMNs in BALF (𝑃 < 0.05;
Figures 2(f) and 2(g)) but had little effect on macrophage
and lymphocyte infiltration into the lung (Figures 2(h) and
2(i)) in ZY-challenged mice. No significant alteration was
observed in the number of all cell types described above in
BALF from sham-treated mice (𝑃 > 0.05; Figures 2(f)–2(i)).
The data indicated no significant difference between the sham
+ vehicle and sham + ISO groups. We also investigated the
effect of ISO treatment on pulmonary cell apoptosis in ZY-
challenged mice by assaying caspase-3 activity. Numerous
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ZY + vehicle

ZY + 1.4% ISO

Sham + vehicle

Sham + 1.4% ISO

6h 24h 2d 3d 5d 7d 10d

1.4% ISO

ZY/NS 1h

Figure 1: Schematic diagram of the experimental design. The animals were randomly divided into four groups (𝑛 = 20 per group): ZY +
vehicle, ZY + 1.4% ISO, sham + vehicle, and sham + 1.4% ISO. ISO treatment was performed in the ZY + 1.4% ISO and sham + 1.4% ISO
groups, with the animals exposed to 1.4% ISO for 1 h starting at 1 and 6 h after ZY or NS injection, respectively. To serve as controls, animals
in the sham + vehicle and ZY + vehicle groups were exposed to RA at the same time points. About 24 h after ZY or NS injection, ZY-induced
lung damage was observed and assessed in mice. The survival rate was monitored 1, 2, 3, 5, 7, and 10 days after ZY or NS administration.

lung cells had caspase-3 activity in ZY-challenged mice (𝑃 <
0.05; Figure 2(j)). However, a few of the lung cells showed
caspase-3 activity in ISO-treated mice (𝑃 < 0.05; Figure 2(j)).
Caspase-3 activity assay showed few apoptotic cells in the
lungs from sham-treated mice (𝑃 > 0.05; Figure 2(j)).
No significant difference was observed between the sham
+ vehicle and sham + ISO groups. These results suggested
that ISO treatment significantly alleviated lung injury in ZY-
challenged mice.

3.2. Effect of 1.4% ISO Treatment on I𝜅B-𝛼 Degradation and
NF-𝜅B p65 Activation. The cytosolic I𝜅B-𝛼 and nuclear NF-
𝜅B p65 levels were detected to investigate the involvement
of NF-𝜅B p65 activation in ZY-induced lung injury. Lung
tissue samples from sham-operatedmice showed a basal I𝜅B-
𝛼 level, whereas the protein was substantially degraded in ZY-
injected mice (𝑃 < 0.05; Figures 3(a) and 3(b)). However,
1.4% ISO treatment significantly inhibited ZY-induced I𝜅B-
𝛼 degradation in the lung (𝑃 < 0.05; Figures 3(a) and 3(b)).
The nuclear translocation of NF-𝜅B p65 markedly increased
in ZY-challenged mice compared with sham-treated mice,
which was significantly reduced by 1.4% ISO (𝑃 < 0.05;
Figures 3(c) and 3(d)). The data demonstrate that 1.4% ISO
treatment inhibited lung NF-𝜅B activation in ZY-challenged
mice.

3.3. Effect of 1.4% ISO Treatment on Cytokine Production.
As shown in Figure 4, ZY-challenged mice exhibited a
markedly increased mRNA expression of proinflammatory
cytokines (TNF-𝛼, IL-1𝛽, IL-6, and MIP-2) in lung tissue.
Treatment with 1.4% ISO significantly inhibited the expres-
sion of the aforementioned molecules. We also found that
the levels of the proinflammatory cytokines TNF-𝛼, IL-1𝛽,
IL-6, and MIP-2 in BALF substantially increased at 24 h in
ZY-challenged mice, which were markedly downregulated
by 1.4% ISO treatment. The BALF and pulmonary levels
of these cytokines were almost not altered in sham-treated
mice. These results demonstrated that 1.4% ISO treatment
significantly prevented proinflammatory cytokine (TNF-𝛼,

IL-1𝛽, IL-6, and MIP-2) upregulation in BALF and lung
tissues of ZY-challenged mice.

3.4. Effect of 1.4% ISO Treatment on the Expression and
Activation of HO-1 and iNOS. We evaluated the expression
and activities of HO-1 and iNOS to investigate the protective
mechanisms of 1.4% ISO treatment. The mRNA and protein
levels ofHO-1 and its activity significantly increased inmouse
lungs 24 h after ZY administration compared with the sham
control (𝑃 < 0.05; Figures 5(a)–5(d)). Treatment with 1.4%
ISO further increased the expression and activities of HO-1
(𝑃 < 0.05; Figures 5(a)–5(d)). The mRNA and protein levels
of iNOS and its activity also significantly increased in mouse
lungs 24 h after ZY challenge comparedwith the sham control
but were significantly reduced after 1.4% ISO treatment (𝑃 <
0.05; Figures 5(e)–5(h)). Thus, 1.4% ISO upregulated HO-1
expression and activity but downregulated iNOS expression
and activity.

3.5. Effect of 1.4% ISO Treatment on Apoptosis Initiated by
ZY Stimulation. Inflammatory stress usually causes lung cell
apoptosis. As shown in Figure 2(j), 1.4% ISO treatment
inhibited pulmonary cell apoptosis in ZY-challenged mice
by downregulating caspase-3 activity. We further identified
other molecules that may be involved in ZY-induced lung
cell apoptosis as well as the effect of 1.4% ISO treatment
on their expression and activity. As shown in Figure 6, ZY
injection dramatically promoted the expression of proapop-
toticmolecules (procaspase-8, cleaved caspase-8, procaspase-
3, cleaved caspase-3, and Bax) in the lung, which were
significantly prevented by 1.4% ISO treatment. However, ZY
administration markedly hindered the protein expression of
the antiapoptotic Bcl-2 in the lung. Treatment with 1.4%
ISO significantly reversed this inhibition. In addition, the
expression of proapoptotic and antiapoptotic molecules was
almost unchanged in lung tissues from sham-treated mice.
The expression changes of Bax and Bcl-2 in different groups
according to the immunohistochemical observations of the
two experienced pathologists were similar to those of the
Western blot assay results. These results demonstrated that



6 Mediators of Inflammation

∗

∗
∗

∗

#
# #

0

−2

−4

−6

−8

−10
0 1d 4d 7d 10d

Sham + vehicle ZY + vehicle

Bo
dy

 w
ei

gh
t c

ha
ng

e (
%

)

Sham + ISO ZY + ISO

(a)

#

#

∗

∗

∗

∗
∗ ∗

∗#
∗# ∗#∗#

1 2 3 4 5 6 7 8 9 10

120

100

80

60

40

20

0

Time after zymosan administration (d)

Su
rv

iv
al

 ra
te

 (%
)

0

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

(b)

Sham + vehicle Sham + ISO

ZY ZY + ISO

(c)

15

10

5

0
Sham ZY

H
ist

ol
og

ic
 sc

or
es

∗

#

Vehicle

ISO

(d)

Sham ZY

Vehicle

ISO

W
/D

 ra
tio

 o
f l

un
g

10

8

6

4

2

0

∗

#

(e)

Sham ZY

25

20

15

10

0

5

Vehicle

ISO

∗

#

BA
LF

 ce
ll 

co
un

ts 
(1
0
5
/m

L)

(f)

Figure 2: Continued.



Mediators of Inflammation 7

20

15

10

5

0
Sham ZY

BA
LF

 n
eu

tro
ph

ils
 co

un
ts 

(1
0
5
/m

L)

∗

#

(g)

1.5

1

0.5

0
Sham ZY

BA
LF

 ly
m

ph
oc

yt
es

 co
un

ts 
(1
0
4
/m

L)

(h)

Sham ZY

2.5

2

1.5

1

0.5

0

Vehicle

ISO

BA
LF

 m
ac

ro
ph

ag
es

 co
un

ts 
(1
0
5
/m

L)

(i)

Ca
sp

as
e-

3 
ac

tiv
ity

Sham ZY

2

1.5

1

0.5

0

Vehicle

ISO

∗

#

(j)

Figure 2: Treatment with 1.4% ISO attenuates lung damage in ZY-challenged mice. (a) Body weight change, (b) survival rate, (c) HE
examination of lung (400x magnification), (d) lung histologic scores, (e) lung W/D ratio, (f) BALF total cell counts, (g) BALF neutrophil
count, (h) BALF lymphocyte count, (i) BALF macrophage count, and (j) caspase-3 activity. The animals were treated as described in Figure 1.
Data are mean ± SD (𝑛 = 10mice per group). ∗𝑃 < 0.05 versus sham; #𝑃 < 0.05 versus ZY + vehicle.

1.4% ISO treatment attenuated ZY-induced lung injury by
modulating the expression of proapoptotic and antiapoptotic
molecules.

4. Discussion

An animal model of IP injection of ZY enables a systematic
investigation of the development and mechanisms of lung
injury. Such a model can help understand the pathophysiol-
ogy and treatment of ZY-induced inflammation and apopto-
sis. ISO is a widely used inhaled anesthetic with protective
properties ascribed to its antioxidant, anti-inflammatory, or
antiapoptotic activities [14, 15, 31]. Our previous studies have
demonstrated that 1.4% ISO inhalation after ZY injection
confers protection against ZY-induced lung injury and lethal
shock in mice. This protective effect mainly stems from

the antioxidant properties of ISO [7]. However, the anti-
inflammatory and antiapoptotic effects of ISOpost-treatment
in ZY-induced lung injury still await exploration. In the
present study, a series of experiments was performed to
understand further the function of 1.4% ISO during ZY-
induced lung damage. The notable findings of our study
were as follows: (1) ISO prevented BW loss and improved
the survival rate of ZY-challenged mice; (2) ISO reduced the
lung histologic scores and decreased the lung W/D ratio in
ZY-challenged mice; (3) ISO reduced the total number of
cells in BALF mainly by inhibiting neutrophil infiltration;
(4) ISO inhibited proinflammatory cytokine production in
lung tissue and BALF; (5) ISO reduced NF-𝜅B p65 expression
and blocked its activation; (6) ISO lowered iNOS expression
and its activity; (7) ISO enhanced HO-1 expression and its
activity; and (8) ISO suppressed apoptosis by downregulating
the expression of procaspase-8, caspase-8, procaspase-3, and
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caspase-3, as well as by modulating Bax and Bcl-2 expression
and ratio. Therefore, 1.4% ISO significantly reduced the
degree of ZY-induced lung injury in mice by decreasing
ongoing inflammation and inhibiting apoptosis.

ZY is prepared from S. cerevisiae and is recognized by
Toll-like receptor-2 in immune cells (e.g., neutrophils), which
can trigger a signal cascade for NF-𝜅B activation. NF-𝜅B
activation is a critical transcription factor required for the
maximal expression of many inflammatory cytokines and
chemokines (e.g., TNF-𝛼, IL-1𝛽, IL-6, and MIP-2) involved
in the pathogenesis of acute lung injury [38]. The excessive
production of inflammatory mediators such as TNF-𝛼, IL-
1𝛽, and IL-6 propagated the extension of inflammation and
facilitated systemic inflammation, ultimately contributing to
the overall outcome and severity [39]. MIP-2 is a major
chemokine with a key function in the infiltration of neu-
trophils into the lung. Pulmonary neutrophil accumulation
and activation is the initial event of tissue injury and can
indicate the magnitude of disease severity [38]. In our mouse
model of ZY-induced lung injury, we observed that two times
of 1.4% ISO exposure for 1 h significantly inhibitedNF-𝜅Bp65
expression and blocked its activation. NF-𝜅B p65 activation
promoted TNF-𝛼 and IL-1𝛽 transcription. Accordingly, 1.4%
ISO treatment conferred considerable protection through
the promotion of the effective remission of inflammatory
responses by suppressing the expression of the proinflam-
matory cytokines TNF-𝛼, IL-1𝛽, IL-6, and MIP-2 in lung
tissue and BALF. The beneficial effect of ISO treatment in

ZY-induced lung damage appeared to be mediated by the
inhibition of NF-𝜅B activation. The high levels of TNF-
𝛼, IL-1𝛽, and MIP-2 also caused neutrophilic inflammation
and decreased pulmonary function, which depended on
the recruitment of neutrophils from the vascular space to
the airspace [10, 38]. Our study indicated that 1.4% ISO
exposure significantly reduced the number of total cells
mainly by inhibiting neutrophil infiltration into the lung 24 h
after ZY injection. These data demonstrated that 1.4% ISO
exerted functional protective effects in the lung following ZY
challenge, which depended on the anti-inflammatory activity
of ISO.

Inflammatory activity is mediated by the endogenous
free radical NO, which is produced at high levels upon the
induction of NO synthase by inflammatory stimulus [40]. In
an experimental murine model, ZY administration increases
iNOS expression and activity that exacerbates nonseptic
shock and leads to cellular and tissue damage including
lung injury if unchecked. However, iNOS inhibitors suppress
airway inflammation in mice by downregulating proinflam-
mation and chemokine expression that are detrimental to
the lung. iNOS-deficient mice also undergo less lung injury
after ZY challenge [41]. In the present study, we demonstrated
that ISO treatment caused several molecular lesions in iNOS
expression and its activity, and this phenomenon significantly
inhibited the inflammatory response. Moreover, NF-𝜅B is a
potent regulator of iNOS expression [42], and the aforemen-
tioned results paralleled iNOS expression and its activity as
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Figure 4: Treatment with 1.4% ISO downregulates proinflammatory cytokine levels in lung tissues and BALF from ZY-challenged mice. (a)
RT-PCR analysis for the expression of TNF-𝛼, IL-1𝛽, IL-6, and MIP-2 mRNA; (b)–(e) amplicons were densitometrically quantified, and bars
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assessed by activating NF-𝜅B [43]. Based on these findings,
we speculated that ISO probably inhibited iNOS expression
and activity by blocking NF-𝜅B activation. However, further
studies are needed to verify this speculation.

The stress response protein HO-1 with three products
(carbon monoxide (CO), iron, and biliverdin) has been
demonstrated by numerous laboratories to offer protection
against inflammation and apoptosis in models of shock
including lung injury in mice. HO-1 exerts its protec-
tive effects through biliverdin or CO. CO possesses anti-
inflammatory properties by regulating various cytokine
expressions (e.g., TNF-𝛼, IL-1𝛽, and IL-6) following LPS
challenge [44]. CO also protects many cells from inflam-
mation stress through antiapoptotic mechanisms [45]. In
the present study, enzyme activity assessment and Western
blot analyses of lung tissues showed that ISO treatment
augmented HO-1 expression and activity. Thus, increased
HO-1 expression and activity in the lung possibly acted
as a server to provide endogenous CO, which had potent
cytoprotective (e.g., antiapoptotic) properties. Zhang et al.
[46] reported that HO-1 overexpression in mouse lung
increases Bcl-2 expression but decreases Bax expression. In
the current work, ISO treatment induced the mRNA and
protein expression of HO-1 and its activity. Under the same
conditions, Bcl-2 expression paralleled HO-1 expression and
its activity, whereas Bax expression showed the opposite
tendency. Based on the aforementioned data, we speculated
that HO-1 upregulation caused by ISO possibly promoted
Bcl-2 expression but suppressed Bax expression, although
this speculation requires verification.

Proinflammatory cytokines, free radicals, and iNOS-
derived NO have also been associated with apoptotic cell

death [11]. Induction of apoptosis has been implicated in the
pathophysiology of MODS [47] and may lead to immuno-
logical dysfunctions. Therefore, preventing or diminishing
apoptosis levels can protect from organ damage. In the
current study, we demonstrated that 1.4% ISO treatment
attenuated the degree of apoptosis, measured by caspase-3
activity in the lung after ZY administration. At the molec-
ular level, we found that 1.4% ISO inhalation markedly
inhibited the upregulation of the proapoptotic procaspase-
8, procaspase-3, cleaved caspase-8, cleaved caspase-3, and
Bax and promoted the expression of the antiapoptotic Bcl-2
expression using Western blot assay. Immunohistochemical
staining also confirmed the expression changes of Bax and
Bcl-2. However, the antiapoptotic effect observed after ISO
treatment possibly depended partially on the attenuation
of the inflammation-induced damage. The prevention of
neutrophil apoptosis possibly aggravated and prolonged lung
injury rather than promoted resolution. However, Chiang
et al. [13] reported that the volatile anesthetic ISO affected
neutrophil resolution program(s) and enhanced the timely
resolution of acute inflammation in a ZIGI mouse model,
thereby altering specific resolution indices and selective
cellular/molecular components in inflammation resolution.

The last but most essential aspect of our study was
the clinical implication of 1.4% ISO, a potential anti-
inflammation and antiapoptotic agent with unique proper-
ties. Unlike most known anti-inflammation and antiapop-
totic agents, ISO can permeate cell membranes and success-
fully target organelles, including the cytosol, mitochondria,
and nuclei. However, ZY-induced lung injury in mice only
partially mimicked the clinical manifestation of human
sepsis. Therefore, further investigations are urgently needed
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protein (g) were normalized against 𝛽-actin; and detection of HO-1 (d) and iNOS (h) enzyme activities.The respective densitometric analysis
of mRNA and protein bands is from three separate experiments. The animals were treated as described in Figure 1. Data are mean ± SD
(𝑛 = 10mice per group). ∗𝑃 < 0.05 versus sham; #𝑃 < 0.05 versus ZY + vehicle.

to characterize the actions of 1.4% ISO at the cellular and
molecular levels, as well as to explore the pharmacological
effects of ISO in the clinical setting.

5. Conclusions

This study demonstrated that 1.4% ISO post-treatment atten-
uated ZY-induced lung injury in mice because ISO has
anti-inflammatory and antiapoptotic properties. First, ISO
reduced lung histologic scores and decreased lungW/D ratio

in ZY-challenged mice. Second, ISO inhibited neutrophil
infiltration into the lung and reduced proinflammatory
cytokine production in ZY-treated lungs. Third, ISO reduced
the expression of the proinflammatory signaling molecules
NF-𝜅B p65 and iNOS and their activities. Fourth, ISO pro-
moted the expression and activity of the anti-inflammatory
and antiapoptotic HO-1. Fifth, 1.4% ISO prevented ZY-
induced pulmonary cell apoptosis in mice by suppress-
ing procaspase-8, procaspase-3, cleaved caspase-8, cleaved
caspase-3, and Bax expression; reducing caspase-3 activity;
promoting Bcl-2 expression. Finally, ISO prevented BW loss
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and improved the survival rate in ZY-challenged mice. This
new knowledge on the anti-inflammation and anti-apoptosis
effects of 1.4% ISO against ZY-induced shock can serve as
a foundation for the development of new therapeutics. Our
results offer new avenues for continued studies on cellular and
molecular markers for use in animal models of ZY-induced
lung injury, as well as for future translational and clinical
research.
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