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Butorphanol Promotes Macrophage
Phenotypic Transition to Inhibit
Inflammatory Lung Injury

via x Receptors

Guangxin Luan, Fan Pan?, Lina Bu?, Kaixuan Wu, Aizhong Wang* and Xiaotao Xu*

Department of Anesthesiology, Affiliated Shanghai Sixth People’s Hospital, Shanghai Jiao Tong University, Shanghai, China

Acute lung injury (ALl)/acute respiratory distress syndrome (ARDS) is characterized by
diffuse inflammation of the lung parenchyma and refractory hypoxemia. Butorphanol is
commonly used clinically for perioperative pain relief, but whether butorphanol can
regulate LPS-induced alveolar macrophage polarization is unclear. In this study, we
observed that butorphanol markedly attenuated sepsis-induced lung tissue injury and
mortality in mice. Moreover, butorphanol also decreased the expression of M1 phenotype
markers (TNF-a, IL-6, IL-1B and iNOS) and enhanced the expression of M2 marker
(CD206) in alveolar macrophages in the bronchoalveolar lavage fluid (BALF) of LPS-
stimulated mice. Butorphanol administration reduced LPS-induced numbers of
proinflammatory (M1) macrophages and increased numbers of anti-inflammatory (M2)
macrophages in the lungs of mice. Furthermore, we found that butorphanol-mediated
suppression of the LPS-induced increases in M1 phenotype marker expression (TNF-a,
IL-6, IL-1B and INOS) in bone marrow-derived macrophages (BMDMs), and this effect was
reversed by x-opioid receptor (KOR) antagonists. Moreover, butorphanol inhibited the
interaction of TLR4 with MyD88 and further suppressed NF-kB and MAPKSs activation. In
addition, butorphanol prevented the Toll/IL-1 receptor domain-containing adaptor
inducing IFN-B (TRIF)-mediated IFN signaling pathway. These effects were ameliorated
by KOR antagonists. Thus, butorphanol may promote macrophage polarization from a
proinflammatory to an anti-inflammatory phenotype secondary to the inhibition of NF-xB,
MAPKs, and the TRIF-mediated IFN signaling pathway through « receptors.

Keywords: butorphanol, acute lung injury, inflammation, macrophage, k receptor

Abbreviations: ALI, Acute lung injury; ARDS, Acute respiratory distress syndrome; VALI, Ventilator-associated lung injury;
TLR4, Toll-like receptor 4; TRIF, Toll/IL-1 receptor domain-containing adaptor inducing IFN-f3; PAMPs, Pathogen-associated
molecular patterns; DAMPs, Damage-associated molecular patterns; LPS, Lipopolysaccharide; MPO, Myeloperoxidase; BALF,
Bronchoalveolar lavage fluid; KOR, k-opioid receptor; MOR, -opioid receptor; CNS, Central nervous system.
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GRAPHICAL ABSTRACT | Graphical summary of the effects and mechanisms of butorphanol on sepsis-induced ALI. Upon binding of LPS to TLR4, macrophages
are activated and accumulated at the site of infection where they are polarized into the M1 (a pro-inflammatory) and M2 (an anti-inflammatory) phenotypes. However,
butorphanol may mitigate sepsis-induced ALI by promoting macrophage transition from M1 to M2 phenotype secondary to the inhibition of NF-xB and MAPKSs, and
the TRIF-mediated IFN signaling pathway through x receptors.

INTRODUCTION inflammatory responses secondary to infections and is the
primary cause of death in intensive care units (ICUs) (3).

Inflammatory responses are initiated by tissue injury or infection ~ Studies have illustrated that coagulation dysfunction, immune
(1). Despite their role in clearing pathogens, uncontrolled  dysregulation and inflammatory reactions contribute to sepsis
inflammatory responses can lead to tissue structure damage  pathogenesis (4). In addition, ALI or ARDS may occur during
(2). Sepsis is induced by potentially fatal systemic  severe sepsis (5, 6). Excessive macrophage activation has been
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viewed as one of the most important factors that exacerbate
sepsis-induced ALI (7).

Macrophages in ALI are activated via Toll-like receptors
(TLRs) through the recognition of damage-associated
molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs). LPS-induced TLR4 activation in
macrophages triggers the production of proinflammatory
cytokines, including TNF-o,, IL-6 and IL-1[3, which leads to the
recruitment of neutrophils and lymphocytes to the site of
infection and contributes to pathogen clearance (8, 9).
However, as an essential part of the innate immune system,
macrophages exhibit marked plasticity and functional
heterogeneity based on the cytokines to which they are
exposed (10, 11). Macrophages are divided into alternatively
activated (M2) macrophages and classically activated (M1)
macrophages. In the early stage of inflammation, LPS can
convert macrophages to an M1 phenotype, and M1
macrophages produce proinflammatory factors such as reactive
oxygen intermediates and reactive nitrogen intermediates and
the cytokines TNF-a, IL-6 and IL-1f (12, 13). Therefore, M1
macrophages are involved in inhibiting cellular proliferation and
causing tissue injury. M2 macrophages are polarized in response
to IL-10, glucocorticoids, and IL-4 (9, 11, 14) and produce anti-
inflammatory cytokines and other effectors, such as IL-10, Mrc 1
(CD206), and arginase-1 (Arg-1), which take part in wound
healing and tissue repair (13, 15). Although the mechanism of
macrophage polarization in vivo is poorly understood, TLR4
induces the activation of NF-kB and further increases the
induction of specific cytokines and transcription factors, which
may play vital roles in controlling macrophage plasticity (9,
16-19).

Butorphanol is a lipid-soluble anesthetic drug that is a strong
K-opioid receptor (KOR) agonist and a weak [1-opioid receptor
(MOR) agonist-antagonist (20). As a partial MOR and complete
KOR agonist, butorphanol is widely used in the clinic as an
analgesic, while the incidence of vomiting, gastrointestinal
nausea and respiratory depression is less than that of pure
MOR agonists (remifentanil, fentanyl, and sufentanil). In
recent years, a large number of studies have confirmed the
protective effect of KOR on the heart, brain, lung, and other
important organs (21-24). The mechanisms may include
inhibiting inflammation and oxidative stress (24). Moreover,
TLR4 and opioid receptor interactions occur in the central
nervous system (CNS), and effects on peripheral immune cells
have also been demonstrated (25). However, whether
butorphanol can regulate macrophage polarization in sepsis-
induced ALI is not clear.

We examined the role of butorphanol in macrophage
polarization and neutralizing sepsis-induced ALI in mice. We
found that butorphanol was vital in promoting macrophage
conversion and reducing the LPS-induced inflammatory
response. We also demonstrated that butorphanol-induced
macrophage reprogramming was crucial in the resolution of
ALL Butorphanol increased the expression of M2 markers
(CD206 and Arg-1) but decreased the expression of M1
markers (TNF-q, IL-6, IL-1B and iNOS) in LPS-stimulated

bone marrow-derived macrophages (BMDMs). This finding
shows that butorphanol plays an important role in the
alleviation of inflammatory lung injury in vivo and in vitro by
promoting macrophage phenotypic transition.

METHODS AND MATERIALS

Reagents and Antibodies

Butorphanol was obtained from Hengrui (Jiangsu,
China). SB203580, PD98059, SP600125, Naloxegol, and
Norbinaltorphimine dihydrochloride (nor-BNI) were obtained
from MedChemExpress (Monmouth Junction, NJ, USA). LPS
(Escherichia coli 055:B5) and DAPI were obtained from Sigma-
Aldrich (St. Louis, MO, USA). CCK-8 kit was obtained from
Dojindo (Kumamoto, Japan). TNF-a, IL-6 and IL-1f Elisa Kits
were obtained from Novus (USA). TRIzol reagent, random
hexamers and MultiScribe reverse transcriptase and SYBR
Green PCR Master Mix were obtained from Thermo Fisher
(USA). The primary antibodies include: phospho-JNK (1:1000;
Cell Signaling Technology, Danvers, MA, USA), JNK (1:1000;
Cell Signaling Technology, Danvers, MA, USA), phospho-ERK
(1:1000; Cell Signaling Technology, Danvers, MA, USA), ERK
(1:1000; Cell Signaling Technology, Danvers, MA, USA),
phospho-p38 (1:1000; Cell Signaling Technology, Danvers,
MA, USA), p38 (1:1000; Cell Signaling Technology, Danvers,
MA, USA), phospho-STAT6 (1:1000; Cell Signaling Technology,
Danvers, MA, USA), STAT6 (1:1000; Cell Signaling Technology,
Danvers, MA, USA), Arg-1 (1:1000; Cell Signaling
Technology, Danvers, MA, USA), F4/80 (1:1000; Cell Signaling
Technology, Danvers, MA, USA), iNOS (1:1000; HUABIO,
China), CD206 (1:1000; Abcam, Cambridge, UK), TLR4
(1:200; Novus, USA), MyD88 (1:200, Santa Cruz
Biotechnology, CA), NF-xB (1:200; Cell Signaling Technology,
Danvers, MA, USA) and B-Tubulin (1:1000; Cell Signaling
Technology, Danvers, MA, USA). The secondary antibodies
include: Alexa Fluor 488-conjugated anti-mouse (1:400;
Abcam, Cambridge, UK), Alexa Fluor 594-conjugated anti-rabbit
(1:400; Abcam, Cambridge, UK), and horseradish peroxidase
(HRP)-conjugated anti-rabbit (1:10000; Cell Signaling
Technology, Danvers, MA, USA).

Animals

All studies involving animals were performed in compliance with
the ARRIVE guidelines. C57BL/6] mice (males, 6-8 weeks old,
20-25 g body weight; Fudan University Medical Animal Center,
Shanghai, China) were used. All mice were housed at a constant
room temperature of 22-23°C with an alternating 12 h light/dark
cycle and free access to water and standard food.

Endotoxin-Induced ALI

Age- and weight-matched mice received a single intraperitoneal
(i.p.) dose of LPS (10 mg-kg ™" body weight) (26). Butorphanol (4
mg-kg "' or 8 mgkg" body weight) was administered 30 min after
LPS injection. Saline alone was similarly administered to control
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mice. For survival studies, mice were injected i.p. with 20 mg-kg
LPS and monitored four times daily for up to 3 d (26).

Bone Marrow-Derived

Macrophage Cultures

Bone marrow cells were collected by flushing the femur and tibia
cavities of mice, plated at approximately 2x10° cells/mL and
incubated in Dulbecco’s modified Eagle’s medium supplemented
with 10% (vol/vol) FBS, 1% (vol/vol) streptomycin/penicillin,
and 10% (vol/vol) L929-conditioned media as previously
described (27). Cells were used for experiments on day 7
of culture.

Isolation of CD11b+ Alveolar Macrophages
CD11b+ alveolar macrophages were isolated according to the
manufacturer’s instructions (28). Briefly, the cells were collected
from total bronchoalveolar lavage fluid (BALF) and incubated
with CD11b+ magnetic beads (Miltenyi Biotec). Then, the cells
were applied to an MS column (Miltenyi) to select CD11b+ cells.

CCK-8 Cell Viability Assay

A CCK-8 cell viability assay was used to measure cell viability as
previously described (29). Briefly, BMDMs were treated with
butorphanol (0, 1, 2, 4, and 8 uM) for 24 h. Next, 10 ul of CCK-8
solution was added to each well and incubated for 2 h. The
absorbance of each well was measured at 450 nm using an
automatic porous spectrophotometer (Molecular Devices, USA).

Histological Examination

The lungs were isolated from mice in all groups, perfused and
fixed with 4% paraformaldehyde, embedded, and cut into 5-um
sections. The sections were stained with hematoxylin and eosin
(HE), and ten microscopic fields were used to assess the lung
injury score based on a previous study (30). A semiquantitative
scoring system was used to analyze lung injury, and the scoring
criteria were as follows: 0: normal appearance; 1: mild interstitial
hyperemia and polymorphonuclear leukocyte infiltration; 2:
paravascular edema and moderate pulmonary structural
damage; 3: massive cell infiltration and moderate alveolar
structure destruction; and 4: massive cell infiltration and severe
lung structural damage.

Immunofluorescence Analysis

The sections were blocked with 3% goat serum (Millipore, S26-
LITER) in Tris-buffered saline (TBS) containing 0.1% Triton X-100
for 1 h at room temperature. The slides were incubated with anti-
F4/80, anti-iNOS or anti-CD206 overnight and then with secondary
antibodies for 1 h at room temperature. The nuclei were stained
with DAPI for 3 min at room temperature. BMDM:s were cultured
and seeded on 24-well glass coverslips. The cells were incubated
with LPS with or without butorphanol for 24 h, washed three times
with ice-cold phosphate-buffered saline (PBS), fixed with
paraformaldehyde for 10 min, and then blocked with 3% bovine
serum albumin in PBS for 1 h at room temperature. The cells were
incubated with anti-TLR4, anti-MyD88 or anti-NF-kB antibodies at

4°C overnight, washed with 1% PBST three times and incubated
with secondary antibodies for 1 h at room temperature. The nuclei
were stained with DAPI for 3 min at room temperature. Then,
images were obtained by a Zeiss LSM 710 confocal microscope
(Athens, GA, USA).

MPO Assay

Myeloperoxidase (MPO) activity in lung tissue was measured as
described previously (31). Briefly, lungs were perfused with PBS
to remove all blood, weighed and homogenized in 1 mL of PBS
with 0.5% hexadecyltrimethylammonium bromide. The
supernatant was then collected and mixed 1/30 (vol/vol) with
assay buffer (0.2 mg-mL" o-dianisidine hydrochloride and
0.0005% H,0,) after the homogenates were sonicated and
centrifuged at 40,000 x g for 20 min. The change in
absorbance was measured at 460 nm for 3 min, and MPO
activity was calculated as the change in absorbance over time.

Western Blotting

Protein lysates (30 pg) were resolved by 8-15% SDS-
polyacrylamide gels and transferred to polyvinylidene fluoride
(PVDF) membranes. The membrane was blocked with 5% dry
milk in TBS containing 0.1% Tween-20 for 1 h at room
temperature. The membranes were then probed with the
indicated primary antibodies overnight at 4°C. Next, the
membranes were washed three times and then incubated with
an HRP-conjugated secondary antibody for 1 h and developed
using an enhanced chemiluminescence (ECL) detection kit
(Millipore, USA). Images were acquired using ImageQuant
LAS 4000 mini (GE Healthcare Life Sciences, USA). Band
intensity was determined by densitometric analysis with
Image] software.

Cytokine ELISA

Cytokines (TNF-o, IL-6 and IL-1B) in BALF were measured
with a commercially available ELISA kit according to the
manufacturer’s instructions.

RNA Extraction and qRT-PCR

Total RNA was isolated from cells and reverse-transcribed
with random hexamers and MultiScribe reverse transcriptase.
The obtained cDNA was mixed with SYBR Green PCR Master
Mix, and GAPDH served as an internal control. Relative gene
expression was calculated and normalized using the 2-AACt
method. The following mouse primers were used:

iNOS (forward, 5-AGTCTCAGACATGGCTTGCCCCT-3%
reverse, 5-GCTGCGGGGAGCCATTTTGGT-3), IL-6 (forward,
5-TCCAGTTGCCTTCTTGGGACTG-3’; reverse, 5-AGCC
TCCGACTTGTGAAGTGGT-3’), TNF-a. (forward, 5-GACCC
TCACACTCAGATCATCT-3’; reverse, 5-CCTCCACTTG
GTGGTTTGCT-3’), IL-1B (forward, 5-GAATCTATACCTGT
CCTGTG-3’; reverse, 5-TTATGTCCTGACCACTGTTG-3),
CD206 (forward, 5-CCACGGATGACCTGTGCTCGAG-3’;
reverse, 5- ACACCAGAGCCATCCGTCCGA-3’), and Arg-1
(forward, 5-GAATGGAAGAGTCAGTGTGG-3’; reverse, 5-
AATGACACATAGGTCAGGGT-3’), IRF7 (forward, 5-GCTC
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CAAACCCCAAGCCCTCTG-3’; reverse, 5-GACAGCTT
CCACCTGCCATGCT-3’), IRF3 (forward, 5-ACGGCAGGACG
CACAGATGG-3’; reverse, 5- TCCAGGTTGACACGTCCGGC-
3’), IFN-B (forward, 5-GGATCCTCCACGCTGCGTTCC-3%
reverse, 5-CCGCCCTGTAGGTGAGGTTGA-3).

Lung Wet/Dry Weight Ratio

The wet/dry weight (W/D) ratios were calculated as an indicator of
pulmonary edema (32). Briefly, the right upper lung of each mouse
was removed, rinsed in saline and then weighed to determine the
wet weight. The lung was then dried at 80°C in an oven for 48 h and
reweighed to obtain the dry weight. The W/D ratios were then
calculated by dividing the wet weight by the dry weight.

Collection of BALF and Cells

BALF was collected at 24 h by cannulating a catheter into the
trachea, which was then lavaged three times with 0.8 mL of cold
PBS. Samples were centrifuged at 700 xg for 5 min at 4°C. The
collected supernatant was further analyzed for inflammatory
cytokine levels.

Statistical Analysis

All data are expressed as the means + SEM. Statistical significance
was determined using GraphPad Prism 8 software (GraphPad
Software Inc., San Diego, CA, USA). Statistical comparisons
among multiple groups were carried out using one-way
ANOVA followed by Tukey’s post hoc test and the log-rank test.
A value of P < 0.05 was considered to be statistically significant.

RESULTS

Butorphanol Alleviates LPS-Induced ALI/
ARDS by Regulating Macrophage
Polarization In Vivo

To explore the role of butorphanol in macrophage polarization
and the inflammatory response in vivo, we established a mouse
ALI/ARDS model induced by LPS (33). Histopathological
analysis showed that butorphanol (4 mgkg' or 8 mgkg")
attenuated LPS-induced lung tissue damage (Figures 1A, B).
LPS increased the W/D ratio of lung tissues at 24 h, and this
effect was reversed by butorphanol (Figure 1C). In addition,
neutrophil sequestration in lung tissue was measured by
determining MPO levels. We found that MPO activity was
significantly increased in lung tissue in mice stimulated with
LPS, and this effect was also neutralized by butorphanol
(Figure 1D). In addition, butorphanol (4 mgkg " or 8 mgkg™)
significantly reversed the decrease in total protein in BALF in
LPS-injected mice (Figure 1E). The ELISA results showed that
LPS increased proinflammatory cytokine expression levels
(TNF-a, IL-6, and IL-1PB) in BALF. Conversely, butorphanol (4
mgkg ' or 8 mgkg') injection decreased the LPS-induced
increases in proinflammatory cytokine expression levels (TNF-
o, IL-6, and IL-1P) in BALF (Figures 1F-H). qRT-PCR analysis
showed that LPS increased the induction of proinflammatory
gene (TNF-o, IL-6, IL-1f and iNOS) and reduced anti-

inflammatory markers (CD206) in CD11b+ alveolar
macrophages isolated from the BALF of mice. Conversely,
butorphanol decreased the LPS-induced induction of
proinflammatory gene (TNF-c, IL-6, IL-1B and iNOS) and
enhanced anti-inflammatory markers (CD206) in cells
(Figures 1I-M). Moreover, all mice subjected to LPS died
within 48 h. The administration of butorphanol (4 mgkg-1 or
8 mgkg-1) resulted in 50% and 80% survival in LPS-induced
mice, respectively (Figure 1N). We further examined the
numbers of M1 and M2 macrophages in the lung by
immunofluorescence. LPS increased the number of F4/
80"iNOS™ M1 alveolar macrophages and decreased the number
of F4/80"CD206" M2 alveolar macrophages in lung tissues, and
this effect was counteracted by butorphanol (Figures 2A, B; 3A,
B). These data showed that butorphanol could relieve septic ALI/
ARDS by modulating macrophage polarization and inhibiting
the inflammatory response in vivo.

Butorphanol Inhibits M1

Macrophage Polarization

To further investigate the role of butorphanol in the balance of
M1/M2 macrophage polarization in LPS-induced ALI, BMDM:s
were stimulated with LPS. The results showed that butorphanol (8
mu;Mu;) did not cause cytotoxicity in BMDMs (Figure 4A). We
found that LPS obviously increased the expression levels of iNOS,
IL-6, TNF-o. and IL-1P in M1-polarized BMDMs. In contrast, 8
mu;Mu; butorphanol significantly reduced the expression levels of
iNOS, IL-6, TNF-o. and IL-1B in Ml-polarized BMDMs
stimulated with LPS (Figures 4B-H). The western blot results
demonstrated that LPS significantly increased the level of iNOS in
MI1-polarized BMDMs. However, butorphanol significantly
decreased the expression of iNOS in MIl-polarized BMDMs
stimulated with LPS (Figures 41, J). This result suggests that the
effect of butorphanol is TLR4-dependent. Furthermore, whether
butorphanol reduced interferon (IFN)-y-induced M1 polarization
was also examined. IFN-v significantly increased the expression
levels of TNF-q,, IL-6, IL-1f and iNOS in M1-polarized BMDMs.
However, 8 mu;Mu; butorphanol significantly reduced the
expression levels of TNF-a, IL-6, IL-1B and iNOS in M1-
polarized BMDMs subjected to IFN-y (Figures 4K-N).
Collectively, these results showed that butorphanol alleviated the
inflammatory response by inhibiting LPS- or IFN-y-induced M1
activation of BMDMs.

Butorphanol Promotes M2

Macrophage Polarization

To explore the role of butorphanol in LPS-induced M2
macrophage polarization, BMDMs were treated with LPS. The
results showed that LPS obviously decreased the expression of
Arg-1 and CD206 in BMDMs. In contrast, butorphanol
significantly reversed the LPS-induced decrease in the
expression of CD206 and Arg-1 in BMDMs (Figures 5A, B).
Furthermore, we used IL-4 to stimulate BMDMs toward the M2
phenotype. The results showed that butorphanol increased the
expression of CD206 and Arg-1 (Figures 5C, D). The western
blot results showed that LPS significantly decreased the
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FIGURE 1 | Butorphanol ameliorated LPS-induced inflammatory lung injury. Mice were injected with LPS (10 mg-kg™" i.p.) or butorphanol (8 mg-kg™" i.p.) or
butorphanol (4 mg-kg™" i.p. or 8 mg-kg™" i.p.) plus LPS (10 mg-kg™" i.p.) and analyzed after 24 h. (A) Hematoxylin and eosin staining of lung sections. Scale bar: 50
um. (B) Lung injury score. (C, D) Lungs obtained at 24 h after LPS challenge were used to determine the wet/dry weight ratio and MPO activity. (E) The total protein
level in BALF was measured with a BCA assay. (F-H) The BALF expression levels of TNF-a,, IL-6, and IL-1B were determined by ELISA. (I-M) The mRNA levels of
TNF-0, IL-6, IL-1B, iINOS, and CD206 in CD11b+ alveolar macrophages in the BALF of mice were measured with gRT-PCR. (N) Mouse survival was monitored for
72 h after a lethal dose of LPS (20 mg-kg ™" i.p.) alone or in combination with butorphanol (4 mg-kg™ i.p. or 8 mg-kg™" i.p.) 30 min after LPS challenge. n = 10 per
group. The results are the means + SEM of ten independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test
when comparing multiple independent groups and the log-rank test. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

western blot results also demonstrated that IL-4 significantly
enhanced the expression of CD206 and Arg-1 in M2-polarized
BMDMs. Moreover, butorphanol enhanced the expression of

expression of CD206 in Ml1-polarized BMDMs. However,
butorphanol significantly increased the expression of CD206 in
MI-polarized BMDMs stimulated with LPS (Figures 5E, F). The
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FIGURE 2 | Butorphanol administration inhibited M1 macrophage polarization in LPS-induced lung injury. Mice were injected with LPS (10 mg-kg'1 i.p.) or
butorphanol (8 mg-kg™" i.p.) or butorphanol (4 mgkg™ i.p. or 8 mg-kg™ i.p.) plus LPS (10 mg-kg™ i.p.) and analyzed after 24 h. (A) Sections were stained with
antibodies against F4/80 (red) and iNOS (green). Scale bar: 25 um. (B) The image analysis results are presented as the percentage of INOS-positive F4/80 cells. The
results are the means + SEM of ten independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when

CD206 and Arg-1 (Figures 5G-I). It is well known that the
activation of signal transducer and activator of transcription 6
(STAT®6) is associated with M2 macrophage polarization (34).
Therefore, the phosphorylation level of STAT6 was analyzed by
western blotting. The results showed that IL-4 significantly
increased the phosphorylation level of STAT6 in M2-polarized
BMDMs. However, butorphanol further increased the
phosphorylation level of STAT6 in M2-polarized BMDMs in
the presence of IL-4 (Figures 5], K). These results suggested that
butorphanol was crucial in contributing to the M2 polarization
of BMDMs.

Butorphanol Modulates Macrophage
Polarization Through KOR in
LPS-Induced BMDMs

It has been demonstrated that the activation of MOR can
alleviate LPS-induced ALI through the PI3K/Akt pathway (35).
To further explore which opioid receptors are involved in
butorphanol-mediated macrophage polarization in LPS-
induced ALIL we used MOR and KOR antagonists to block the
effect of butorphanol. Compared with that in control
macrophages, LPS markedly increased the expression of IL-6,
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FIGURE 3 | Butorphanol administration promoted M2 macrophage polarization in LPS-induced lung injury. Mice were injected with LPS (10 mg-kg™ i.p.) or
butorphanol (8 mg-kg™" i.p.) or butorphanol (4 mg-kg ™" i.p. or 8 mg-kg™ i.p.) plus LPS (10 mg-kg™ i.p.) and analyzed after 24 h. (A) Sections were stained with
antibodies against F4/80 (red) and CD206 (green). Scale bar: 25 um. (B) The image analysis results are presented as the percentage of CD206-positive F4/80 cells.
The results are the means + SEM of ten independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when

TNF-0, and iNOS in BMDMs; however, butorphanol treatment
notably decreased the expression of IL-6, TNF-0, and iNOS in
LPS-induced BMDMs. Moreover, the inhibitory effect of
butorphanol on the levels of IL-6, TNF-a, and iNOS was
reversed by the KOR antagonist but not the MOR antagonist
(Figures 6A-E). Compared with that in control macrophages,
LPS markedly reduced the expression of anti-inflammatory
markers (CD206) in BMDMs; however, butorphanol treatment
significantly increased the expression of anti-inflammatory
markers (CD206) in LPS-induced BMDMs. Moreover, the

effect of butorphanol on the level of anti-inflammatory
markers (CD206) was reversed by the KOR antagonist but not
the MOR antagonist (Figure 6F).

Butorphanol Inhibits MyD88-Dependent
Signaling Pathways Through KOR in
M1-Polarized BMDMs

We explored whether butorphanol prevented TLR4
signaling, which induces the nuclear translocation of NF-xB
via MyD88-independent and MyD88-dependent pathways
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FIGURE 4 | Butorphanol inhibited M1 macrophage activation. Macrophages were collected and cultured from the bone marrow of mice and treated with different
concentrations of butorphanol (0-8 uM) for 24 h. (A) CCK-8 analysis of cell viability. Cells were incubated with LPS (1 pg-mL™") alone or butorphanol (4 uM or 8 uM)
plus LPS (1 ug‘mL'T) for 24 h. (B-D) TNF-o,, IL-6, and IL-1B protein levels in the supernatant of macrophage cultures were determined by ELISA. (E=H) The mRNA
expression of proinflammatory cytokines (TNF-a, IL-6, IL-1B, and iNOS) in cells was measured by gRT-PCR. (I) The levels of INOS were measured by western blot
analysis. (J) Densitometric analysis of INOS levels in (I) was performed with normalization to B-tubulin. Cells were incubated with IFN-y (100 ng-mL"") alone or
butorphanol (4 tM or 8 uM) plus IFN-y (100 ng-mL™") for 24 h. (K=N) The mRNA expression of proinflammatory cytokines (TNF-a, IL-6, IL-1B, and iNOS) in cells was
measured by gRT-PCR. The results are the means + SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001.

(36). In our study, LPS induced a strong TLR4-MyD88  with TLR4, IKKf phosphorylation and NF-kB translocation
association within 15 min and IxB kinase B (IKKp) (Figures 7A-D); thus, butorphanol prevents MyD88-
phosphorylation and NF-kB translocation within 30 min.  dependent NF-«B activation. The role of butorphanol in
However, butorphanol inhibited the association of MyD88  preventing the association of TLR4 with MyD88, IKKf
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FIGURE 5 | Butorphanol promoted M2 macrophage polarization. Macrophages were collected and cultured from the bone marrow of mice and incubated with LPS (1
ug-mL™ alone or butorphanol (4 uM or 8 uM) plus LPS (1 pg-mL") for 24 h. (A, B) The mRNA expression of M2 markers (CD206 and Arg-1) in cells was measured by qRT-
PCR. (E) The protein levels of CD206 were measured by westemn blot analysis. (F) Densitometric analysis of CD206 expression in (E) was performed with normalization to -
tubulin. Macrophages were incubated with IL-4 (20 ng-mL™) alone or butorphanol (4 uM or 8 uM) plus IL-4 (20 ng'mL") for 24 h. (C, D) The mRNA expression of M2
markers (CD206 and Arg-1) in cells was measured by gRT-PCR. (G) The protein levels of CD206 and Arg-1 were measured by western blot analysis. (H, 1) Densitometric
analysis of CD206 and Arg-1 levels in (G) was performed with normalization to B-tubulin. Macrophages were incubated with IL-4 (20 ng'mL™") alone or butorphanol (4 uM or 8
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the phosphorylated STATB levels in (J) was performed with normalization to the respective total protein. The results are the means + SEM of six independent experiments.
Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test when comparing multtiple independent groups. *P < 0.05, *P < 0.01, **P < 0.001,
P < 0.0001.
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FIGURE 6 | Butorphanol regulated macrophage polarization through the KOR in LPS-induced BMDMs. Macrophages were collected and cultured from the bone
marrow of mice and incubated with LPS (1 pug-mL™") alone or butorphanol (8 uM) plus LPS (1 ug~mL’1), nor-BNI (KOR antagonist, 5 uM) plus butorphanol (8 uM) plus
LPS (1 ug'mL™"), or naloxegol (MOR antagonist, 5 uM) plus butorphanol (8 uM) plus LPS (1 pg-mL™") for 24 h. Cells were pretreated with nor-BNI or naloxegol for
30 min. (A, B) TNF-a and IL-6 protein levels in the supernatant of macrophage cultures were determined by ELISA. (C-F) The mRNA levels of TNF-a., IL-6, INOS
and CD206 in cells were measured by gRT-PCR. The results are the means + SEM of six independent experiments. Statistical analysis was performed by one-way
ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ***P < 0.0001.

phosphorylation and NF-xB activation was alleviated by a
KOR antagonist (Figures 7A-D).

Butorphanol Inhibits M1 Macrophage
Polarization Through the MAPK Signaling
Pathway in M1-Polarized BMDMs

To confirm that the JNK/ERK/P38 pathway was involved in the
effect of butorphanol on M1 macrophage polarization, we
examined the effect of butorphanol on LPS-induced JNK, ERK
and P38 phosphorylation in BMDMs. Compared with those of
control macrophages, LPS increased the phosphorylation levels
of JNK, P38 and ERK within 30 min. However, LPS-induced
JNK, P38 and ERK phosphorylation was decreased by
butorphanol treatment (Figures 8A-D). Furthermore, we used
the JNK inhibitor SP600125 (10 puM), the ERK inhibitor
PD98059 (10 uM) and the P38 inhibitor SB203580 (10 uM) to

block the phosphorylation of JNK, ERK and P38, respectively
(37). As shown in Figures 8E-I, the JNK, ERK and P38
inhibitors significantly inhibited the expression of IL-1f, IL-6,
and iNOS in LPS-treated BMDMs. Moreover, the levels of
inflammatory cytokines (IL-1B, IL-6, and iNOS) in the JNK,
ERK and P38 inhibitor groups were similar to those in the
butorphanol treatment group. Taken together, our results
demonstrated that butorphanol inhibited M1 macrophage
polarization through the JNK/ERK/P38 signaling pathway in
M1-polarized BMDMs.

Butorphanol Prevents the Phosphorylation
of MAPKSs in M1-Polarized BMDMs
Through KOR

Moreover, we found that butorphanol (8 mu;Mu;) administration
significantly inhibited the phosphorylation of MAPKs in LPS-
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FIGURE 7 | Butorphanol prevented the interaction of MyD88 with TLR4 and
inhibited NF-kB activation through KOR in M1-polarized BMDMs.
Macrophages were collected and cultured from the bone marrow of mice and
incubated with LPS (1 ug~mL") alone, butorphanol (8 uM) plus LPS (1
ug-mL™"), or nor-BNI (KOR antagonist, 5 uM) plus butorphanol (8 uM) and
LPS (1 ug-mL™") for 15 min or 30 min. Cells were pretreated with nor-BNI for
30 min. (A) To observe the interaction of MyD88 with TLR4, cells were fixed,
permeabilized, and stained, and images were obtained by confocal
microscopy. Scale bar: 25 um. (B) The levels of phosphorylated IKKB and
total IKKB were measured by western blot analysis. (C) Densitometric
analysis of the phosphorylated IKK levels in (B) was performed with
normalization to the respective total protein. (D) The translocation of NF-xB in
cells was examined by confocal microscopy. Scale bar: 25 um. The results
are the means + SEM of six independent experiments. Statistical analysis
was performed by one-way ANOVA followed by Tukey’s post hoc test when
comparing multiple independent groups. ****P < 0.0001.

induced BMDMs. The effect of butorphanol on inhibiting the
phosphorylation of MAPKs in LPS-induced BMDMs was
counteracted by pretreatment with a KOR antagonist
(Figures 9A-D). Taken together, our results demonstrated that
butorphanol inhibited the phosphorylation of MAPKs through
KOR in MI-polarized BMDMs.

Butorphanol Inhibits TRIF-Dependent
Signaling Pathways Through KOR in
M1-Polarized BMDMs

In addition, TLR4 mediates the expression of inflammatory
genes through TRIF-dependent signaling pathways in LPS-
treated macrophages (38). In our study, the mRNA level of
IFN-regulated factor-3 (IRF3) was not significantly increased at
6 h, whereas LPS significantly increased the elevation of IRF7 at
6 h, which are involved in the TLR4-mediated TRIF-dependent
IFN signaling pathway in LPS-induced macrophages (38).
Butorphanol decreased the LPS-induced elevation of IRF7 in
BMDMs. The effect of butorphanol on inhibiting elevation of
IRF7 was alleviated by a KOR antagonist (Figures 10A, B).
Moreover, LPS significantly increased the mRNA level of IFN-3
in BMDMs. Butorphanol significantly reduced the mRNA level
of IFN-B in LPS-induced BMDMs, the effect of which was
attenuated by the KOR antagonist (Figure 10C). Thus,
butorphanol functions by inhibiting TRIF-dependent IFN
signaling pathways through KOR in M1-polarized BMDMs.

DISCUSSION

The present study was performed to verify the hypothesis that
butorphanol contributes to M2 macrophage polarization to alleviate
sepsis-induced ALI and explore the potential mechanisms. Our
results demonstrated that butorphanol ameliorated pathological
lung damage, decreased the inflammatory response, and
promoted M2 macrophage polarization in LPS-induced ALL
Furthermore, we showed that butorphanol suppressed M1
polarization in LPS-induced BMDMs and reduced the
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FIGURE 8 | Butorphanol inhibited M1 phenotype macrophage polarization through the MAPK signaling pathway. Macrophages were collected and cultured from
the bone marrow of mice and treated with LPS (1 ug-mL"") alone or butorphanol (4 uM or 8 uM) plus LPS (1 ug-mL™) for 30 min. (A) The levels of phosphorylated
MAPKSs and their respective total proteins were measured by western blot analysis. (B=D) Densitometric analysis of the phosphorylated MAPKs levels in (A) was
performed with normalization to the respective total proteins. Macrophages were incubated with LPS (1 ug-mL") alone, butorphanol (8 uM) plus LPS (1 pg-mL™),
the p38 inhibitor SB203580 (10 uM) plus LPS (1 ug-mL™"), the ERK inhibitor PD98059 (10 uM) plus LPS (1 ug-mL™"), or the JNK inhibitor SP600125 (10 pM) plus
LPS (1 ug'mL™") for 24 h. (E, F) IL-6 and IL-1p protein levels in the supernatant of macrophage cultures were determined by ELISA. (G-1) The mRNA levels of IL-6,
IL-1B, and iNOS in cells were measured by gRT-PCR. The results are the means + SEM of six independent experiments. Statistical analysis was performed by one-

way ANOVA followed by Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.001, ***P < 0.0001.

expression of proinflammatory cytokines (IL-1f, IL-6, and TNF-
o). Moreover, butorphanol increased M2 macrophage
polarization by upregulating the expression of CD206 and Arg-1
in BMDMs induced by LPS or IL-4. Furthermore, butorphanol
inhibited NF-xB and MAPK activation and the TRIF-mediated IFN
signaling pathway through KOR in LPS-induced MI-
polarized BMDMs.

Accumulating evidence has suggested that macrophage
polarization plays an important role in the progression of
inflammatory diseases, such as sepsis and ALI (39, 40). M1
macrophages are characterized as toxic, while M2 macrophages
are considered to be protective (18). It has been demonstrated
that butorphanol also has therapeutic effects on ventilator-
associated lung injury (VALI) (24). The main pathological
change in VALI is the destruction of pulmonary vascular
endothelial cells and the increase in pulmonary vascular
permeability, which is particularly significant in obese patients

(41). It was suggested that butorphanol could reduce lung injury
and improve intraoperative oxygenation in obese patients by
inhibiting inflammation and reducing vascular injury (24).
Moreover, it has been shown that butorphanol can relieve
sepsis-induced brain injury by inhibiting the NF-xB signaling
pathway (42). However, we further demonstrated that
butorphanol promoted macrophage phenotypic transition to
alleviate sepsis-induced lung injury secondary to the inhibition
of NF-xB and MAPK signaling, as well as the TRIF-mediated
IFN signaling pathway through KOR.

To estimate the bioactivity of butorphanol in vivo, we
established a mouse model of LPS-induced ALI (43). The
results showed that butorphanol notably increased the survival
rates of mice subjected to LPS and decreased the levels of lung
inflammatory cytokines. It has been noted that the lungs are
susceptible to infection during sepsis (44). Therefore, preventing
lung infection may be an effective therapeutic approach in sepsis.
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FIGURE 9 | Butorphanol prevented the phosphorylation of MAPKs through KOR in M1-polarized BMDMs. Macrophages were collected and cultured from the bone
marrow of mice and incubated with LPS (1 ug-mL™") alone, butorphanal (8 uM) plus LPS (1 ug-mL™") or nor-BNI (KOR antagonist, 5 uM) plus butorphanol (8 uM) plus
LPS (1 ug-mL") for 30 min. Cells were pretreated with nor-BNI for 30 min. (A) The levels of phosphorylated MAPKs and their respective total proteins were
measured by western blot analysis. (B-D) Densitometric analysis of the phosphorylated MAPKs levels in (A) was performed with normalization to the respective total
proteins. The results are the means + SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc test
when comparing multiple independent groups. ***P < 0.0001.

A B C
15+ 15 15
1.0-] ;J; 10+ = . T o4 T <
5 ¥ { sl 5 s T = g
: <
% % g ;
& = ]
w w & =z
X o5 x5 L5 ¢
0. T T T T m T T T m T T T
S N 3 N 3 N
&£ £ S & & & & & & S
< & & o g & (<X 5 &
NN NI NN
"ox%Q :‘9"%\} %X%Q
N N N

FIGURE 10 | Butorphanol decreased LPS-induced the elevation of IRF7 and IFN-B through KOR in M1-polarized BMDMs. Macrophages were collected and
cultured from the bone marrow of mice and incubated with LPS (1 ug-mL"") alone, butorphanol (8 uM) plus LPS (1 ug-mL") or nor-BNI (KOR antagonist, 5 uM) plus
butorphanol (8 uM) plus LPS (1 ug~mL") for 6 h. Cells were pretreated with nor-BNI for 30 min. (A-C) The mRNA levels of IRF3, IRF7, and IFN-B in cells were
measured by gRT-PCR. The results are the means + SEM of six independent experiments. Statistical analysis was performed by one-way ANOVA followed by
Tukey’s post hoc test when comparing multiple independent groups. *P < 0.05, **P < 0.01, ***P < 0.0001.

Our results demonstrated that butorphanol modified lung tissue ~ instance, M1 macrophage markers are iNOS, pSTATI,
injury, inhibited M1 macrophage polarization, and enhanced M2~ pSTAT3, TNF-a, IL-6, IFNY, IL-12p70, and IL-1f3, whereas M2
macrophage polarization in the lungs of LPS-injected mice. In macrophage markers are Arg-1, Chi313, pSTAT6, IL-4, and IL-10
addition, butorphanol administration significantly enhanced the ~ (45). Butorphanol inhibited LPS-induced M1-associated
number of M2 macrophages and decreased the number of M1 ~ molecular markers and enhanced M2-associated molecular
macrophages in the lungs of LPS-injected mice. markers in BMDMs. These results showed that butorphanol

The present study also verified that butorphanol significantly ~ could promote M2 macrophage polarization both in vivo and in
converted macrophages to the M2 phenotype. The features of  vitro. Furthermore, butorphanol treatment markedly reduced the
M1 or M2 macrophage polarization include the expression of  expression of IL-6, TNF-q, and iNOS in LPS-induced BMDMs.
MI1- or M2-associated molecular markers, respectively. For =~ Moreover, the inhibitory effect of butorphanol on the levels of IL-
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6, TNF-a, and iNOS was reversed by a KOR antagonist but not
an MOR antagonist.

Potential interactions can occur between TLR4 and opioid
receptors (U, & and «). These interactions are involved in
immune function, opioid analgesia, and intestinal motility (25).
The TLR4 signaling pathway was directly activated by opioid
receptor agonists in the CNS in the absence of LPS, indicating
interactions within the cell membrane. Opioids bind to and
activate TLR4, which in turn increases the production of
proinflammatory cytokines in the CNS (46). However, opioid
receptor agonists inhibit LPS-induced TLR4 signaling and
decrease the inflammatory response in peripheral immune
cells, indicating that the TLR4 and opioid receptor interaction
is dependent on the cell type and activator (47, 48). In addition,
NEF-xB activation plays a central role in driving inflammatory
signaling (49). Under normal conditions, NF-xB is inhibited by
IxB and maintained in an inactive state in the cytoplasm (49).
IKK-f induces IkBo phosphorylation (at Ser32), which causes its
dissociation and degradation, promoting NF-kB release and
subsequent reactive oxygen species (ROS) and cytokine
production (50, 51). The formation of inactive dimers of the
p50 subunit of NF-«xB is essential for promoting macrophage
polarization to the anti-inflammatory phenotype, resulting in the
suppression of NF-kB-induced macrophage polarization (17).
We demonstrated that butorphanol prevented the association of
TLR4 with MyD88 and inhibited the phosphorylation of IKK-f3,
which restrained NF-«xB signaling activation (49) and further
promoted macrophages to shift to the anti-inflammatory M2
phenotype. These results demonstrated that the inhibitory effect
of butorphanol on the interaction between TLR4 and MyD88,
the phosphorylation of IKK-f and the activation of NF-kB were
reversed by the KOR antagonist.

In addition, the MAPK pathway is downstream of the opioid
receptor and TLR4 signaling pathways, and opioid receptors can
also induce neuroinflammation in the CNS through the activation
of MAPK signals (25). Different opioid receptors have distinct roles
in different cell types and diseases. MAPK phosphorylation in
murine macrophages promoted M1 macrophage polarization,
resulting in cytotoxic and inflammatory effects such as NO
production. MAPKs have been viewed as potential targets of
sepsis. Briefly, LPS binds to TLR4 and induces the activation of
MAPK-dependent intracellular signaling (41, 43, 44). In our study,
the phosphorylation of JNK, ERK, and p38 was significantly
increased after LPS stimulation, but butorphanol decreased the
phosphorylation levels of JNK, ERK, and p38. In our study,
inhibition of the phosphorylation levels of MAPKs completely
blocked LPS-induced M1 macrophage polarization, demonstrating
that the suppression of M1 polarization by butorphanol to exert
anti-inflammatory effects may inhibit the JNK, ERK, and p38
pathways. In addition, we found that butorphanol-mediated

REFERENCES

1. Takeuchi O, Akira S. Pattern Recognition Receptors and Inflammation. Cell
(2010) 140(6):805-20. doi: 10.1016/j.cell.2010.01.022

2. Medzhitov R. Origin and Physiological Roles of Inflammation. Nature (2008)
454(7203):428-35. doi: 10.1038/nature07201

inhibition of MAPK phosphorylation in LPS-induced BMDM:s
was counteracted by pretreatment with a KOR antagonist.
Moreover, we demonstrated that butorphanol inhibited LPS-
induced the elevation of IRF7 and IFN-f, which was attenuated
by a KOR antagonist.

In summary, our study demonstrates that butorphanol
alleviates LPS-induced ALI by contributing to M2 macrophage
polarization and inhibiting M1 macrophage polarization.
Moreover, butorphanol significantly decreases M1 polarization
and increases M2 polarization in macrophages secondary to
inhibition of the NF-xB and MAPKs and the TRIF-mediated
IFN signaling pathway through KOR. Our results demonstrate
that butorphanol may be an anti-inflammatory agent for the
treatment of sepsis and ALL

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

All the procedures and all animal experiments carried out in
this study were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (eighth edition) published
by the National Research Council (United States) and were
approved by the Institutional Animal Care and Use Committee
of Sixth People’s Hospital affiliated with Shanghai Jiao
Tong University.

AUTHOR CONTRIBUTIONS

GL and XX designed and performed most of the experiments,
analyzed and interpreted the data, and wrote the manuscript. FP,
LB and KW assisted during the acquisition, analysis, and
interpretation of data and revised the manuscript. XX and AW
assisted with data acquisition and manuscript revision. XX is
responsible for the integrity of the work as a whole. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81772062).

3. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. Surviving
Sepsis Campaign Guidelines Committee Including the Pediatric, Surviving Sepsis
Campaign: International Guidelines for Management of Severe Sepsis and Septic
Shock: 2012. Crit Care Med (2013) 41(2):580-637. doi: 10.1007/s00134-012-2769-8

4. Huang M, Cai S, Su J. The Pathogenesis of Sepsis and Potential Therapeutic
Targets. Int ] Mol Sci (2019) 20(21):5376. doi: 10.3390/ijms20215376

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 692286


https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1038/nature07201
https://doi.org/10.1007/s00134-012-2769-8
https://doi.org/10.3390/ijms20215376
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luan et al.

Butorphanol Attenuates ALI

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

. Rubenfeld GD, Caldwell E, Peabody E, Weaver J, Martin DP, Neff M, et al.

Incidence and Outcomes of Acute Lung Injury. N Engl | Med (2006) 354
(4):416-7. doi: 10.1056/NEJMo0a050333

. Zhao H, Chen H, Xiaoyin M, Yang G, Hu Y, Xie K, et al. Autophagy

Activation Improves Lung Injury and Inflammation in Sepsis. Inflammation
(2019) 42(2):426-39. doi: 10.1007/s10753-018-00952-5

. Fan EKY, Fan J. Regulation of Alveolar Macrophage Death in Acute Lung

Inflammation. Respir Res (2018) 19(1):50. doi: 10.1186/s12931-018-0756-5

. Kawai T, Akira S. Toll-Like Receptors and Their Crosstalk With Other Innate

Receptors in Infection and Immunity. Immunity (2011) 34(5):637-50. doi:
10.1016/j.immuni.2011.05.006

. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.

Macrophage Activation and Polarization: Nomenclature and Experimental
Guidelines. Immunity (2014) 41(1):14-20. doi: 10.1016/j.immuni.2014.06.008
Hussell T, Bell TJ. Alveolar Macrophages: Plasticity in a Tissue-Specific
Context. Nat Rev Immunol (2014) 14(2):81-93. doi: 10.1038/nri3600

Kopf M, Schneider C, Nobs SP. The Development and Function of Lung-
Resident Macrophages and Dendritic Cells. Nat Immunol (2015) 16(1):36-44.
doi: 10.1038/ni.3052

Bouhlel MA, Derudas B, Rigamonti E, Dievart R, Brozek J, Haulon S, et al.
Ppargamma Activation Primes Human Monocytes Into Alternative M2
Macrophages With Anti-Inflammatory Properties. Cell Metab (2007) 6
(2):137-43. doi: 10.1016/j.cmet.2007.06.010

Arora S, Dev K, Agarwal B, Das P, Syed MA. Macrophages: Their Role,
Activation and Polarization in Pulmonary Diseases. Immunobiology (2018)
223(4-5):383-96. doi: 10.1016/j.imbi0.2017.11.001

Mosser DM, Edwards JP. Exploring the Full Spectrum of Macrophage
Activation. Nat Rev Immunol (2008) 8(12):958-69. doi: 10.1038/nri2448
Wang N, Liang H, Zen K. Molecular Mechanisms That Influence the
Macrophage M1-M2 Polarization Balance. Front Immunol (2014) 5:614.
doi: 10.3389/fimmu.2014.00614

Lawrence T, Natoli G. Transcriptional Regulation of Macrophage
Polarization: Enabling Diversity With Identity. Nat Rev Immunol (2011) 11
(11):750-61. doi: 10.1038/nri3088

Porta C, Rimoldi M, Raes G, Brys L, Ghezzi P, Di Liberto D, et al. Tolerance
and M2 (Alternative) Macrophage Polarization Are Related Processes
Orchestrated by P50 Nuclear Factor KappaB. Proc Natl Acad Sci USA
(2009) 106(35):14978-83. doi: 10.1073/pnas.0809784106

Sica A, Mantovani A. Macrophage Plasticity and Polarization: In Vivo Veritas.
J Clin Invest (2012) 122(3):787-95. doi: 10.1172/JCI59643

Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage
Plasticity and Polarization in Tissue Repair and Remodelling. J Pathol
(2013) 229(2):176-85. doi: 10.1002/path.4133

Jose DE, Ganapathi P, Anish Sharma NG, Shankaranarayana P, Aiyappa DS,
Nazim M. Postoperative Pain Relief With Epidural Buprenorphine Versus
Epidural Butorphanol in Laparoscopic Hysterectomies: A Comparative Study.
Anesth Essays Res (2016) 10(1):82-7. doi: 10.4103/0259-1162.173612

Wu Y, Wan J, Zhen WZ, Chen LF, Zhan J, Ke JJ, et al. The Effect of Butorphanol
Postconditioning on Myocardial Ischaemia Reperfusion Injury in Rats. Interact
Cardiovasc Thorac Surg (2014) 18(3):308-12. doi: 10.1093/icvts/ivt516

Huang LH, Li J, Gu JP, Qu MX, Yu J, Wang ZY. Butorphanol Attenuates
Myocardial Ischemia Reperfusion Injury Through Inhibiting Mitochondria-
Mediated Apoptosis in Mice. Eur Rev Med Pharmacol Sci (2018) 22(6):1819-
24. doi: 10.26355/eurrev_201803_14601

Yang L, Sun DF, Wu Y, Han J, Liu RC, Wang LJ. Intranasal Administration of
Butorphanol Benefits Old Patients Undergoing H-Uvulopalatopharyngoplasty:
A Randomized Trial. BMC Anesthesiol (2015) 15:20. doi: 10.1186/1471-
2253-15-20

Wang XL, Zeng S, Li XX, Zhao Y, Wang XH, Li T, et al. The Protective Effects
of Butorphanol on Pulmonary Function of Patients With Obesity Undergoing
Laparoscopic Bariatric Surgery: A Double-Blind Randomized Controlled
Trial. Obes Surg (2020) 30(10):3919-29. doi: 10.1007/s11695-020-04755-2
Zhang P, Yang M, Chen C, Liu L, Wei X, Zeng S. Toll-Like Receptor 4 (TLR4)/
Opioid Receptor Pathway Crosstalk and Impact on Opioid Analgesia,
Immune Function, and Gastrointestinal Motility. Front Immunol (2020)
11:1455. doi: 10.3389/fimmu.2020.01455

Mittal M, Tiruppathi C, Nepal S, Zhao YY, Grzych D, Soni D, et al. Tnfalpha-
Stimulated Gene-6 (TSG6) Activates Macrophage Phenotype Transition to

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Prevent Inflammatory Lung Injury. Proc Natl Acad Sci USA (2016) 113(50):
E8151-8. doi: 10.1073/pnas.1614935113

Carow B, Gao Y, Teran G, Yang XO, Dong C, Yoshimura A, et al. CISH Controls
Bacterial Burden Early After Infection With Mycobacterium Tuberculosis in Mice.
Tuberculosis (Edinb) (2017) 107:175-80. doi: 10.1016/j.tube.2017.09.007

Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi K, et al.
Bone Marrow Stromal Cells Attenuate Sepsis via Prostaglandin E(2)-
Dependent Reprogramming of Host Macrophages to Increase Their
Interleukin-10 Production. Nat Med (2009) 15(1):42-9. doi: 10.1038/nm.1905
Zhao ], Xie F, Chen R, Zhang Z, Dai R, Zhao N, et al. Transcription Factor NF-
KappaB Promotes Acute Lung Injury via MicroRNA-99b-Mediated PRDM1
Down-Regulation. ] Biol Chem (2020) 295(52):18638-48. doi: 10.1074/
jbc. RA120.014861

Vettorazzi S, Bode C, Dejager L, Frappart L, Shelest E, Klassen C, et al.
Glucocorticoids Limit Acute Lung Inflammation in Concert With
Inflammatory Stimuli by Induction of Sphkl. Nat Commun (2015) 6:7796.
doi: 10.1038/ncomms8796

Gong H, Rehman J, Tang H, Wary K, Mittal M, Chaturvedi P, et al. HIF2alpha
Signaling Inhibits Adherens Junctional Disruption in Acute Lung Injury.
J Clin Invest (2015) 125(2):652-64. doi: 10.1172/JCI77701

Eckle T, Fullbier L, Wehrmann M, Khoury J, Mittelbronn M, Ibla J, et al.
Identification of Ectonucleotidases CD39 and CD73 in Innate Protection
During Acute Lung Injury. J Immunol (2007) 178(12):8127-37. doi: 10.4049/
jimmunol.178.12.8127

Cheng KT, Xiong S, Ye Z, Hong Z, Di A, Tsang KM, et al. Caspase-11-
Mediated Endothelial Pyroptosis Underlies Endotoxemia-Induced Lung
Injury. J Clin Invest (2017) 127(11):4124-35. doi: 10.1172/JCI94495

Goenka S, Kaplan MH. Transcriptional Regulation by STAT6. Immunol Res
(2011) 50(1):87-96. doi: 10.1007/s12026-011-8205-2

Ji S, Wang L. Mu-Opioid Receptor Signalling via PI3K/Akt Pathway
Ameliorates Lipopolysaccharide-Induced Acute Respiratory Distress
Syndrome. Exp Physiol (2019) 104(10):1555-61. doi: 10.1113/EP087783
Andreakos E, Sacre SM, Smith C, Lundberg A, Kiriakidis S, Stonehouse T,
et al. Distinct Pathways of LPS-Induced NF-Kappa B Activation and Cytokine
Production in Human Myeloid and Nonmyeloid Cells Defined by Selective
Utilization of Myd88 and Mal/TIRAP. Blood (2004) 103(6):2229-37. doi:
10.1182/blood-2003-04-1356

Hammaker D, Boyle DL, Topolewski K, Firestein GS. Differential Regulation
of Anti-Inflammatory Genes by P38 MAP Kinase and MAP Kinase Kinase 6.
J Inflamm (Lond) (2014) 11:14. doi: 10.1186/1476-9255-11-14

Xia MZ, Liang YL, Wang H, Chen X, Huang YY, Zhang ZH, et al. Melatonin
Modulates TLR4-Mediated Inflammatory Genes Through Myd88- and TRIF-
Dependent Signaling Pathways in Lipopolysaccharide-Stimulated RAW264.7
Cells. J Pineal Res (2012) 53(4):325-34. doi: 10.1111/j.1600-079X.2012.01002.x
Stearns-Kurosawa DJ, Osuchowski MF, Valentine C, Kurosawa S, Remick
DG. The Pathogenesis of Sepsis. Annu Rev Pathol (2011) 6:19-48. doi:
10.1146/annurev-pathol-011110-130327

Guo W, Liu W, Chen Z, Gu Y, Peng S, Shen L, et al. Tyrosine Phosphatase
SHP2 Negatively Regulates NLRP3 Inflammasome Activation via ANT1-
Dependent Mitochondrial Homeostasis. Nat Commun (2017) 8(1):2168. doi:
10.1038/541467-017-02351-0

Shah RJ, Wickersham N, Lederer DJ, Palmer SM, Cantu E, Diamond JM, et al.
Preoperative Plasma Club (Clara) Cell Secretory Protein Levels Are
Associated With Primary Graft Dysfunction After Lung Transplantation.
Am ] Transplant (2014) 14(2):446-52. doi: 10.1111/ajt.12541

Meng J, Jiang SJ, Jiang D, Zhao Y. Butorphanol Attenuates Inflammation via
Targeting NF-KappaB in Septic Rats With Brain Injury. Eur Rev Med
Pharmacol Sci (2019) 23(3 Suppl):161-70. doi: 10.26355/eurrev_
201908_18643

Feng L, Song P, Zhou H, Li A, Ma Y, Zhang X, et al. Pentamethoxyflavanone
Regulates Macrophage Polarization and Ameliorates Sepsis in Mice. Biochem
Pharmacol (2014) 89(1):109-18. doi: 10.1016/j.bcp.2014.02.016

Day ], Friedman A, Schlesinger LS. Modeling the Immune Rheostat of
Macrophages in the Lung in Response to Infection. Proc Natl Acad Sci USA
(2009) 106(27):11246-51. doi: 10.1073/pnas.0904846106

Martinez FO, Helming L, Gordon S. Alternative Activation of Macrophages:
An Immunologic Functional Perspective. Annu Rev Immunol (2009) 27:451—
83. doi: 10.1146/annurev.immunol.021908.132532

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 692286


https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1007/s10753-018-00952-5
https://doi.org/10.1186/s12931-018-0756-5
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1038/nri3600
https://doi.org/10.1038/ni.3052
https://doi.org/10.1016/j.cmet.2007.06.010
https://doi.org/10.1016/j.imbio.2017.11.001
https://doi.org/10.1038/nri2448
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1038/nri3088
https://doi.org/10.1073/pnas.0809784106
https://doi.org/10.1172/JCI59643
https://doi.org/10.1002/path.4133
https://doi.org/10.4103/0259-1162.173612
https://doi.org/10.1093/icvts/ivt516
https://doi.org/10.26355/eurrev_201803_14601
https://doi.org/10.1186/1471-2253-15-20
https://doi.org/10.1186/1471-2253-15-20
https://doi.org/10.1007/s11695-020-04755-2
https://doi.org/10.3389/fimmu.2020.01455
https://doi.org/10.1073/pnas.1614935113
https://doi.org/10.1016/j.tube.2017.09.007
https://doi.org/10.1038/nm.1905
https://doi.org/10.1074/jbc.RA120.014861
https://doi.org/10.1074/jbc.RA120.014861
https://doi.org/10.1038/ncomms8796
https://doi.org/10.1172/JCI77701
https://doi.org/10.4049/jimmunol.178.12.8127
https://doi.org/10.4049/jimmunol.178.12.8127
https://doi.org/10.1172/JCI94495
https://doi.org/10.1007/s12026-011-8205-2
https://doi.org/10.1113/EP087783
https://doi.org/10.1182/blood-2003-04-1356
https://doi.org/10.1186/1476-9255-11-14
https://doi.org/10.1111/j.1600-079X.2012.01002.x
https://doi.org/10.1146/annurev-pathol-011110-130327
https://doi.org/10.1038/s41467-017-02351-0
https://doi.org/10.1111/ajt.12541
https://doi.org/10.26355/eurrev_201908_18643
https://doi.org/10.26355/eurrev_201908_18643
https://doi.org/10.1016/j.bcp.2014.02.016
https://doi.org/10.1073/pnas.0904846106
https://doi.org/10.1146/annurev.immunol.021908.132532
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Luan et al.

Butorphanol Attenuates ALI

46.

47.

48.

49.

50.

Grace PM, Ramos KM, Rodgers KM, Wang X, Hutchinson MR, Lewis MT,
et al. Activation of Adult Rat CNS Endothelial Cells by Opioid-Induced Toll-
Like Receptor 4 (TLR4) Signaling Induces Proinflammatory, Biochemical,
Morphological, and Behavioral Sequelae. Neuroscience (2014) 280:299-317.
doi: 10.1016/j.neuroscience.2014.09.020

Roy S, Cain K]J, Chapin RB, Charboneau RG, Barke RA. Morphine Modulates
NF Kappa B Activation in Macrophages. Biochem Biophys Res Commun
(1998) 245(2):392-6. doi: 10.1006/bbrc.1998.8415

Welters ID, Menzebach A, Goumon Y, Cadet P, Menges T, Hughes TK, et al.
Morphine Inhibits NF-KappaB Nuclear Binding in Human Neutrophils and
Monocytes by a Nitric Oxide-Dependent Mechanism. Anesthesiology (2000)
92(6):1677-84. doi: 10.1097/00000542-200006000-00027

Taniguchi K, Karin M. NF-KappaB, Inflammation, Immunity and Cancer:
Coming of Age. Nat Rev Immunol (2018) 18(5):309-24. doi: 10.1038/nri.2017.142
Christian F, Smith EL, Carmody R]. The Regulation of NF-Kappab Subunits
by Phosphorylation. Cells (2016) 5(1):12. doi: 10.3390/cells5010012

51. Li D, Wang X, Huang Q, Li S, Zhou Y, Li Z. Cardioprotection of CAPE-Ono2
Against Myocardial Ischemia/Reperfusion Induced ROS Generation via
Regulating the SIRT1/eNOS/NE-KappaB Pathway In Vivo and In Vitro.
Redox Biol (2018) 15:62-73. doi: 10.1016/j.redox.2017.11.023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Luan, Pan, Bu, Wu, Wang and Xu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 692286


https://doi.org/10.1016/j.neuroscience.2014.09.020
https://doi.org/10.1006/bbrc.1998.8415
https://doi.org/10.1097/00000542-200006000-00027
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.3390/cells5010012
https://doi.org/10.1016/j.redox.2017.11.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Butorphanol Promotes Macrophage Phenotypic Transition to Inhibit Inflammatory Lung Injury via κ Receptors
	Introduction
	Methods and Materials
	Reagents and Antibodies
	Animals
	Endotoxin-Induced ALI
	Bone Marrow-Derived Macrophage Cultures
	Isolation of CD11b+ Alveolar Macrophages
	CCK-8 Cell Viability Assay
	Histological Examination
	Immunofluorescence Analysis
	MPO Assay
	Western Blotting
	Cytokine ELISA
	RNA Extraction and qRT-PCR
	Lung Wet/Dry Weight Ratio
	Collection of BALF and Cells
	Statistical Analysis

	Results
	Butorphanol Alleviates LPS-Induced ALI/ARDS by Regulating Macrophage Polarization In Vivo
	Butorphanol Inhibits M1 Macrophage Polarization
	Butorphanol Promotes M2 Macrophage Polarization
	Butorphanol Modulates Macrophage Polarization Through KOR in LPS-Induced BMDMs
	Butorphanol Inhibits MyD88-Dependent Signaling Pathways Through KOR in M1-Polarized BMDMs
	Butorphanol Inhibits M1 Macrophage Polarization Through the MAPK Signaling Pathway in M1-Polarized BMDMs
	Butorphanol Prevents the Phosphorylation of MAPKs in M1-Polarized BMDMs Through KOR
	Butorphanol Inhibits TRIF-Dependent Signaling Pathways Through KOR in M1-Polarized BMDMs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


