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AbstrAct
Neutrophil release of NO/ONOO– induces endothelial cell barrier dysfunction 

in inflammatory acute lung injury (ALI). Previous studies using zymosan-triggered 
inflammation and ALI model revealed that zymosan promotes inducible NO synthase 
(iNOS) expression in neutrophils, and that isoflurane inhibits zymosan-induced 
oxidative stress and iNOS biosynthesis. However, the underlying mechanisms 
remain largely unknown. We found here that in zymosan-primed neutrophils, iNOS 
is transcriptionally activated by NF-κB, whose nuclear translocation is triggered by 
excessive reactive oxygen species (ROS) and consequently activated p38 MAPK. ROS 
production is attributed to zymosan-initiated Toll-like receptor 2 (TLR2) signaling, 
in which the adaptor MyD88 recruits and activates c-Src, and c-Src activates NADPH 
oxidase to generate ROS. Subanesthetic isoflurane counteracts the aforementioned 
zymosan-induced signaling by targeting N-methyl-D-aspartic acid (NMDA) glutamate 
receptor and thereby suppressing calcium influx and c-Src activation. Whereas iNOS 
accelerates NO/ONOO– production in neutrophils which eventually promote protein 
leak from pulmonary microvascular endothelial cells (PMVEC), isoflurane reduced 
NO/ONOO– release from zymosan-treated neutrophils, and thus relieves trans-
PMVEC protein leak. This study provides novel insights into the roles of neutrophils 
and the underlying mechanisms in zymosan-induced ALI, and has implications for 
the therapeutic potential of subanesthetic isoflurane in attenuating inflammatory 
responses causing lung endothelial cell damage.



Oncotarget31773www.impactjournals.com/oncotarget

INtrODUctION

Acute lung injury (ALI) is a severe disorder 
that causes profound morbidity and 30-40% mortality, 
and exhibits high incidence of progressing into acute 
respiratory distress syndrome (ARDS) [1]. Neutrophils 
play a crucial role in the ALI inflammatory response, 
which is predominantly mediated through iNOS induction 
and nitric oxide (NO)/peroxynitrite (ONOO-) generation 
[2, 3]. Zymosan is a substance derived from the cell walls 
of the yeast Saccharomyces cerevisiae [4, 5]. Zymosan-
induced ALI, in which neutrophils infiltrate into the lungs 
and contribute to the oxidation-induced lung damage, 
has emerged as a classical model for inflammation-
related tissue injury [5]. Zymosan-triggered inflammatory 
cascade leads to high-permeability pulmonary edema, 
largely through activation and injury of endothelial cells, 
specifically the pulmonary microvascular endothelial 
cells (PMVECs) [6]. We and others have demonstrated 
that NO/ONOO- release from neutrophils underlies 
various pathophysiological events involved in ALI 
including pulmonary neutrophil infiltration, oxidant 
stress, and microvascular protein leak [7, 8]. NF-κB was 
reported to transcriptionally activate iNOS in several 
NO-producing cell types [9]; Nicotinamide adenine 
dinucleotidephosphate (NADPH) oxidase-derived ROS 
induce iNOS expression in neutrophils, leading to lung 
fibrosis [10]. Nevertheless, how these signaling events are 
connected to switch on iNOS expression remains elusive.

Isoflurane is a widely used inhaled anesthetic, 
which reduces pain sensitivity via modulation of the 
neurotransmitter receptors, and exerts protective properties 
through antioxidant and anti-inflammatory effects [11, 12]. 
Prospects for the clinical usage of isoflurane (1.2-2.5%) 
have been hampered due to its adverse systemic effects 
[11]; however, our previous studies have shown that 
subanesthetic isoflurane (0.7%) protects against zymosan-
induced lung injury by upregulating antioxidant enzymes 
and inhibiting inflammatory responses via the reduction 
of iNOS induction and NO production in neutrophils [7]. 
Moreover, subanesthetic isoflurane reduces zymosan- 
induced inflammation in Kupffer cells by inhibiting the 
NF-κB pathway [13]. In addition, isoflurane preserves 
ATP-sensitive K+ channel activity in the human omental 
artery during oxidative stress induced by high glucose, 
which is mediated by NADPH oxidase inhibition [14]. 
However, it is unclear how subanesthetic isoflurane affects 
the NADPH oxidase and NF-κB activities, and whether 
these mechanisms are involved in isoflurane alleviation 
of zymosan-induced iNOS expression and NO/ONOO- 

release in neutrophils which mediate endothelial damage.
In this study, we found that zymosan initiates Toll-

like receptor 2 (TLR2) signaling in neutrophils, which 
recruits and activates c-Src via the adaptor MyD88; c-Src 
triggers cytomembrane localization of the NADPH oxidase 
subunit, p47phox, leading to excessive ROS production and 

p38 MAPK activation [15]. p38 MAPK subsequently 
activates NF-κB to switch on iNOS expression, which 
promotes the synthesis and release of NO/ONOO- in 
neutrophils, and eventually causes the transmembrane 
protein leak from pulmonary microvascular endothelial 
cells (PMVEC). Subanesthetic isoflurane protects against 
trans-PMVEC protein leak by targeting the N-methyl-D-
aspartic acid (NMDA) glutamate receptor and thereby 
suppressing calcium signaling and c-Src activation in 
neutrophils. 

rEsULts

Opposite roles of zymosan and subanesthetic 
isoflurane in neutrophil-mediated trans-PMVEC 
protein leak

ALI is characterized by PMVEC injury leading to 
high protein pulmonary edema. It has been reported that 
trans- PMVEC albumin leak under septic conditions is 
dependent on iNOS activity specifically in neutrophils, 
but not in PMVECs themselves. Septic neutrophil-
dependent trans-PMVEC albumin leak may be mediated 
by peroxynitrite [16]. Consistently, we found here 
that zymosan treatment had no effect on iNOS protein 
expression and NO and ONOO- production in PMVECs, 
but significantly enhanced the levels of iNOS protein 
and NO and ONOO- in neutrophils (Supplementary 
Figure S1). Neutrophils are critically involved in 
zymosan-triggered inflammatory responses leading to 
endothelial protein leak and ALI, whereas subanesthetic 
isoflurane relieves zymosan-induced endothelial damage 
[5, 17]. To investigate the effect of neutrophil priming 
on trans-PMVEC Evans Blue (EB)-albumin leak, we 
cultured mouse PMVECs with the conditioning media 
of zymosan- and/or isoflurane-treated neutrophils. As 
a result, the media of zymosan-stimulated neutrophils 
elicited remarkable albumin leak from the PMVECs 
(Figure 1A). Compared with zymosan treatment alone, 
combined treatment of neutrophils with zymosan and 
subanesthetic isoflurane (0.7%) produced conditioned 
media which caused decreased albumin leak by PMVECs 
(Figure 1A). In zymosan-induced ALI, neutrophils were 
reported to induce vascular leak by releasing peroxynitrite 
[18]. Indeed, we detected dramatically increased NO and 
ONOO- production by neutrophils upon stimulation with 
zymosan, whereas combined treatment of neutrophils with 
isoflurane reduced NO and ONOO- levels in neutrophils 
(Figure 1B). The albumin leak by PMVECs was further 
enhanced by incorporating in the media an ONOO− 
donor, SIN-1, and was inhibited by an ONOO− scavenger, 
FeTPPS (Figure 1C). These data suggest that zymosan-
primed neutrophils cause trans-PMVEC protein leak 
by producing NO and ONOO-, a process suppressed by 
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isoflurane treatment of neutrophils.

Isoflurane counteracts zymosan-induced NF-κB 
transactivation of iNOs

Zymosan was reported to promote NO production 
by upregulating iNOS [19]. Consistently, we observed 
that zymosan induced iNOS expression in a time- and 
dose-dependent manner in neutrophils (Figure 2A). 
However, when these neutrophils were further treated 
with isoflurane, zymosan-induced iNOS expression 
in neutrophils was significantly reduced (Figure 2B). 
These results are in agreement with the modulation of 

iNOS promoter activity by zymosan and/or isoflurane 
in neutrophils (Figure 2C). iNOS is a known target 
gene of NF-κB, the key transcriptional factor involved 
in inflammatory signaling [20]. Thus, we investigated 
whether NF-κB plays a role in zymosan-induced iNOS 
expression in neutrophils. We found that zymosan- 
induced iNOS expression is accompanied by an increase 
in the nuclear levels of the NF-κB subunit, p65 (Figure 
2D). In addition, iNOS expression was hindered by 
p65 knockdown and by the NF-κB inhibitor, NAI, in a 
concentration-dependent manner (Figures 2D and 2E). 
The alterations in iNOS mRNA levels are consistent 
with those of the iNOS protein, suggesting that NF-κB 

Figure 1: The capacity of zymosan-stimulated neutrophils to induce trans-PMVEC protein leak is inhibited by 
subanesthetic isoflurane. A. Neutrophils were sequentially treated with zymosan (ZY) for 15 min and 0.7% isoflurane (ISO) for 
15 min where indicated, followed by incubation with zymosan for 12 h. Treatment of cells with solvent serves as control groups for 
zymosan and isoflurane. The media were collected and added to the monolayer PMVEC. Trans-PMVEC EB-albumin leak was determined. 
B. Neutrophils were treated as described in (A), followed by measurement of NO production and ONOO− release by neutrophils. C. 
Neutrophils were treated with zymosan or solvent for 12 h, followed by treatment with or without FeTPPS (25 mM) or SIN-1 (200 mM) for 
15 min. The media were replaced with fresh complete media, which were collected 6 h later and added to the monolayer PMVEC. Trans-
PMVEC EB-albumin leak was determined. Data are represented as the mean ± SEM of 3 replicates. *P < 0.05, #P < 0.01, as compared with 
zymosan group. 
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transcriptionally activates iNOS in zymosan-treated 
neutrophils (Figure 2F). Subsequently, treatment of 
neutrophils with NAI significantly reduced zymosan-
induced NO and ONOO- release (Figure 2G). Consistent 
with its inhibitory role in iNOS expression and NO 
and ONOO− production by neutrophils, subanesthetic 
isoflurane treatment significantly impeded zymosan-
induced nuclear translocation of p65 (Figure 2H). 
Therefore, isoflurane and zymosan inversely regulate 
iNOS expression by targeting NF-κB in neutrophils.

ROS/p38 MAPK signaling is required for 
isoflurane and zymosan regulation of NF-κB

NF-κB can be activated by inflammatory mediators 
via various signal pathways [21]. In particular, ROS-
activated p38 MAPK triggers the nuclear translocation of 
NF-κB by phosphorylating and degrading its inhibitory 
partner, IκB [21]. To test whether this is involved in 
zymosan-induced NF-κB activation, we measured the 
intracellular ROS levels in neutrophils in response to 
zymosan stimulation. As shown in Figure 3A, zymosan 
significantly enhanced ROS levels in neutrophils, which 

Figure 2: Isoflurane impairs zymosan-induced NF-κB activation, iNOS expression and NO/ONOO− production in 
neutrophils. A. Neutrophils were treated with increasing concentrations of zymosan for indicated time periods, and were subjected to 
Western blot analysis. B. Neutrophils were incubated with zymosan for 15 min, post-treated with 0.7% isoflurane for 15 min, followed by 
a continuous incubation with zymosan for a total of 8 h before Western blot analysis. β-actin was used as an inner control for whole cell 
lysates. C. Neutrophils were co-transfected with or without an iNOS-luc reporter plasmid and indicated siRNAs. The promoter activity of 
iNOS was determined in the cell lysates after zymosan treatment for 6 h. D., E. Neutrophils were pretreated with NAI (D) or transfected 
with NF-κB p65 siRNA (E), followed by incubation with zymosan for 8 h. The nuclear or whole cell lysates were prepared for Western 
blot analysis. Lamin B was used as an inner control for the lysates of the nuclear fraction. F. Neutrophils were treated as described in 
(D), followed by incubation with zymosan for 6 h prior to RT-PCR analysis. G. Neutrophils were treated as described in (D), followed by 
measurement of NO and ONOO− production. H. Neutrophils were treated as described in (B), and the nuclear lysates were prepared for 
Western blot analysis. Data are represented as the mean ± SEM of 3 replicates or representative of 3 independent experiments. *P < 0.05, 
#P < 0.01, as compared with the cells exposed to vehicle alone (A). *P < 0.05, #P < 0.01, as compared with the cells exposed to zymosan 
alone (B-H), or zymosan + scrambled siRNA (E).
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can be dampened by treatment with isoflurane or the 
ROS scavenger NAC. Furthermore, zymosan induced 
the phosphorylation of p38 MAPK, whereas isoflurane 
impaired p38 MAPK activation probably by suppressing 
ROS production (Figure 3B). ROS production and p38 
MAPK activation are required for NF-κB translocation 
because NAC or the p38 MAPK inhibitor SB202190 
efficiently abrogated zymosan-elicited nuclear enrichment 
of NF-κB in neutrophils (Figures 3C and 3D). Thus, 
zymosan evokes and isoflurane impedes NF-κB activation 
by dictating ROS levels in neutrophils. 

NADPH oxidase plays a crucial role in intracellular 
ROS production by coupling transmembrane transfer of 
NADPH electrons and generation of superoxide anions 
which can be converted to hydrogen peroxide and other 

forms of ROS [22]. To this end, we observed a substantial 
elevation of NADPH oxidase activity in zymosan-treated 
neutrophils (Figure 3E). In addition, zymosan induced 
the membrane translocation of the cytosolic subunit 
p47phox, which is required for NADPH oxidase activation 
(Figure 3F) [23]. Consistent with these observations, we 
found that ROS scavenging or p38 MAPK inhibition, or 
treatment of cells with the NADPH oxidase inhibitor DPI, 
significantly reduced the production of NO and ONOO- by 
zymosan-stimulated neutrophils (Figure 3G). These data 
suggest that NADPH oxidase/ROS/p38 MAPK signaling 
is responsible for NF-κB activation and NO/ONOO- 
release of zymosan-primed neutrophils. 

Figure 3: Isoflurane and zymosan regulate NF-κB activation via ROS/p38 MAPK signaling. A., B. Neutrophils were 
sequentially treated with zymosan (10 μg/ml) for 15 min, 0.7% isoflurane for 15 min where indicated, and zymosan for 6 h in the presence 
or absence of NAC (50 mM). Cells were subjected to fluorescence measurement of H2O2 levels (A) and Western blot analysis (B). Scale 
bar = 10 μM. C., D. Neutrophils were treated with zymosan for 6 h in the presence of the p38 MAPK inhibitor SB202190 (10 mM) where 
indicated, followed by immunofluorescent staining of p65 (C) and Western blot analysis of nuclear p65 levels (D). Scale bar = 10 μM. E., 
F. Neutrophils were treated with zymosan for indicated time periods, followed by measurement of NADPH oxidase activity (E) or Western 
blot assay using the membrane and cytosol fractions of cell lysates (F). Gas and β-actin were used as inner controls for membrane and 
cytosolic fractions, respectively. G. Neutrophils were treated with zymosan for 12 h in the presense of NAC (50 mM), SB202190 (10 mM) 
or NADPH oxidase inhibitor DPI (10 mM) where indicated, followed by measurement of NO and ONOO− production. Data are represented 
as the mean ± SEM of 3 replicates or representative of 3 independent experiments. *P < 0.05, #P < 0.01, as compared with the cells exposed 
to zymosan alone (B, C, E, H). *P < 0.05, #P < 0.01, as compared with the cells exposed to vehicle alone (F, G). 
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c-Src mediates ROS production in isoflurane and 
zymosan-treated neutrophils

NADPH oxidase is activated by various stress 
stimuli via the protein kinase c-Src [24]. We next 

investigated whether c-Src activation is involved in 
NADPH oxidase activation and ROS production of 
zymosan- and/or isoflurane-treated neutrophils. As shown 
in Figure 4A, zymosan induced the phosphorylation of 
c-Src in neutrophils, which was inhibited by incubation 
of cells with subanesthetic isoflurane. c-Src activity is 

Figure 4: ROS production is dependent on c-Src activity inversely regulated by isoflurane and zymosan in neutrophils. 
A. Neutrophils were sequentially treated with zymosan (10 μg/ml) for 15 min, 0.7% isoflurane for 15 min where indicated, and zymosan for 
another 6 h prior to Western blot analysis. B.-D. Neutrophils were transfected with c-Src-targeted (sic-Src) or scrambled (siscrb) siRNAs, 
and treated with zymosan and/or the Src inhibitor PP1 (5 mM) for 6 h. Cells were then subjected to Western blot analysis of the membrane 
fraction lysates (B), fluorescent assay of H2O2 levels (C), and measurement of NO and ONOO− production (D). Data are represented as the 
mean ± SEM of 3 replicates or representative of 3 independent experiments. *P < 0.05, #P < 0.01, as compared with the cells exposed to 
zymosan alone (A-D), or zymosan + scrambled siRNA (B-D).
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required for zymosan-induced signaling for peroxynitrite 
release by neutrophils given that both siRNAs and 
inhibitors of c-Src can ablate the membrane translocation 
of p47phox (Figure 4B), the production of ROS (Figure 
4C), and eventually the cellular levels of NO and ONOO- 
(Figure 4D). Thus, c-Src may serve as a convergent target 
of zymosan and isoflurane in regulating the neutrophil 
release of endothelium-damaging metabolites. 

Zymosan activates c-Src in neutrophils via TLR2 
signaling

Zymosan was reported to bind directly to TLR2 
and initiate downstream signaling through the MyD88/
TRAF6/c-Src/p47phox complex [25]. We next investigated 
whether zymosan activates c-Src and downstream 
signaling events via TLR2 in neutrophils. As a result, 
knockdown of TLR2, but not TLR4, abolished zymosan-
induced expression of iNOS, which is in line with the 

Figure 5: Zymosan activates c-Src through TLR2 signaling in neutrophils. A.-C. Neutrophils were transfected with indicated 
siRNAs prior to treatment with or without zymosan for 6 h. Cells were then subjected to Western blot analysis (A, C) and measurement 
of NO and ONOO− production (B). D. Neutrophils were treated with zymosan (10 μg/ml) for indicated time periods. Cell lysates were 
prepared and immunoprecipitated using c-Src antibody, followed by Western blot analysis of the precipitated proteins. Data are represented 
as the mean ± SEM of 3 replicates or representative of 3 independent experiments. #P < 0.01, as compared with the cells exposed to 
scrambled siRNA alone [A (upper panel)]. *P < 0.05, #P < 0.01, as compared with the cells exposed to zymosan alone (B, C), zymosan + 
scrambled siRNA [A (lower panel), B, C], or vehicle alone (D).
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potent inhibition of NO and ONOO- production by TLR2-
targeted siRNAs in zymosan-treated neutrophils (Figures 
5A and 5B). Consistently, zymosan induced the activation 
of c-Src, which is impaired by knockdown of the adaptor 
protein, MyD88 (Figure 5C). The interaction of c-Src 
with MyD88, TRAF6 and p47phox upon stimulation 
with zymosan was detected in neutrophils (Figure 5D). 
Therefore, TLR2 is responsible for zymosan-induced 
c-Src activation and downstream signaling leading to NO 
and ONOO- production in neutrophils. 

Isoflurane impairs c-Src activity by targeting the 
NMDA glutamate receptor

We next deciphered how isoflurane exerts an 
inhibitory role in c-Src activation and zymosan-primed 
neutrophilic responses. Isoflurane exerts an anesthetic 
role by suppressing the receptors of neurotransmitters 
[12, 26]. The N-methyl-D-aspartic acid (NMDA) 
glutamate receptors, which can be induced by zymosan 
in neutrophils, have recently been defined to participate in 
ALI [27, 28]. We thus evaluated whether NMDA receptors 
play a role in isoflurane inhibition of zymosan-induced 
neutrophil signaling. As shown in Figure 6A, NMDA, 
which is an agonist of the NMDA receptor, recapitulated 
zymosan-induced activation of c-Src, while the specific 
NMDA receptor antagonist, MK-801, interfered with c-Src 
activation in zymosan-treated neutrophils. Knockdown 
of the NMDA receptor subunit NR1 reduced the levels 
of phosphorylated c-Src (Figure 6B). Meanwhile, NR1 
silencing diminished the suppressive effect of isoflurane 
on c-Src activation (Figure 6B). In line with these findings, 
we observed decreased NO and ONOO- production in 
zymosan-stimulated neutrophils, while further treatment 
of cells with isoflurane failed to significantly reduce 
the synthesis of peroxynitrite (Figure 6C). Similar to 
the media harvested from zymosan-treated neutrophils 
in the presence of siRNAs or inhibitors targeting the 
aforementioned TLR2/c-Src/p47phox/ROS/p38 MAPK/
NF-κB/iNOS pathway, incubation of zymosan-treated 
neutrophils with MK-801 or the Ca2+ chelator, 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid 
(BAPTA), generated conditioned media with remarkably 
inhibited capacity to induce trans-PMVEC albumin leak 
(Figure 6D). These data suggest that NMDA receptors 
promote zymosan-induced NO and ONOO- production 
by facilitating c-Src activation, and isoflurane negatively 
regulates c-Src activity dependent upon NMDA receptor- 
and calcium-mediated signaling. 

Isoflurane attenuates pulmonary endothelial leak 
mediated by activated iNOS in zymosan-primed 
neutrophils in mice

To investigate whether the reduction of lung 
microvascular injury by isoflurane is dependent on iNOS 
activation in zymosan-challenged neutrophils in mice, 
we established a neutrophil-depleted mouse model by 
intraperitoneal (i.p.) injection of anti-polymorphonuclear 
leukocyte (PMN) antibody. As shown in Supplementary 
Figure S2A and S2B, treatment with anti-PMN antibody 
significantly reduced the percentage of circulating 
neutrophils and lung MPO activity compared to the 
control group, suggesting that a neutrophil-depleted mouse 
model was successfully established. Moreover, we found 
that zymosan-increased plasma nitrite was dramatically 
reduced by isoflurane in the control group compared to the 
anti-PMN group (Figure 7A). Rhodamine measurement 
experiment showed that isoflurane could markedly impair 
zymosan-induced formation of peroxynitrite in plasma 
from the control group compared to the anti-PMN group 
(Figure 7B). Evans blue extravasation assay demonstrated 
that isoflurane significantly inhibited zymosan-induced 
pulmonary microvascular dysfunction in the control 
group compared to the anti-PMN group (Figure 7C). In 
addition, zymosan or isoflurane alone or their combination 
had no effect on plasma levels of NO and ONOO- and 
pulmonary microvascular leak (Figure 7A-7C). These 
results indicated that pulmonary microvascular leak under 
zymosan stimulation conditions is dependent on iNOS 
activity (NO and ONOO- production) specifically in 
neutrophils, but not in PMVECs themselves in vivo, which 
was attenuated by isoflurane. 

DIscUssION

Zymosan has been established to induce pulmonary 
inflammatory responses, thereby providing a canonical 
model for ALI [5, 6]. Neutrophils play vital roles in 
zymosan-induced PMVEC damage as exemplified by 
increased endothelial cell permeability upon neutrophil 
release of NO and ONOO- [29]. Consistent with previous 
reports, we found that zymosan elicits neutrophil NO 
and ONOO- production by promoting iNOS expression, 
whereas subanesthetic isoflurane plays a protective role 
in endothelial cell damage by inhibiting this process 
[7, 30]. We thus deciphered the molecular pathway(s) 
underlying iNOS expression, and identified that TLR2 
signaling and NF-kB are responsible for iNOS expression, 
which is in agreement with previous findings in NF-kB 
deficient mice [31]. Toll-like receptors directly activate 
NF-κB in a canonical pathway via a complex involving 
MyD88, TRAF6 and TGF-β-activated kinase 1 (TAK1), 
leading to activation of IκB kinase (IKK), degradation 
of IκB, and nuclear translocation of NF-κB [32]; TLR2 
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also activates NF-κB through Rac1-PI3K-Akt pathway 
that does not involve IκB degradation [32]. Our study 
unraveled an alternative pathway through which TLR2 
signaling eventually activates NF-κB in zymosan-primed 
neutrophils. In this pathway, TLR2 recruits and activates 

c-Src through MyD88, and c-Src activates NADPH 
oxidase to generate ROS. ROS subsequently activates p38 
MAPK, which triggers nuclear translocation of the p65 
subunit of NF-κB to switch on iNOS expression (Figure 
8). ALI results from the dysfunction of various types of 

Figure 6: Isoflurane decreases c-Src activity by targeting the NMDA glutamate receptor. A. Neutrophils were treated 
with zymosan (10 μg/ml) for 6 h in the presense of the NMDA receptor agonist NMDA (50 mM) or antagonist MK-801 (30 mM) where 
indicated. Cell lysates were then subjected to Western blot analysis. B., C. Neutrophils were transfected with indicated siRNAs prior to 
treatment with or without zymosan (10 μg/ml). Cells were then subjected to Western blot analysis 6 h later (B) and measurement of NO 
and ONOO− production 12 h later (C). D. Neutrophils were pretransfected with indicated siRNAs, and/or treated with zymosan (10 μg/
ml) for 12 h in the presence of the indicated reagents including NAC (50 mM), MK-801 (30 mM) and BAPTA (25 mM). The media were 
replaced with fresh complete media, which were collected 6 h later and added to the monolayer PMVEC. Trans-PMVEC EB-albumin leak 
was determined. Data are represented as the mean ± SEM of 3 replicates or representative of 3 independent experiments. *P < 0.05, as 
compared with the cells exposed to zymosan alone (A). *P < 0.05, #P < 0.01, as compared with the cells exposed to zymosan + scrambled 
siRNA (B-D).
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pulmonary cells, involves extensive crosstalk between 
inflammatory cells and epithelial cells via small molecule 
mediators or inflammatory cytokines, and is attributed to 
aberrant activation of diverse receptor pathways such as 
the documented TLR4 pathway [33, 34]. Nevertheless, 
our findings revealed the integrated signaling events 
in the neutrophils that contribute to pathogen-induced 
inflammation and damage of the pulmonary endothelial 
cells.

ROS play a key role in the pulmonary vascular 
abnormalities that characterize ARDS by mediating many 
forms of neutrophil-dependent endothelial injury in both 
in vivo and in vitro models [35, 36]. We established via 
multiple approaches that ROS production is required for 
zymosan-induced NF-κB activation and iNOS expression 
in neutrophils, thus excluding the possibility that NF-κB 
is activated through the canonical TLR/IRAK/TRAF6/

IKK pathway. NADPH oxidase enzymes are thought to 
exert pro-inflammatory roles via ROS induction [36]. 
Consistent with these findings, we showed that zymosan-
induced iNOS/NO/ONOO- generation in neutrophils 
requires NADPH oxidase-mediated ROS production. 
Zymosan activates NADPH oxidase by inducing 
membrane translocation of its cytosolic subunit, p47phox. 
In its downstream signaling, cellular ROS activates p38 
MAPK, which in turn allows the nuclear translocation 
of NF-κB probably through the documented IKK/IκB 
pathway [33]. While ROS and oxidative stress contribute 
to lung injury in many aspects, and various members of 
the MAPK family are involved in iNOS regulation, the 
ROS/p38 MAPK/NF-κB pathway may represent an 
essential signaling mechanism that mediates the pro-
inflammatory role of neutrophils in ALI, e.g. release of 
nitroxides to permeabilize microvascular endothelial 

Figure 7: Treatment with anti-PMN antibody reduces zymosan-enhanced plasma NO/ONOO− levels and pulmonary 
microvascular leak in mice. Animals were treated with normal rabbit serum (Control) or anti-PMN antibody as described in the 
‘Establishment and assessment of neutrophil depletion in mice’ method section. And the control or anti-PMN (PMN depletion) mice were 
treated as described in the ‘In vivo experimental design’ method section. At 24 h after zymosan or NS administration, plasma nitrite A. 
and peroxynitrite B., and evans blue extravasation in lung c. were measured. Data are represented as the mean ± SEM of 3 replicates or 
representative of 3 independent experiments. *P < 0.05, #P < 0.01. ns = Not significantly.
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cells in the lung [37, 38]. It is well documented that 
ROS is critically involved in zymosan-induced ALI [37]. 
However, the machinery determining ROS production 
may vary dependent on the cell types in the lung [37, 
39]. We established here that c-Src connects TLR2 
signaling to NADPH oxidase, leading to ROS production 
and eventually iNOS expression in zymosan-activated 
neutrophils, which is in accordance with previous 
reports that c-Src promotes iNOS expression [40]. To 
our knowledge, this might be the first characterization 
of the TLR2/MyD88/c-Src/p47phox complex formation 
in zymosan-induced NADPH oxidase activation and 
ROS production. Given the previous finding that c-Src 
induction by lipopolysaccharide requires NO signaling in 
the context of macrophage migration, it deserves further 
investigation whether c-Src and iNOS forms a positive 
feedback mechanism in zymosan-activated neutrophils 
[41]. 

We and others have found that the anesthetic 
isoflurane exerts a protective role in zymosan-induced 

inflammation and vascular endothelial cell damage in the 
lung [7, 30, 42]. In addition to our previous observation 
that isoflurane counteracts zymosan in regulating iNOS 
expression in neutrophils [7], we established here that 
subanesthetic isoflurane relieves zymosan-induced 
neutrophilic peroxynitrite release and trans-PMVEC 
protein leak by suppressing the repertoire of c-Src 
downstream signaling responsible for iNOS expression 
and peroxynitrite production. More importantly, we 
found that isoflurane impairs c-Src activity by targeting 
the NMDA receptor, the subtype of glutamate receptors 
known to be expressed in neutrophils, thymocytes and 
lymphocytes [43]. These findings are consistent with 
recent reports that NMDA receptor antagonists attenuate 
ALI in various in vivo models [27, 28], and in agreement 
with a previous observation that NMDA-induced retinal 
neuro/vascular injury, which could be alleviated by the 
peroxynitrite decomposition catalyst FeTPPs [44]. These 
data established that isoflurane impedes c-Src activation 
via interfering with NMDA receptor-evoked calcium influx 

Figure 8: Schematic diagram of the proposed signaling pathways elicited by zymosan but inhibited by subanesthetic 
isoflurane. Zymosan induces ROS production through a TLR2/MyD88/c-Src/NADPH oxidase pathway, which in turn caused the 
activation of p38 MAPK and consequently the activation and nuclear translocation of NF-κB. NF-κB thus switches on iNOS expression, 
and increases NO production and ONOO− release from neutrophils, which eventually permeabilizes adjacent PMVECs. Subanesthetic 
isoflurane exerts a protective role for this pathological process by inhibiting c-Src activity, which is probably attributed to isoflurane 
targeting of the NMDA glutamate receptor and thereby suppression of the calcium signaling in neutrophils.
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and subsequently calcium-dependent c-Src activation 
[45-47], suggesting the involvement of NMDA receptor 
signaling in the maintenance of zymosan-elicited c-Src 
activity in neutrophils. The regulatory roles of NMDA 
receptors on c-Src activity and the pro-inflammatory 
responses of neutrophils are also complicated by the 
possibility that c-Src may be responsible for a feedback 
regulation of both NMDA receptor and calcium signaling 
[48, 49]. Nevertheless, our findings highlight a novel 
crosstalk between NMDA receptor and Toll-like receptor 
signal pathways which underlies the protective roles 
of isoflurane in ALI induced by different pathogens. 
Moreover, the current study has several limitations. First, 
we didn’t establish neutrophil-PMVEC co-cultures based 
on a certain ratio for mimicking an in vivo environment. 
Second, this study can be extended to investigate the 
effect of iNOS in neutrophils on trans-PMVEC protein 
leak, using the inhibitors of iNOS activity, such as 1400W 
and L-NAME. Finally, it is unclear whether zymosan-
induced pulmonary inflammation and protein leak could 
be significantly abrogated in iNOS-/- mice or following 
iNOS-selective inhibition in iNOS+/+ mice. Taken together, 
the present study unraveled the novel mechanisms of 
zymosan-induced neutrophil activation and microvascular 
endothelial dysfunction, and provides the rationale for the 
subanesthetic isoflurane treatment to protect against lung 
inflammation and ALI. 

MATERIALS AND METHODS

Reagents

The antibodies against iNOS, TLR2, TLR4, 
MyD88, c-Src, p47phox, TRAF6, p38 MAPK, Gas, PMN, 
β-actin, and lamin B were purchased from Abcam 
(Cambridge, UK). Anti-phospho-c-Src (p-c-Src), anti-
phospho-p38 MAPK (p-p38 MAPK), and anti-phospho-
NF-κB p65 (p-NF-κB p65) antibodies were obtained 
from Cell Signaling Technology (Danver, MA, USA). 
Diphenyleneiodonium chloride (DPI), N-acetylcysteine 
(NAC), PP1, and SB202190 were acquired from Biomol 
(Plymouth Meeting, PA, USA). NAI and BAPTA were 
obtained from Calbiochem (Darmstadt, Germany). 2′, 
7′-dichlorodihydro-fluorescein diacetate acetyl ester 
(DCFDA) was purchased from Molecular Probes (Eugene, 
OR, USA). Isoflurane was purchased from Baxter (Baxter 
Healthcare Corporation, Deerfield, USA). Zymosan, 
FeTPPS, 3-morpholinosydnonimine (SIN-1), NMDA 
and MK-801 were obtained from Sigma (St. Louis, MO, 
USA). Zymosan was dissolved in normal isotonic sodium 
chloride solution (NS) to a final concentration of 25 mg/
mL. The solution was homogenized by magnetic stirring, 
and sterilized at 100°C for 80 min. All suspensions were 
freshly prepared prior to use.

Neutrophil isolation, culture and treatment

Neutrophils were isolated from peripheral 
venous blood of mice using an anti-Ly-6G MicroBead 
Kit (MiltenyiBiotec, Germany) according to the 
manufacturer’s protocol. Prior to all experiments, > 99% 
of cells were determined viable by Live/Dead violet 
(Invitrogen, Carlsbad, CA). Neutrophils were seeded on 
6-well plates, allowed to incubate overnight, and then 
subjected to various experimental conditions at 37°C. 
After reducing the media volume in each well from 2.5 
mL to 1 mL, cells were exposed to room air (RA) with 
or without isoflurane at 2 L/min in a metabolic chamber 
(Columbus Instruments, Columbus, OH) after various 
treatments. During isoflurane exposure, the isoflurane 
concentration (0.7%) was continuously verified by 
sampling exhaust gas with a DatexCapnomac (SOMA 
Technology Inc., Cheshire, CT). 

Transit transfection with siRNAs

The small interfering RNA (siRNA) duplexes 
corresponding to mouse TLR2 (sc-40257), TLR4 (sc-
40261), MyD88 (sc-35987), c-Src (sc-29859), p47phox 
(sc-151963), p38 MAPK (sc-29434), NF-κB p65 (sc-
29411), iNOS (sc-36092), NMDA receptor subunit 
NR1 (sc-36082), and scrambled siRNA (sc-44230) were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
Texas, USA). SiRNA transfection was carried out using 
lipofectamine® 2000 transfection reagent from Invitrogen 
(Carlsbad, CA, USA). SiRNAs (100 nM) were formulated 
with Lipofectamine® 2000 transfection reagent according 
to the manufacturer’s instructions. 

PMVEC isolation, culture and treatment

Mouse PMVECs were isolated by digesting the 
whole lung tissue with 0.5 mg/mL collagenase IA (Sigma) 
for 45 min at 37°C. The digested suspension was filtered 
through 70 mm mesh, centrifuged at 250 g for 4 min, and 
washed twice in phosphate-buffered saline (PBS). The 
cell suspension was incubated with magnetic microbeads 
(Dynal Inc., Lake Success, NY) coated with rat anti-
mouse CD31 antibody (BD Pharmingen, USA) for 20 min 
at 4°C to select out PMVEC for culture. To ensure culture 
purity, cultures were repurified with anti-CD31-coated 
magnetic microbeads, as described above, after the first 
passage. Dil-conjugated Ac-LDL (Dil-Ac-LDL) and CD31 
staining showed more than 95% purity for PMVECs. 
PMVECs were used for experiments at passages 3 to 4. 
To investigate the effect of zymosan on PMVEC, 10 μg/
ml zymosan was added into PMVEC cultures.
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Trans-PMVEC albumin leak

Conditioning media from neutrophils treated with 
siRNAs, inhibitors or 0.7% isoflurane were added to 
the PMVEC monolayer seeded in 10% gelatin coated 
Transwell inserts for 1 h. After EB-conjugated albumin 
was added to the upper chamber for 1 h, the media in the 
lower chamber were collected, and the absorbance of EB 
was measured at 595 nm and referred to a standard curve 
in order to report trans-PMVEC EB-albumin leak as % of 
total EB-albumin in the upper compartment into the lower 
compartment.

RT-PCR analysis

Total RNA of neutrophils subjected to various 
treatments was extracted using TRIzol® Reagent 
(Invitrogen, Carlsbad, CA, USA) following the 
instructions of the manufacturer. The cDNA obtained 
from 1 mg of total RNA was used as a template for PCR 
amplification. The primers were the following sequences: 
iNOS, forward 5′-TGAACCCCAAGAGTTTGACC-3′ 
and reverse 5′-TGCTGAAACATTTCCTGTG C-3′; 
β-actin, forward 5′-GTGGGCCGCTCTAGGCACCA-3′ 
and reverse 5′-TGGCC TTAGGGTGCAGGGGG-3′. 
DNA band densities were quantified using Quantity 
One software (BioRad, USA). The RT-PCR data were 
normalized with the internal control β-actin and then 
calculated as fold changes compared with the first 
treatment group (fold of basal is 1 and ± SEM is 0) in each 
experiment.

Isolation of cell fractions

Neutrophils were harvested, sonicated for 6 s at 
output 1.5 with a sonicator (Misonix Inc., Farmingdale, 
NY), and then centrifuged at 8,000 rpm for 15 min at 
4°C. The pellet was collected as the nuclear fraction. The 
supernatant was centrifuged at 14,000 rpm at 4°C for 60 
min to yield the supernatant (cytosolic fraction) and the 
pellet (membrane fraction).

Western blot analysis

The whole lysates or cytosolic or nuclear extracts 
of neutrophils or PMVECs were prepared, separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), electrotransferred onto nitrocellulose 
membranes, and then immunoblotted with primary 
antibodies. Equivalent sample loading was confirmed by 
probing the levels of β-actin (for whole lysates or cytosolic 
proteins), lamin B (for nuclear proteins), and Gas (for 
membrane proteins). Detection was performed with the 
enhanced chemiluminescence assay kit (Pierce, Rockford, 

IL, USA). Protein band densities were quantified using 
Quantity One software (BioRad, USA). The Western blot 
results were normalized with the internal control β-actin 
or lamin B and then calculated as fold changes compared 
with the first treatment group (fold of basal is 1 and ± 
SEM is 0) in each experiment.

Co-immunoprecipitation assay

Neutrophil lysates containing 2 mg of protein were 
incubated with 5 mg anti-c-Src antibody at 4°C for 24 h. 
Then, 20 mL of 50% protein A-agarose beads was added 
and gently mixed at 4°C for 24 h. The immunoprecipitates 
were collected and washed thrice using a lysis buffer 
without Triton X-100. A 5 × Laemmli buffer was added; 
the mixture was subjected to electrophoresis on SDS-
PAGE, and then blotted with anti-TLR2, anti-MyD88, 
anti-TRAF6, anti-c-Src, and anti-p47phox antibodies.

iNOs promoter activity assay

The pGL-iNOS promoter-Luciferase reporter 
plasmid was purchased from Addgene (Cambridge, MA, 
USA), and was used for transfection of neutrophils. 
iNOS-luc activity was determined using a luciferase assay 
system (Promega, Madison, WI, USA).

Measurement of neutrophil NO production

At the indicated time points, neutrophils subjected 
to various treatments were harvested. The chemical 
determination of NO is based on the diazotization 
of sulphanilamide by NO at acidic pH and the 
subsequent oxidation of scopoletin, which can be 
fluorophotometrically detected as previously described 
[50]. 

Analysis of neutrophil ONOO- release

ONOO- was measured by luminol-amplified 
chemiluminescence. All light (photons) emitted 
was measured using a Berthold AutoLumat LB953 
Luminometer (Dr Berthold GmbH & Co. KG, Wildbad, 
Germany). Neutrophils subjected to various treatments 
were placed in a vial. Light emission was recorded by 
a computer interface and reported as the integrated light 
emission for a total period of 0.05-1.00 s. The results were 
calculated in counts per second. Chemiluminescence 
responses were converted to picomoles of ONOO- using 
a standard curve constructed with various concentrations 
of pure ONOO-.
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Measurement of ROS production

The intracellular H2O2 levels were determined 
by measuring fluorescence of DCFH-DA. Neutrophils 
were washed with warm HBSS and incubated in HBSS 
containing 10 mM DCFH-DA at 37°C for 30 min, and 
then replaced with fresh media. Cells were washed 
twice with PBS, and the fluorescence was captured with 
confocal laser scanning microscopy (Nikon, Tokyo, 
Japan). Alternatively, the fluorescence intensity of the 
cells was analyzed using a FACScan flow cytometer (BD 
Biosciences, San Jose, CA) at 495 nm excitation and 529 
nm emission.

Determination of NADPH oxidase activity

A lucigenin chemiluminescence assay was used to 
measure NADPH oxidase activity in cells as previously 
described [51]. Briefly, neutrophils were seeded in 24-well 
plates, subjected to various treatments at the indicated 
times, gently harvested, and centrifuged at 1,200 rpm for 
15 min at 4°C. The cell pellet was resuspended with 50 
mL/per well of ice-cold RPMI 1640 medium. A 5 mL 
portion of the cell suspension (0.2 × 105 cells) was added 
to a final 180 mL of pre-warmed (37°C) RPMI 1640 
medium containing either lucigenin (20 mM) or NADPH 
(1 mM) to initiate the reaction, followed by immediate 
measurement of chemiluminescence using the Appliskan 
luminometer (Thermo®) in an out-of-coincidence mode. 
Appropriate blanks and controls were established, and 
chemiluminescence was recorded continuously for 15 min. 
The activity of NADPH oxidase was expressed as counts 
per million cells.

Establishment and assessment of neutrophil 
depletion in mice

Mice were administered with an i.p. injection of 
either normal rabbit serum as control or rabbit polyclonal 
antibody to mouse neutrophils (anti-PMN; AIAD51140; 
Accurate Chemical Co, Westbury NY). The initial dose 
was given at 1 mL/g body weight. Additional i.p. injections 
of control or anti-PMN were performed at 1.5 mL/g body 
weight on 2nd, 4th, and 5th day. Sequential saphenous 
vein bleeds were used to assess the effectiveness and 
specificity of the antisera in neutrophil depletion.

Blood was collected in EDTA coated tubes and total 
white blood cells and platelets were counted by standard 
methods in a hemacytometer. Hematocrit was determined 
on 5th day post initial injection with blood obtained from 
the carotid and aorta, respectively. Differential counts 
were obtained from blood smears stained with a modified 
Wrights’ stain (Diff Quik, American Scientific Products, 
McGraw Park, IL). Two hundred cells were counted 

and identified as eosinophils, neutrophils, lymphocytes 
or monocytes. Monocytes and eosinophils typically 
comprised less than 1% of the cell differential in all of 
the treatment groups and so they were not included in the 
analysis. 

For estimates of the numbers of neutrophils in 
tissue, lung myeloperoxidase (MPO) activity was assessed 
as previously described [52]. On 5th day post initial 
injection of control or anti-PMN, all animals (n = 10 for 
each group) were sacrificed with sodium pentobarbital. 
Lungs were obtained and perfused with cold PBS to 
remove all blood, and homogenerated lung supernatants 
were prepared for detecting MPO activity, which was 
defined by spectrophotometer (DU 640B; Beckman) at 
590 nm using commercial kits and expressed in unit per 
gram weight of wet tissue.

Zymosan-induced lung injury in mice and 
isoflurane treatment

A zymosan-induced lung injury model was 
established by asepticly i.p. injection of zymosan into 
mice at a dose of 1 g/kg of body weight, as previously 
described [30]. The same volume of NS was injected 
through the same route to serve as the sham control. To 
verify the anti-inflammatory role of 0.7% isoflurane, 
the mice (Control or anti-PMN) were placed in a sealed 
Plexiglass chamber with inflow and outflow outlets and 
isoflurane was delivered by air flow into the chamber 
through a tube at a rate of 4 L/min. The flow rate of 
isoflurane was accurately controlled in real-time by 
regulation of Anesthetic Vaporizers (Harvard apparatus, 
USA). Isoflurane concentration in the outflow hose of the 
chamber was continuously monitored with a gas analyzer 
(Brϋel & Kjaer, Naerum, Denmark) and maintained at 
0.7% during the treatment. Oxygen concentration in the 
chamber was maintained at 21% using supplemental 
oxygen and continuously monitored with a gas analyzer 
(Medical Gas Analyzer LB-2, Model 40 M; Beckman, 
Fullerton, CA, USA). Carbon dioxide was removed from 
the chamber gases with Baralyme (Allied Healthcare 
Products, Inc., St. Louis, MO, USA). Animals without 
isoflurane treatment were exposed to RA in the chamber as 
the vehicle control. The room and chamber temperatures 
were maintained within 22-24 °C.

In vivo experimental design

Eighty mice (Control) and another Eighty mice (anti-
PMN) were randomly allocated as follows, respectively 
(each group = 20): (1) Zymosan (ZY) + vehicle group: 
control or anti-PMN mice were given an i.p. injection of 
ZY, followed by inhalation of RA (vehicle) for 1 h starting 
at 1 h and 6 h after ZY administration. (2) ZY + isoflurane 
(ISO) group: no differences from the ZY + vehicle group, 
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except for 1 h inhalation of 0.7% 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 + ISO group: identical to the sham + vehicle 
group, except for 1 h inhalation of 0.7% ISO starting at 1 
h and 6 h instead of RA after NS (sham) administration. 
At 24 h after ZY or NS administration, the below assays 
were carried out.

Measurement of plasma nitrite

Production of nitrite (NO2
-), an indicator of NO 

synthesis, was assessed using a colorimetric reaction 
with the Griess reagent [53]. Plasma was collected and 
mixed with an equal (1:1) volume of Griess reagent [0.1% 
N-(1-naphthyl) ethylenediamine dihydrochloride, 1% 
sulfanilamine, and 2.5% H3PO4]. A 96-well microplate 
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 for use as standards.

Measurement of DHR123 oxidation in plasma

The ONOO--dependent oxidation of DHR123 to 
rhodamine was used to determine the formation of ONOO- 

in plasma, as described by Kooy et al. [54]. Animals were 
intravenously administered with DHR123 (2 mM/kg in 
0.05 mL of saline) and sacrificed 15 min after injection. A 
fluorometer was used to measure rhodamine fluorescence 
for plasma samples with an excitation wavelength of 
500 nm and emission wavelength of 536 nm. The rate of 
rhodamine formation, an index of ONOO- production, was 
calculated against a standard curve obtained with authentic 
rhodamine prepared in plasma from untreated mice.

Evans blue extravasation assay

ZY-induced pulmonary microvascular dysfunction 
was quantified by measuring the concentration of EB 
dye within the lung after intravenous injection of dye. 
EB dye binds avidly to albumin as a marker of protein 
extravasation in models of inflammatory tissue injury 
[16]. At the indicated time points, mice were anesthetized 
by i.p. injection of sodium pentobarbital, and EB dye (30 
mg/kg) was slowly injected to the right femoral vein and 
the bilateral lungs were harvested 30 min after infusion. 
The pulmonary vasculature was cleared of blood, and 
the lungs were weighed and placed in 1 ml of formamide 
at 37 °C overnight. The absorbance of EB dye in eluate 
was photometrically measured at 650 nm (Zeiss DMR 
10, Germany). Extravasated EB extracted from the lungs 

was calculated against a standard curve and expressed as 
micrograms of dye per gram of lung tissue (mg/g tissue).

statistical analysis

Quantitative data were expressed as means ± 
SEM. Groups were compared using Student’s two-tailed 
unpaired t test or one-way ANOVA analysis, followed 
by Dunnet’s post-hoc test as appropriate. P < 0.05 was 
considered significant. Data were estimated using a 
GraphPad Prism Program (GraphPad, San Diego, CA).

Abbreviations

ALI, acute lung injury; ARDS, acute respiratory 
distress syndrome; iNOS, inducible NO synthase; TLR2, 
toll-like receptor 2; NMDA, N-methyl-D-aspartic acid; 
PMVEC, pulmonary microvascular endothelial cell; 
NADPH, nicotinamide adenine dinucleotidephosphate; 
IKK, IκB kinase.

ACKNOWLEDGMENTS

This work was supported by the National Key 
Research Program of China (No.2014ZX09J14101-01A) 
and the National Natural Sciences Foundation of China 
(No.81472631). The funders had no role in the study 
design, data collection and analysis, decision to publish, 
or preparation of the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

Animal ethics

Eight-week-old male BALB/C mice (weighing 
22-25 g) were used for this study. Animal procedures 
were approved by the Ethics Committee for Animal 
Experimentation of Fourth Military Medical University. 
All surgeries were performed under anesthesia with 
sodium pentobarbital, and all efforts were made to 
minimize suffering. Euthanasia by sodium pentobarbital 
was consistent with the American Veterinary Medical 
Association Guidelines on Euthanasia, June 2007.

REFERENCES

1. Rubenfeld GD, Caldwell E, Peabody E, Weaver J, 
Martin DP, Neff M, Stern EJ and Hudson LD. Incidence 
and outcomes of acute lung injury. N Engl J Med. 2005; 
353:1685-1693.

2. Wang L, Taneja R, Razavi HM, Law C, Gillis C and Mehta 



Oncotarget31787www.impactjournals.com/oncotarget

S. Specific role of neutrophil inducible nitric oxide synthase 
in murine sepsis-induced lung injury in vivo. Shock. 2012; 
37:539-547.

3. Shelton JL, Wang L, Cepinskas G, Inculet R and Mehta 
S. Human neutrophil-pulmonary microvascular endothelial 
cell interactions in vitro: differential effects of nitric oxide 
vs. peroxynitrite. Microvasc Res. 2008; 76:80-88.

4. Miura T, Ohno N, Miura NN, Adachi Y, Shimada S and 
Yadomae T. Antigen-specific response of murine immune 
system toward a yeast beta-glucan preparation, zymosan. 
FEMS Immunol Med Microbiol. 1999; 24:131-139.

5. Volman TJ, Hendriks T and Goris RJ. Zymosan-induced 
generalized inflammation: experimental studies into 
mechanisms leading to multiple organ dysfunction 
syndrome. Shock. 2005; 23:291-297.

6. Metz C and Sibbald WJ. Anti-inflammatory therapy for 
acute lung injury. A review of animal and clinical studies. 
Chest. 1991; 100:1110-1119.

7. Wang H, Fan J, Li NL, Li JT, Yuan SF, Yi J, Wang L, 
Chen JH, Lv YG, Yao Q, Wang T, Wang YC and Ling R. 
A subanesthetic dose of isoflurane during postconditioning 
ameliorates zymosan-induced neutrophil inflammation lung 
injury and mortality in mice. Mediators Inflamm. 2013; 
2013:479628.

8. Razavi HM, Wang L, Weicker S, Quinlan GJ, Mumby S, 
McCormack DG and Mehta S. Pulmonary oxidant stress in 
murine sepsis is due to inflammatory cell nitric oxide. Crit 
Care Med. 2005; 33:1333-1339.

9. Nunokawa Y, Oikawa S and Tanaka S. Human inducible 
nitric oxide synthase gene is transcriptionally regulated by 
nuclear factor-kappaB dependent mechanism. Biochem 
Biophys Res Commun. 1996; 223:347-352.

10. Cheresh P, Kim SJ, Tulasiram S and Kamp DW. Oxidative 
stress and pulmonary fibrosis. Biochim Biophys Acta. 2013; 
1832:1028-1040.

11. Crystal GJ, Malik G, Yoon SH and Kim SJ. Isoflurane late 
preconditioning against myocardial stunning is associated 
with enhanced antioxidant defenses. Acta Anaesthesiol 
Scand. 2012; 56:39-47.

12. Burchell SR, Dixon BJ, Tang J and Zhang JH. Isoflurane 
provides neuroprotection in neonatal hypoxic ischemic 
brain injury. J Investig Med. 2013; 61:1078-1083.

13. Wang H, Wang L, Li NL, Li JT, Yu F, Zhao YL, Wang 
L, Yi J, Wang L, Bian JF, Chen JH, Yuan SF, Wang T, 
Lv YG, Liu NN, Zhu XS, et al. Subanesthetic isoflurane 
reduces zymosan-induced inflammation in murine Kupffer 
cells by inhibiting ROS-activated p38 MAPK/NF-kappaB 
signaling. Oxid Med Cell Longev. 2014; 2014:851692.

14. Kinoshita H, Matsuda N, Iranami H, Ogawa K, Hatakeyama 
N, Azma T, Kawahito S and Yamazaki M. Isoflurane 
pretreatment preserves adenosine triphosphate-sensitive 
K(+) channel function in the human artery exposed to 
oxidative stress caused by high glucose levels. Anesth 
Analg. 2012; 115:54-61.

15. Coleman CG, Wang G, Faraco G, Marques Lopes J, Waters 
EM, Milner TA, Iadecola C and Pickel VM. Membrane 
trafficking of NADPH oxidase p47(phox) in paraventricular 
hypothalamic neurons parallels local free radical production 
in angiotensin II slow-pressor hypertension. J Neurosci. 
2013; 33:4308-4316.

16. Shelton JL, Wang L, Cepinskas G, Sandig M, Scott 
JA, North ML, Inculet R and Mehta S. Inducible NO 
synthase (iNOS) in human neutrophils but not pulmonary 
microvascular endothelial cells (PMVEC) mediates septic 
protein leak in vitro. Microvasc Res. 2007; 74:23-31.

17. Santos RC, Moresco RN, Pena Rico MA, Susperregui AR, 
Rosa JL, Bartrons R, Ventura F, Mario DN, Alves SH, 
Tatsch E, Kober H, de Mello RO, Scherer P and de Oliveira 
JR. Fructose-1,6-bisphosphate protects against Zymosan-
induced acute lung injury in mice. Inflammation. 2012; 
35:1198-1203.

18. Wang le F, Patel M, Razavi HM, Weicker S, Joseph MG, 
McCormack DG and Mehta S. Role of inducible nitric 
oxide synthase in pulmonary microvascular protein leak in 
murine sepsis. Am J Respir Crit Care Med. 2002; 165:1634-
1639.

19. Cuzzocrea S, Mazzon E, Dugo L, Barbera A, Centorrino T, 
Ciccolo A, Fonti MT and Caputi AP. Inducible nitric oxide 
synthase knockout mice exhibit resistance to the multiple 
organ failure induced by zymosan. Shock. 2001; 16:51-58.

20. Altamirano F, Lopez JR, Henriquez C, Molinski T, Allen 
PD and Jaimovich E. Increased resting intracellular 
calcium modulates NF-kappaB-dependent inducible nitric-
oxide synthase gene expression in dystrophic mdx skeletal 
myotubes. J Biol Chem. 2012; 287:20876-20887.

21. Tergaonkar V. NFkappaB pathway: a good signaling 
paradigm and therapeutic target. Int J Biochem Cell Biol. 
2006; 38:1647-1653.

22. Li JM and Shah AM. Differential NADPH- versus NADH-
dependent superoxide production by phagocyte-type 
endothelial cell NADPH oxidase. Cardiovasc Res. 2001; 
52:477-486.

23. Elnakish MT, Hassanain HH, Janssen PM, Angelos MG 
and Khan M. Emerging role of oxidative stress in metabolic 
syndrome and cardiovascular diseases: important role of 
Rac/NADPH oxidase. J Pathol. 2013; 231:290-300.

24. Gianni D, Bohl B, Courtneidge SA and Bokoch GM. The 
involvement of the tyrosine kinase c-Src in the regulation 
of reactive oxygen species generation mediated by NADPH 
oxidase-1. Mol Biol Cell. 2008; 19:2984-2994.

25. Sato M, Sano H, Iwaki D, Kudo K, Konishi M, Takahashi 
H, Takahashi T, Imaizumi H, Asai Y and Kuroki Y. Direct 
binding of Toll-like receptor 2 to zymosan, and zymosan-
induced NF-kappa B activation and TNF-alpha secretion 
are down-regulated by lung collectin surfactant protein A. J 
Immunol. 2003; 171:417-425.

26. Bryushkova EA, Vladychenskaya EA, Stepanova MS and 
Boldyrev AA. Effect of homocysteine on properties of 



Oncotarget31788www.impactjournals.com/oncotarget

neutrophils activated in vivo. Biochemistry (Mosc). 2011; 
76:467-472.

27. Lin CS, Hung SF, Huang HS and Ma MC. Blockade of the 
N-Methyl-D-Aspartate Glutamate Receptor Ameliorates 
Lipopolysaccharide-Induced Renal Insufficiency. PLoS 
One. 2015; 10:e0132204.

28. Li Y, Liu Y, Peng X, Liu W, Zhao F, Feng D, Han J, 
Huang Y, Luo S, Li L, Yue SJ, Cheng Q, Huang X and 
Luo Z. NMDA Receptor Antagonist Attenuates Bleomycin-
Induced Acute Lung Injury. PLoS One. 2015; 10:e0125873.

29. Chaves HV, Ribeiro Rde A, de Souza AM, Rodrigues e 
Silva AA, Gomes AS, Vale ML, Bezerra MM and Brito 
GA. Experimental model of zymosan-induced arthritis in 
the rat temporomandibular joint: role of nitric oxide and 
neutrophils. J Biomed Biotechnol. 2011; 2011:707985.

30. Li JT, Wang H, Li W, Wang LF, Hou LC, Mu JL, Liu X, 
Chen HJ, Xie KL, Li NL and Gao CF. Anesthetic isoflurane 
posttreatment attenuates experimental lung injury by 
inhibiting inflammation and apoptosis. Mediators Inflamm. 
2013; 2013:108928.

31. Weih F, Warr G, Yang H and Bravo R. Multifocal defects 
in immune responses in RelB-deficient mice. J Immunol. 
1997; 158:5211-5218.

32. Li X, Jiang S and Tapping RI. Toll-like receptor signaling 
in cell proliferation and survival. Cytokine. 2010; 49:1-9.

33. Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, 
Perkmann T, van Loo G, Ermolaeva M, Veldhuizen R, 
Leung YH, Wang H, Liu H, Sun Y, Pasparakis M, Kopf M, 
Mech C, Bavari S, et al. Identification of oxidative stress 
and Toll-like receptor 4 signaling as a key pathway of acute 
lung injury. Cell. 2008; 133:235-249.

34. Herold S, Gabrielli NM and Vadasz I. Novel concepts of 
acute lung injury and alveolar-capillary barrier dysfunction. 
Am J Physiol Lung Cell Mol Physiol. 2013; 305:L665-681.

35. Khan MI, Mohammad A, Patil G, Naqvi SA, Chauhan LK 
and Ahmad I. Induction of ROS, mitochondrial damage 
and autophagy in lung epithelial cancer cells by iron oxide 
nanoparticles. Biomaterials. 2012; 33:1477-1488.

36. Lee IT and Yang CM. Role of NADPH oxidase/ROS in 
pro-inflammatory mediators-induced airway and pulmonary 
diseases. Biochem Pharmacol. 2012; 84:581-590.

37. Lange M, Szabo C, Traber DL, Horvath E, Hamahata A, 
Nakano Y, Traber LD, Cox RA, Schmalstieg FC, Herndon 
DN and Enkhbaatar P. Time profile of oxidative stress and 
neutrophil activation in ovine acute lung injury and sepsis. 
Shock. 2012; 37:468-472.

38. Jang JH and Surh YJ. AP-1 mediates beta-amyloid-
induced iNOS expression in PC12 cells via the ERK2 and 
p38 MAPK signaling pathways. Biochem Biophys Res 
Commun. 2005; 331:1421-1428.

39. Noubade R, Wong K, Ota N, Rutz S, Eidenschenk C, 
Valdez PA, Ding J, Peng I, Sebrell A, Caplazi P, DeVoss 
J, Soriano RH, Sai T, Lu R, Modrusan Z, Hackney J, et 
al. NRROS negatively regulates reactive oxygen species 

during host defence and autoimmunity. Nature. 2014; 
509:235-239.

40. Obasanjo-Blackshire K, Mesquita R, Jabr RI, Molkentin 
JD, Hart SL, Marber MS, Xia Y and Heads RJ. Calcineurin 
regulates NFAT-dependent iNOS expression and protection 
of cardiomyocytes: co-operation with Src tyrosine kinase. 
Cardiovasc Res. 2006; 71:672-683.

41. Maa MC, Chang MY, Chen YJ, Lin CH, Yu CJ, Yang YL, 
Li J, Chen PR, Tang CH, Lei HY and Leu TH. Requirement 
of inducible nitric-oxide synthase in lipopolysaccharide-
mediated Src induction and macrophage migration. J Biol 
Chem. 2008; 283:31408-31416.

42. Pang YL, Chen BS, Li SP, Huang CC, Chang SW, Lam 
CF and Tsai YC. The preconditioning pulmonary protective 
effect of volatile isoflurane in acute lung injury is mediated 
by activation of endogenous iNOS. J Anesth. 2012; 26:822-
828.

43. Boldyrev AA, Bryushkova EA and Vladychenskaya EA. 
NMDA receptors in immune competent cells. Biochemistry 
(Mosc). 2012; 77:128-134.

44. Al-Gayyar MM, Abdelsaid MA, Matragoon S, Pillai BA 
and El-Remessy AB. Neurovascular protective effect of 
FeTPPs in N-methyl-D-aspartate model: similarities to 
diabetes. Am J Pathol. 2010; 177:1187-1197.

45. Schwechter B, Rosenmund C and Tolias KF. RasGRF2 
Rac-GEF activity couples NMDA receptor calcium flux to 
enhanced synaptic transmission. Proc Natl Acad Sci U S A. 
2013; 110:14462-14467.

46. Stateva SR, Salas V, Anguita E, Benaim G and Villalobo A. 
Ca2+/Calmodulin and Apo-Calmodulin Both Bind to and 
Enhance the Tyrosine Kinase Activity of c-Src. PLoS One. 
2015; 10:e0128783.

47. Rusanescu G, Qi H, Thomas SM, Brugge JS and Halegoua 
S. Calcium influx induces neurite growth through a Src-Ras 
signaling cassette. Neuron. 1995; 15:1415-1425.

48. Salter MW and Kalia LV. Src kinases: a hub for NMDA 
receptor regulation. Nat Rev Neurosci. 2004; 5:317-328.

49. Gui P, Wu X, Ling S, Stotz SC, Winkfein RJ, Wilson E, 
Davis GE, Braun AP, Zamponi GW and Davis MJ. Integrin 
receptor activation triggers converging regulation of Cav1.2 
calcium channels by c-Src and protein kinase A pathways. J 
Biol Chem. 2006; 281:14015-14025.

50. Deliconstantinos G, Villiotou V and Stavrides JC. 
Modulation of particulate nitric oxide synthase activity and 
peroxynitrite synthesis in cholesterol enriched endothelial 
cell membranes. Biochem Pharmacol. 1995; 49:1589-1600.

51. Parinandi NL, Kleinberg MA, Usatyuk PV, Cummings 
RJ, Pennathur A, Cardounel AJ, Zweier JL, Garcia JG 
and Natarajan V. Hyperoxia-induced NAD(P)H oxidase 
activation and regulation by MAP kinases in human lung 
endothelial cells. Am J Physiol Lung Cell Mol Physiol. 
2003; 284:L26-38.

52. Li J, Liu W, Ding S, Xu W, Guan Y, Zhang JH and Sun 
X. Hyperbaric oxygen preconditioning induces tolerance 



Oncotarget31789www.impactjournals.com/oncotarget

against brain ischemia-reperfusion injury by upregulation 
of antioxidant enzymes in rats. Brain Res. 2008; 1210:223-
229.

53. Huang WC, Lin YS, Wang CY, Tsai CC, Tseng HC, 
Chen CL, Lu PJ, Chen PS, Qian L, Hong JS and Lin 
CF. Glycogen synthase kinase-3 negatively regulates 
anti-inflammatory interleukin-10 for lipopolysaccharide-
induced iNOS/NO biosynthesis and RANTES production 
in microglial cells. Immunology. 2009; 128:e275-286.

54. Kooy NW, Royall JA, Ischiropoulos H and Beckman JS. 
Peroxynitrite-mediated oxidation of dihydrorhodamine 123. 
Free Radic Biol Med. 1994; 16:149-156.


