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ABSTRACT

Background: Neuromuscular blocking agents (NMBAs) bind the nicotinic acetylcholine receptor ol (nAChRal) that also
contributes to inflammatory signaling. Thus, the author hypothesized that the use of NMBA mitigates lung injury by improv-
ing ventilator synchrony and decreasing inflammatory responses.

Methods: Lung injury was induced by intratracheal instillation of hydrogen chloride in rats that were randomized to receive
no NMBA with evidence of asynchronous ventilation (noNMBA/aSYNC, n = 10); no NMBA with synchronous ventilation
(noNMBA/SYNC, n = 10); cisatracurium (CIS, n = 10); or pancuronium (PAN, n = 10). Mechanical ventilation was set at
a tidal volume of 6 ml/kg and positive end-expiratory pressure 8 cm H,O0 for 3h. Human lung epithelial, endothelial, and
CD14" cells were challenged with mechanical stretch, lipopolysaccharide, lung lavage fluids (bronchoalveolar lavage fluid), or
plasma obtained from patients (n = 5) with acute respiratory distress syndrome, in the presence or absence of CIS or small-
interfering RNA and small hairpin RNA to attenuate the cell expression of nAChRal.

Results: The use of CIS and PAN improved respiratory compliance (7.2+0.7 in noNMBA/aSYNC, 6.6+0.5 in noNMBA/
SYNGC, 5.9+0.3in CIS, and 5.8 +0.4cm H20/1 in PAN; P < 0.05), increased Pao, (140 + 54, 209 + 46, 269 + 31, and 269 + 54
mmHg, respectively, P < 0.05), and decreased the plasma levels of tumor necrosis factor-o. (509 +252 in noNMBA, 200+ 74
in CIS, and 175 + 84 pg/ml in PAN; P < 0.05) and interleukin-6 (578979, 1608 + 534, and 2290+ 315 pg/ml, respectively;
P < 0.05). The use of CIS and PAN or silencing the receptor nAChRa1 resulted in decreased cytokine release in the human
cells in response to a variety of stimuli mentioned earlier.

Conclusions: The use of NMBA is lung protective through its antiinflammatory properties by blocking the nAChRa1.
(ANEsTHEsIOLOGY 2016; 124:132-40)

N patients with early, severe acute respiratory distress . .
What We Already Know about This Topic

syndrome (ARDS), administration of the neuromuscu-

lar blocking agent (NMBA) cisatracurium (CIS) for 48h * Nicotinic acetylcholine receptors, which are antagonized by
nondepolarizing neuromuscular blocking agents, also mediate
proinflammatory effects in a variety of cell types

. i o ; * The neuromuscular blocking agent cisatracurium improves

nary and systemic cytokine responses after administration of outcome and reduces cytokine responses in patients with

CIS for 48h in patients with ARDS.? However, it is unclear acute respiratory distress syndrome

whether the decreased cytokine responses and improved out- What This Article Tells Us That Is New

* |n rodent models of acute lung injury, neuromuscular block-

. .. ing agents protected against ventilator-induced lung injury
and/or was due to a direct antiinflammatory effect of CIS. through their antiinflammatory properties mediated by block-

Nondepolarizing NMBA, such as CIS and pancuronium ade of the nicotinic acetylcholine receptor a1
(PAN), bind to nicotinic acetylcholine receptor ol This protective effect was not due to improved ventilator syn-

(nAChRa1) at the neuromuscular junction, blocking sodium chrony, and the reduced cytokine release could be mimicked
J ’ & ex vivo through knockdown of nicotinic acetylcholine receptor

influx and muscular contraction. nAChRs are expressed on a1 expression
other cell types including endothelial and epithelial cells,

increased 90-day survival rate and increased ventilator-free
days.! An earlier study demonstrated attenuation of pulmo-

comes were due to improved patient—ventilator synchrony
and hence minimizing ventilator-induced lung injury (VILI),

20z Iidy 01 uo 3s8nb Aq Jpd°22000-0 00109L0Z/0€LGLE/ZE L/LITTL/PA-8o1IE/ABO|OISBYISBUER/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq

Submitted for publication November 20, 2014. Accepted for publication August 26, 2015. From the Department of Anesthesia and Critical
Care, University of Turin, AOU Citta della Salute e della Scienza di Torino — Ospedale Molinette, Torino, Italy (V.E, V.M.R.); Critical Care Program,
The Keenan Research Centre for Biomedical Science of St. Michael’s Hospital, Toronto, Ontario, Canada (Y.M., M.G., B.S., ].B., H.Z., A.S.S);
Department of Molecular Biotechnologies and Health Sciences, University of Turin, Turin, Italy (P.C.); Department of Pathology, AOU Citta
della Salute e della Scienza di Torino — Ospedale Molinette, Torino, Italy (L.D.); Interdepartmental Division of Critical Care Medicine, University
of Toronto, Toronto, Ontario, Canada (H.Z., A.S.S.); and Departments of Anesthesia and Physiology, University of Toronto, Toronto, Ontario,
Canada (H.Z.).

Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2016; 124:132-40

Anesthesiology, V 124 * No 1 132 January 2016

Copyright © 2015, the American Society of Anesthesiolng'&tﬁo!T@W&ﬂﬁ(@dﬁw%&)@%goﬁc. Unauthorized reproduction of this article is prohibited.



CRITICAL CARE MEDICINE

macrophages, mesangial cells, and fibroblasts.>* In contrast
to nAChRa7, which is a part of the cholinergic antiinflam-
matory reflex,>® nAChRal exerts proinflammatory proper-
ties.” In fact, the nAChRal1 has been recently identified as
an alternative receptor for urokinase (urokinase plasminogen
activator [uPA]) promoting lung neutrophil activation after
lipopolysaccharide (LPS) stimulation and release of inflam-
matory cytokines such as interleukin (IL)-10, tumor necrosis
factor (TNF)-a, and macrophage inflammatory protein-2.%
The nAChRal-mediated signaling pathways of transform-
ing growth factor-al and d-smooth muscle actin have been
shown to enhance renal fibrosis.>’

To elucidate the mechanisms by which NMBA protect
the lung in patients with ARDS," we set out to examine the
inflammatory responses that may be modulated by NMBA
using a rat and mouse model of lung injury, as well as in
a variety of cell types including lung epithelial cells, endo-
thelial cells, and leukocytes that are involved in innate and
adaptive immunity in acute lung injury, in which nAChRa1
was either silenced or not silenced. We hypothesized that
NMBASs are protective against VILI by their antiinflamma-
tory effects mediated by blocking the activity of nAChRal
on epithelial cells, endothelial cells, and leukocytes.

Materials and Methods

Animal Model and Experimental Groups
All experiments were conducted in compliance with the
Animal Care and Use Committee of St. Michael’s Hospi-
tal (Toronto, Ontario, Canada). Male Sprague-Dawley rats
(300 to 400g; Charles River Labs, Canada) were anesthe-
tized, and the right carotid artery was cannulated (Angio-
cath intravenous (IV) Catheter 24-gauge; Becton Dickinson,
Canada) to monitor mean arterial pressure and for blood
gas sampling (Ciba-Corning Model 248 blood gas analyzer;
Corning Medical, USA). A catheter was placed in the right
internal jugular vein to administer normal saline at 1.5 ml/h.
A tracheostomy was performed, and a 14-gauge cannula
(Angiocath IV Catheter, 2.1 x48 mm) was inserted into the tra-
chea. Animals were ventilated with the pediatric module of Servo
300 ventilator (Maquet, Germany) using a fraction of inspired
oxygen (¢10,) of 1.0, a tidal volume (Vt) of 6ml/kg, positive end-
expiratory pressure (PEEP) of 8cm H,O, and respiratory rate
adjusted to maintain Paco, between 35 and 45 mmHg,

Lung Injury Model

Lung injury was induced by intratracheal instillation of
2.5ml/kg of lactated Ringer’s solution, titrated to pH 1.0
with hydrogen chloride. This dose was chosen based on the
results of our pilot study, which demonstrated a significant
decrease in the ratio of Pao,:rio, in the absence of hemody-
namic impairment. Rats were included in the study if the Pao,
fell below 250 mm Hg on rio, of 1.0, 30 min after hydrogen
chloride instillation. Rats were mechanically ventilated for
3h with Vt 6ml/kg, PEEP 8cm H,O, and respiratory rate
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adjusted to maintain Paco, between 35 and 45 mmHg. A
PEEP of 8 cm H,O was associated with the lowest respiratory
system elastance in our preliminary studies.

Randomization

A statistical power calculation was performed based on our
pilot study. In five animals that received the anesthesia plan
to prevent asynchrony in the absence of NMBA (noNMBA/
SYNC), we observed a Pao,:rio, ratio of 209+46 at 3h.
Therefore, to detect a 25% increase in Pao,:Fi0, ratio in ani-
mals treated with CIS with a power of 80%, o = 0.05, a
minimum of 10 rats was required per group.

After stabilization for 30 min after surgical preparation, the
rats were randomized into four groups: group 1 (noNMBA/
asynchronous ventilation [aSYNC], n = 10) received no
NMBA and had evidence of asynchrony as reflected by active
inspiratory efforts after an end-inspiratory occlusion, assessed
hourly. Animals received midazolam (5mg kg™! h™!) and fen-
tanyl (10 pg kg™' h™') to maintain an anesthesia level in which
the rats had no response to toe pinch; group 2 (noNMBA-
SYNC, n = 10) received no NMBA and asynchrony was pre-
vented by increasing the dose of anesthesia with midazolam
(15mg kg™! h™') and fentanyl (20 pg kg™' h'); group 3 (CIS,
n = 10) received CIS (bolus 0.2mg/kg IV, followed by
10 pug kg™ min™!, IV)!; and group 4 (PAN, n = 10) received
PAN (bolus 0.5mg/kg IV, followed by 5 pg kg! min’,
IV).1%1 The CIS and PAN groups received the same dose of
anesthesia as group 2 (noNMBA/SYNC). The efficiency of
NMBA was monitored, and paralysis ensured, by measure-
ment of the response to train-of-four stimulation (2 to 4 mA
with a frequency of 2 Hz for 2 s) in the tibialis anterior muscle.

Lung Mechanics

DPeak airway pressure was continuously monitored, and pla-
teau airway pressure (P ) was measured hourly with a 5-s
end-inspiratory hold. T{;tal PEEP (PEEP.) was measured
hourly with a 5-s double occlusion at end expiration. Quasi-

static respiratory system elastance (Ey ) was calculated as
(P, - PEEP, )/Vt.

Measurements

On completion of the study, blood was collected through
cardiac puncture; plasma was snap frozen at -80°C for mea-
surement of cytokines (TNF-a and IL-6) by enzyme-linked
immunosorbent assay (ELISA; Invitrogen, USA). Lungs
were excised through a midline sternotomy; the left lung was
used for histology and the right upper lobe for measurement
of wet:dry weight ratio. Bronchoalveolar lavage (BAL) was
performed (5ml cold saline x 3) in the middle and lower
lobes of the right lung. The diaphragm was excised and snap
frozen at -80°C for RNA extraction.

Ex Vivo Lung Injury Model
Male 8- to 10-week-old wild-type C57BL/6 mice were anes-
thetized with isoflurane inhalation, and 1mg/kg of LPS
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(Sigma-Aldrich, USA; n = 16) or phosphate-buffered saline
(n = 16) was instilled intratracheally under direct visualization
of vocal cords. Animals were allowed to fully recover. After
12h, mice were anesthetized by intraperitoneal injection of
ketamine—xylazine (100 and 5 mg/kg, respectively), and lungs
were isolated, perfused, and ventilated as described previously.'?
After ascertaining pulmonary perfusion, the mode of ventila-
tion was changed to negative pressure to minimize hydrostatic
edema formation.!> Lungs were ventilated with end-inspira-
tory pressure of —~10cm H,O and end-expiratory pressure of
-3cm H,0, and after stabilization (30 min), lungs were ran-
domized to be perfused with or without CIS (bolus 0.2 mg/kg,
1V, followed by 10 pg kg™ min™) for 4 h. Lungs were perfused,
in a nonrecirculating fashion, through the pulmonary artery at
a constant flow of 1 ml/min. Roswell Park Memorial Institute
medium containing 4% bovine serum albumin lacking phenol
red (37°C, pH 7.4) was used to perfuse the pulmonary vascu-
lature. Ventilation and perfusion were stopped after 240 min.
BAL was performed by instilling 1 ml of saline into the lungs
through the tracheal cannula. BAL was centrifuged at 12,000¢
for 10 min (4°C), and supernatant was stored at -80°C for fur-
ther analysis. Supernatants were assayed in a blinded fashion
using specific commercial ELISA kits specific for mice (DuoSet
ELISA Development Systems, R&D Systems, USA) to deter-
mine the concentrations of TNF-a and IL-6.

Lung Epithelial Cell Stretching

Primary human small airway epithelial cells (SAECs; Lonza,
USA) were cultured on collagen-coated silicon elastic plates
(Flexcell plate 1, Flexcell International Corporation, USA)
in the designated medium (SAGM BulletKit, USA). SAECs
were transfected for 48 h with a nAChRal siRNA at 50 nM
or a scrambled siRNA (ON-TARGETplus SMARTpool
siRNA; Thermo Scientific, Dharmacon Division, Canada),
by using DharmaFECT at 1.5 pl/ml (Thermo Scientific,
USA). The cells were subjected to cyclic stretch for 6 or
24h at 30% elongation and 30 cycles/min (FX-4000; Flex-
cell International Corporation, USA) in the presence or
absence of CIS at concentration of 0.023 uM (based on a
dose-dependent response curve in a pilot study) that was
administered 30 min before cell stretch. The same volume
of phosphate-buffered saline was used as a vehicle control.

Stable Transfection of Human Endothelial ECV304 Cells
with nAChRo.1 shRNA

For stable knockdown of the nAChRa.I gene, a shRNA spe-
cific for nAchRol was used (Thermo Scientific Open Bio-
systems, by M-Medical, Italy). A scrambled shRNA served
as a control. Briefly, human endothelial cells ECV304
(CRL-1998, ATCC, USA) were cultured in Dulbecco
modified Eagle medium supplemented with 10% of fetal
bovine serum (FBS). ECV304 cells were infected with len-
tiviral particles plus polybrene (8 pg/well) in antibiotic-free
medium supplemented with 10% of FBS in six-well plates,
centrifuged for 2h at 300g, and incubated for a total of 24 h
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at 37°C. Medium was replaced with fresh medium supple-
mented with puromycin (1 pg/ml) for cell selection.

Human Endothelial and CD14* Cell Cytokine Profiles in
Response to Stimuli

The human endothelial cells (ECV304) transfected with
nAChRal shRNA were stimulated with LPS (1 pg/ml,
Escherichia coli 055:B5, Sigma, Italy) or plasma or BAL fluid
(BALF; both diluted in a ratio of 1:1 in culture medium) in
Roswell Park Memorial Institute medium with 10% FBS,
obtained from five patients with ARDS enrolled in previous
studies.'® In separate experiments, ECV304 cells and human
CD14" cells purified from peripheral blood mononuclear
cells (Miltenyi Biotech, Italy)'* were challenged with LPS
for 4h, and the cell culture medium was replaced with fresh
medium containing CIS or PAN at specified concentrations
and incubated for additional 24 h. Vehicle solution served
as a control group. Supernatants were analyzed in a blinded
fashion for the presence of IL-6, IL-8, and TNF-a (ELISA,
R&D System by SPACE, Italy) and lactate dehydrogenase
(Promega by DBA, Italy).

Gene Expression of Atrogin-1 and MuRF1 in Rat
Diaphragm

Rat diaphragm muscle was lysed, and total RNA was
extracted using the TRIzol® RNA Isolation Reagent (Life
Technologies Inc., USA). RNA quality was assessed with
a bioanalyzer (Model 2100, Agilent Technologies, USA)
and quantified by absorption spectrophotometry at 260
and 280 nm. For removal of any contaminating genomic
DNA, the total RNA samples were treated with DNA-
free treatment (Ambion, USA). The cDNA synthesis kit
(Fermentas First Strand ¢DNA Synthesis Kit; Thermo
Scientific) was used to reverse transcribe 0.4 mg of total
RNA from each sample with a random hexamer primer.
For each gene, real-time polymerase chain reaction was
performed in triplicate wells.

Relative quantification of Atrogin-1 and muscle-spe-
cific ring finger protein 1 (MuRF1) was determined using
the cycle threshold (AACT) method according to instruc-
tions (Applied Biosystems, Canada). Hypoxanthine phos-
phoribosyltransferase, a gene we previously identified to be
stably expressed in the diaphragms of animals from each
experimental group, was used as a housekeeping gene.
Primer amplification efficiencies were equal for all genes
tested and the housekeeping gene.

Protein Expression of nAGhRo. 1

The isolated CD14* cells, SAEC transfected with nAChRall
siRNA, and ECV304 cells transfected with nAChRal1-
shRNA (sh#1 and sh#2) were lysed in RIPA buffer. Briefly,
the protein lysate (50 pg) was run in reducing conditions
with 2-ethanesulfonic acid buffer using 4 to 12% NuPAGE
Bolt gels (Life Technologies, Italy). Gels were blotted on
nitrocellulose membranes, blocked with 5% nonfat dry milk
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in Tris-buffered saline, and then incubated in the presence
of the primary antibody specific for nAChRal (Santa Cruz
by DBA, Italy; 1:200 dilution) and anti-f-actin (1:2000;
Sigma) in Tris-buffered saline containing 1% of Tween with
5% BSA overnight at 4°C. Membranes were subsequently
exposed to a goat anti-rat-horseradish peroxidase and donkey
anti-rabbit-horseradish peroxidase (GE Healthcare, Canada)
antibodies (both 1:2,000 dilution in 5% nonfat dry milk
in a mixture of Tris-buffered saline and Tween20) (Santa
Cruz) for 1 h. The protein was detected by ECL 2 Substrate
(Thermo Fisher by VWR, Italy). Images were recorded with
the ProXpress scanner equipped with the ProSCAN 4.0 and
ProFinder 2 software (PerkinElmer, Italy).

Statistics

All data are presented as mean = SD or otherwise indi-
cated. Comparison among groups was performed by either
one-way ANOVA or Kruskal-Wallis test for normally and
nonnormally distributed data, respectively, followed by the
appropriate Dunn post hoc test for multiple comparisons or
two-way ANOVA for repeated measures with Bonferroni
post hoc analysis (SPSS Inc., USA, and GraphPad Software,
Inc., USA). A P value < 0.05 was considered statistically
significant.

Results

Rat Model of ARDS

Hemodynamics. Mean arterial pressures were similar at
baseline and decreased significantly after hydrogen chloride
instillation (fig. 1A).

Arterial Blood Gases. Mean Pao, was similar throughout the
study in the animals that received no hydrogen chloride instil-
lation and were ventilated with synchrony in the presence of
CIS or PAN (data not shown). Pao, values were similar at
baseline and decreased after hydrogen chloride instillation.
There was a further decrease at 3 h during mechanical venti-
lation in the noNMBA/aSYNC group compared with CIS
and PAN (fig. 1B). After increasing from baseline second-
ary to hydrogen chloride instillation, Paco, was similar in all
groups during the mechanical ventilation period (fig. 1C).
Respiratory Mechanics. rs)
increased similarly in all groups after hydrogen chloride

Respiratory  elastance (E
instillation and remained similar for the initial 2-h mechani-
cal ventilation period. Thereafter, E ¢ increased in the
noNMBA/aSYNC group compared with CIS and PAN
(both P < 0.05; fig. 1D).

Lung Injury Indexes. Lung wet:dry weight ratio was 6.7 + 1.1
in the noNMBA/aSYNC and 6.1+0.7 in the noNMBA/
SYNC groups. The wet:dry ratio was significantly lower
in the CIS (3.8£0.6) and PAN (3.9+0.6) groups (both
P<0.05 vs. noNMBA/aSYNC and noNMBA/SYNC groups;
fig. 1E). Similarly, BALF protein concentrations were signif-
icantly higher in noNMBA/aSYNC and noNMBA/SYNC
groups than in CIS and PAN (fig. 1F).
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Pulmonary and Systemic Cytokine Responses. The levels of
TNF-a in BALF and plasma and IL-6 in plasma were sig-
nificantly lower in CIS and PAN compared with noNMBA/
aSYNC (both P < 0.05; fig. 2, A-D).

Diaphragm Mediators of Muscle Atrophy. The levels of
Atrogin-1 mRNA and MuRF1 mRNA in the rat diaphragm
muscle were not statistically different across the groups

(fig. 2, Eand F).

CIS-attenuated Cytokine Responses in In Vitro

Single-cell Models

Cytokine Responses Were Attenuated by CIS in CD14* Cells
Stimulated with Samples from ARDS Patients. Stimula-
tion of CD14* cells with plasma from patients with ARDS
resulted in increased IL-6 and IL-8, which was attenuated
by CIS (fig. 3, A and B). A similar but markedly attenu-
ated expression of the cytokines was observed when CD14*
cells were stimulated with BALF from patients with ARDS,
which might be due to the dilution factor in the BALF
(fig. 3, Cand D).

Cytokine Responses Were Attenuated by Treatment with
CIS or nAChRo.1 siRNA in Human Lung Epithelial Gells
Subjected to Mechanical Stretch

The protein expression of nAChRall was detectable in the
three cell types tested (fig. 4A). Mechanical stretch of human
SAEC induced a time-dependent increase in granulocyte—
macrophage colony-stimulating factor, 1L-6, and IL-8
24h after mechanical stretch, which was attenuated in the
presence of CIS (fig. 4, B-E). TNF-a increased at 6h and
remained high at 24 h during mechanical stretch; CIS at the
dose used transiently decreased TNF-a at 6h (fig. 4E).

To further examine the specific effects of nAChRal in

mediating cytokine responses, the SAECs were treated with
nAChRal siRNA or scrambled siRNA before exposure to
mechanical stretch (fig. 4, F-I). Compared with control,
cells treated with scrambled nAChRal siRNA had a sig-
nificantly attenuated release of granulocyte—macrophage
colony-stimulating factor, IL-6, and IL-8 after 24h of
mechanical stretch, which might be due to nonspecific
effects. This attenuation was more pronounced in the
nAChRal siRNA group (fig. 4, F-H). TNF-a levels were
not affected (fig. 41).
Cytokine Responses Were Attenuated by NMBA in LPS-
stimulated Human CD14* and Endothelial Cells. The
increased production of TNF-aiand IL-6 after LPS stimulation
of human CD14" cells for 4h was attenuated by CIS (fig. 5,
A and B) or PAN (fig. 5, C and D) in a dose-dependent man-
ner. Similarly, treatment with CIS and PAN inhibited IL-6
production in human endothelial cells (ECV304) 4h after
LPS stimulation (fig. 5, E and F). TNF-o was not detected
in culture supernatants of the human endothelial cells. In the
perfused mouse lung model, the administration of CIS atten-
uated the production of TNF-a and IL-6 in the lung lavage
fluids after LPS challenge (fig. 5, G and H).
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Fig. 1. Hemodynamic, gas exchange, and lung injury indexes. Time course (A-D) of MAP, Paco,, elastance of respiratory sys-
tem, and Pao, during 3-h period after initial lung injury. *P < 0.05 noNMBA/aSYNC versus CIS; **P < 0.05 noNMBA/aSYNC
versus PAN. Lung wet to dry ratio (W/D) and BALF protein concentrations (E and F). *P < 0.05 noNMBA/aSYNC and noNM-
BA/SYNC versus CIS; *P < 0.05 noNMBA/aSYNC and noNMBA/SYNC versus PAN. aSYNC = asynchronous ventilation;
BALF = bronchoalveolar lavage fluid; CIS = cisatracurium; Est.q = elastance of respiratory system; MAP = mean arterial
pressure; NMBA = neuromuscular blocking agent; PAN = pancuronium; SYNC = synchronous ventilation.

Knockdown of nAChRa1 Gene Prevents the Cytokine
Production in Response to LPS Stimulation in Human
Endothelial Cells

In human endothelial ECV304 cells transfected with a
scrambled shRNA, the administration of CIS (at both doses
0f 0.06 and 0.16) resulted in a significantly dose-dependent
decrease in IL-6 after stimulation with LPS and plasma from
patients with ARDS (figs. 4A and 6). In the same cells trans-
fected with two nAChRal shRNA, where the expression of
nAChRal receptor was knocked down, CIS had significant
less impact on attenuation of IL-6 production after LPS and
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plasma stimulation, except for nAChRal sh#2 at dose of
CIS of 0.06 after plasma stimulation (figs. 4A and 6).

Discussion

A recent study has reported that patients with moderate to
severe ARDS treated for 48 h with CIS had improved 90-day
survival compared with a placebo-treated group,! which
might be due to improved patient—ventilator synchrony
that minimized VILI and/or potential direct antiinflamma-
tory effects of the NMBA.'5 In this study, we demonstrated
that (1) treatment with NMBA is protective against VILI
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Fig. 2. Cytokine levels in BALF and plasma (A-D) and gene
expression of muscle-specific ubiquitin ligases Atrogin-1 (E)
and muscle-specific ring finger protein 1 (MuRF1, F) in the
diaphragm determined by real-time polymerase chain reac-
tion. Ct value HPRT = 23.42+0.25; MuRF1 = 19.85+0.90,
Atrogin-1 = 20.90+0.61). aSYNC = synchronous ventilation;
BALF = bronchoalveolar lavage fluid; CIS = cisatracurium;
HPRT = hypoxanthine phosphoribosyltransferase; IL-6 = inter-
leukin-6; NMBA = neuromuscular blocking agents; PAN = pan-
curonium; SYNC = synchronous ventilation; TNF-o = tumor
necrosis factor-a. *P < 0.05 CIS versus noNMBA/aSYNC;
**P < 0.05 PAN versus noNMBA/aSYNC.

through an andinflammatory property; (2) this antiinflam-
matory property of NMBA is largely independent of the
effects of synchrony; and (3) the antiinflammatory effects are
largely mediated by the nAChRal expressed on epithelial,
endothelial, and CD14* cells.

Our study design set out to separate the effects on syn-
chrony from that of direct attenuation of biotrauma. The
nonasynchrony group managed by deep sedation showed
no significant difference in all endpoints compared with the
asynchrony group but had greater inflammatory responses
compared with the NMBA groups. These data suggest that
the beneficial effects of NMBA can largely be attributed to
mechanisms other than its impact on synchrony.

Indeed, the NMBA-treated animals showed better respi-

ratory system compliance and oxygenation associated with
y Sy: yg
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Fig. 3. The levels of IL-6 and IL-8 released from CD14* puri-
fied cells after stimulation with plasma (A and B) and BALF
(C and D) from patients with acute respiratory distress syn-
drome in the presence or absence of CIS. BALF = bronchoal-
veolar lavage fluid; CIS = cisatracurium; IL-6 = interleukin-6;
IL-8 = interleukin-8. *P < 0.05 versus vehicle control (-).

attenuation of inflammatory responses seen in VILL!®!
The antiinflammatory effects of NMBA were confirmed in
an ex vivo mouse model of the LPS-induced lung injury.
Moreover, we demonstrated a direct, dose-dependent anti-
inflammatory effect of the NMBA in vitro models using
human epithelial, endothelial, and CD14* cells challenged
with LPS, mechanical stretch, or stimulated with BALF and
plasma from patients with ARDS. We further identified that
a mechanism of the antiinflammatory effects of NMBA acts
through interaction with the nAchRal recepror.

NMBA bind to the nAChRal receptors on the muscle,
which are ligand-gated ion channels known to mediate
signal transduction at the neuromuscular junction.'® The
nAChRal receptor is also expressed on other cell types such
as endothelium, epithelium, neutrophils, macrophages, and
fibroblasts and has been identified as a functional cell recep-
tor for urokinase.>®!8 Upon ligation, the nAChRa1 receptor
changes its conformation and becomes permeable to sodium
and calcium ions leading to calpain activation, nuclear
factor-xB nuclear translocation that in turn mediates inflam-
matory responses. In a recent study using a mouse model of
hypercholesterolemia/uninephrectomy-induced nephropa-
thy and mouse monocytes, silencing of the nAChRo.I has
been shown to reduce renal tissue calcium influx and cal-
pain-1 activation, suggesting that nAChRall contributes to
macrophage inflammation and tissue damage by calpain-1
activation.” Activation of the nAChRa1 receptor has been
demonstrated to play a role in the upregulation of proin-
flammatory cytokines and adhesion molecules,” inflam-
matory cell migration, chemotaxis® in animal models of
atherosclerosis,” and chronic kidney diseases.? The increased
levels of uPA, an alternative ligand for nAChRal receptor,
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Fig. 4. Protein expression in primary human CD14+ cells and knockdown of nAchRa1 in human cell lines (A) and time course
of cytokine response in SAEC after mechanical stretch for 48h (B-/). CIS = cisatracurium; ECV304 = human endothelial cells;
GM-CSF = granulocyte-macrophage colony-stimulating factor; IL-6 = interleukin-6; IL-8 = interleukin-8; nAchRa1 = nicotinic
acetylcholine receptor a1; SAEC = primary human small airway epithelial cells; shAChRa1 = nAChRa1 small hairpin RNA;
shCtrl = scrambled small hairpin RNA; siAChRa1 = nAChRa1 small-interfering RNA; siCtrl = scrambled small-interfering RNA;
TNF-o = tumor necrosis factor-a. *P < 0.05 versus Stretch in (B-E). °P < 0.05 scrambled siRNA versus vehicle control; *P < 0.05

nAchaR1 siRNA versus scrambled siRNA and control in (F-/).

have been demonstrated in plasma of septic patients, sug-
gesting that neutrophils activated by uPA and LPS migrate
from the systemic circulation into the lungs and contribute
to the development of acute lung injury.®!?

In the nAChRal receptor knockdown studies, the
administration of CIS slightly attenuated IL-6 after stimula-

tion with LPS or plasma from patients with ARDS in the

Anesthesiology 2016; 124:132-40
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human endothelial cells. This suggests that although block-
ing the nAChRal receptor by CIS plays a dominant role,
mechanisms other than through the nAChRal receptor
may be involved in the phamarcologic effects of CIS.
Prolonged use of heavy sedation and NMBAs may be
associated with atrophy and muscular weakness.?*?! In our
model, there were no significant differences in the expression
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Fig. 5. TNF-a and IL-6 production in response to different stim-
ulation in the presence and absence of CIS and PAN. (A-D)
Levels of TNF-a and IL-6 released from CD14* cells after
LPS stimulation for 4h. (E and F) Levels of IL-6 released from
human endothelial cells (ECV304) after LPS stimulation for 4h
in the presence or absence of CIS or PAN. (G and H) Levels of
IL-6 and TNF-a in lung lavage fluids from the perfused mouse
lung model after LPS challenge in the presence or absence of
CIS. CIS = cisatracurium; ECV304 = human endothelial cells;
IL-6 = interleukin-6; LPS = lipopolysaccharide; PAN = pan-
curonium; TNF-a = tumor necrosis factor-a. *P < 0.05 CIS 0.32
and 0.64 uM versus control. **P < 0.05 PAN 1.4, 3.5 uM versus
control. °P < 0.05 LPS + CIS versus LPS.

of known mediators of muscle atrophy among groups as
demonstrated by similar diaphragm mRNA changes expres-
sion of the muscle-specific ubiquitin ligases MuRF1 and
Atrogin-1. This is not surprising given the relatively short
period of time that our animals were studied.
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Fig. 6. Concentration of IL-6 released from human endo-
thelial ECV304 cells transfected with nAchRa1 shRNAs af-
ter stimulation with LPS (A) or plasma (B) from patients with
acute respiratory distress syndrome. Small hairpin scrambled
(sh scramble), small hairpin #1 (sh#1), and small hairpin #2
(sh#2) for nAChRa1. CIS = cisatracurium; IL-6 = interleukin-6;
LPS = lipopolysaccharide; nAchRa1 = nicotinic acetylcholine
receptor a1. *P < 0.05 CIS 0.06 and 0.16 uM versus no CIS.
$P < 0.05 sh#1 and sh#2 versus sh scramble at CIS 0.06 and
0.16 uM. °P < 0.05 CIS 0.06 versus 0.16 uM.

Some limitations of this study should be addressed.
First, we did not record esophageal pressure traces to detect
the signs of asynchrony in experimental groups without
NMBAs. However, we verified the occurrence of inspiratory
efforts during hold inspiratory maneuver. Second, rats were
ventilated only for 3h, and this short period of time may
account for small difference in Pao, between groups. Third,
in the whole organism, CIS has a half-life of half an hour
depending on temperature and pH. In iz vitro studies, we
did not replace CIS, and this might have affected the dura-
tion of nAChRal blockade and the antiinflammatory effect.

In conclusion, this study demonstrates that NMBA,
including CIS and PAN, can attenuate lung injury largely
by antiinflammatory effects acting viz interaction with the
nAChRal receptor.
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