Original Research

Endotoxin-induced lung alveolar cell injury causes
brain cell damage

Raquel Rodriguez-Gonzalez'>3, Angela Ramos-Nuez', José Luis Martin-Barrasa®*,
Josefina Lopez-Aguilar'®, Aurora Baluja®, Julian Alvarez®, Patricia RM Rocco®, Paolo Pelosi’
and Jesus Villar'?2

'CIBER de Enfermedades Respiratorias, Instituto de Salud Carlos Ill, 28029 Madrid, Spain; 2Multidisciplinary Organ Dysfunction
Evaluation Research Network, Research Unit, Hospital Universitario Dr. Negrin, 35010 Las Palmas de Gran Canaria, Spain;

SCritical Patient Translational Research Group, Department of Anesthesiology, Intensive Care and Pain Management, Hospital Clinico
Universitario, Instituto de Investigacién Sanitaria (IDIS), Universidad de Santiago de Compostela, Santiago de Compostela, 15706, Spain;
4Animal Facility Service, Research Unit, Hospital Universitario Dr. Negrin, 35010 Las Palmas de Gran Canaria, Spain; S5Critical Care
Center, Corporacié Sanitaria Parc Tauli, Sabadell, 08208 Barcelona, Spain; ®Laboratory of Pulmonary Investigation, Carlos Chagas Filho
Biophysics Institute, Federal University of Rio de Janeiro, Rio de Janeiro 21941-901, Brazil; “Department of Surgical Sciences and
Integrated Diagnostics, University of Genoa, 16126 Genoa, ltaly; 8Li Ka Shing Knowledge Institute at the St. Michael’s Hospital, Toronto,
Ontario M5B 1W8, Canada

Corresponding author: Jesus Villar. Email: jesus.villar54@gmail.com

Abstract

Sepsis is the most common cause of acute respiratory distress syndrome, a severe lung inflammatory disorder with an elevated
morbidity and mortality. Sepsis and acute respiratory distress syndrome involve the release of inflammatory mediators to the
systemic circulation, propagating the cellular and molecular response and affecting distal organs, including the brain. Since it has
been reported that sepsis and acute respiratory distress syndrome contribute to brain dysfunction, we investigated the brain-lung
crosstalk using a combined experimental in vitro airway epithelial and brain cell injury model. Conditioned medium collected from
an in vitro lipopolysaccharide-induced airway epithelial cell injury model using human A549 alveolar cells was subsequently added
at increasing concentrations (no conditioned, 2%, 5%, 10%, 15%, 25%, and 50%) to a rat mixed brain cell culture containing both
astrocytes and neurons. Samples from culture media and cells from mixed brain cultures were collected before treatment, and at
6 and 24 h for analysis. Conditioned medium at 15% significantly increased apoptosis in brain cell cultures 24 h after treatment,
whereas 25% and 50% significantly increased both necrosis and apoptosis. Levels of brain damage markers S100 calcium
binding protein B and neuron-specific enolase, interleukin-6, macrophage inflammatory protein-2, as well as matrix metallopro-
teinase-9 increased significantly after treating brain cells with >2% conditioned medium. Our findings demonstrated that human
epithelial pulmonary cells stimulated with bacterial lipopolysaccharide release inflammatory mediators that are able to induce a
translational clinically relevant and harmful response in brain cells. These results support a brain-lung crosstalk during sepsis and
sepsis-induced acute respiratory distress syndrome.
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Mechanisms underlying lung injury in sepsis and ARDS
are coordinated by a cascade of inflammatory mediators
that eventually lead to structural alterations and the disrup-
tion of the alveolar epithelial-endothelial capillary barrier,
increasing lung permeability and contributing to edema
formation.>*

Introduction

Sepsis is a systemic inflammatory response resulting from
severe infections. Sepsis is the leading cause of acute
respiratory distress syndrome (ARDS), multiple system
organ dysfunction, and death among non-cardiac critically

ill patients." Despite advances in understanding the host
immunologic response and pathophysiology of sepsis
and ARDS, it still lacks a specific therapy.
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There is ample evidence showing that injured lung cells
release inflammatory mediators to the systemic circulation,
contributing to spread the damage and exerting a
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deleterious effect on distal organs.” This systemic propaga-
tion of the inflammatory response may cause tissue damage
leading to significant, often unappreciated, long-term con-
sequences secondary to effects on various organ systems
that ultimately lead to higher mortality.” In this context,
sepsis-associated encephalopathy represents a severe
brain dysfunction caused by systemic inflammation with-
out clinical or laboratory evidence of direct brain infection
and it is associated with a poor prognosis.® Several studies
suggest that ARDS may be responsible for brain dysfunc-
tion and poor neurocognitive outcomes. In animal models,
acute lung injury led to enhanced brain damage,’ and
increased brain cytokines impair neurocognitive features.®
Interleukin (IL)-6, one of the pro-inflammatory cytokines
with ample roles in the central nervous system (CNS), has
been the focus of therapeutic approaches to reduce neuroin-
flammation associated with brain dysfunction and cogni-
tive impairment.® Specific markers of CNS injury, such as
the glycolytic isoenzyme neuron-specific enolase (NSE) or
the calcium-binding protein S100B, have been studied in
sepsis and are currently considered useful biomarkers in
the diagnosis of septic-associated ~encephalopathy.®’
Macrophage inflammatory protein-2 (MIP-2) plays an
essential role in the neuroinflammatory response during
sepsis since they modulate neutrophil infiltration into the
brain,*® and MMP-9 plays a crucial role in the blood-brain
barrier (BBB) integrity."!

Up to 71% of septic patients develop potentially irrevers-
ible acute cerebral dysfunction,9 and survivors are often
discharged with debilitating cognitive and behavioural
problems that persist for years or are irreversible, with
impaired quality of life."* Since cognitive disturbances
after sepsis and ARDS are common and potentially modi-
fiable, there is a remarkable growing interest in elucidating
mechanisms underlying the interaction between the lung
and the brain'*"® during critical illness.

Our study was aimed to explore the response of astro-
cytes and cortical neurons to mediators released by lipo-
polysaccharide (LPS)-activated human lung epithelial
cells, in a well-established in vitro approach based on the
first steps in the development of sepsis and sepsis-induced
ARDS." We postulated that inflammatory mediators
released during LPS-induced lung epithelial cell injury
may cause brain cell injury, contributing to the brain dys-
function found in patients with sepsis and sepsis-induced
ARDS.

Materials and methods

Lung alveolar epithelial and primary mixed brain
cell cultures

We used A549 cells (human pulmonary alveolar epithelial
carcinoma cells), a cell line that retain features of type II
alveolar epithelial cells. A549 cells were obtained from
American Type Culture Collection (ATCC®, USA), grown
in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
v/v fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin (all from Gibco, Madrid, Spain)
and maintained in an incubator at 37°C with a humidified
atmosphere containing 95% air/5% CO,. Once the culture

was established, cells were seeded at a density of
5 x 10* cells / cm? in multiwell plates (Corning, Madrid,
Spain) and maintained in 2% FBS for subsequent
experiments.

Primary rat mixed cerebral cell cultures were prepared
as described previously by a member of our group.”
Briefly, astrocytes were obtained by dissecting the brain cor-
tical area of 1-day-old Sprague-Dawley rat pups and seeded
in 75cm? flasks. Ten days after plating, astrocytes were
collected and seeded at 2 x 10°cells per cm” in poly-D-
lysine-precoated multiwell plates (BD Biocoat, Spain) in
DMEM  containing 25mM glucose, 10% v/v FBS,
100U/mL penicillin and 100 pg/mL streptomycin. Four
days after plating, cortical neurons were obtained from
E16-17 rat embryos and 2 x 10° cells were seeded on top
of the astrocytes homogeneous feeder layer. This mixed cul-
ture contains 45 4 5% astrocytes and 55 +5% neurons.'” All
procedures were approved by the Animal Care Committee
of the Hospital Universitario of Santiago de Compostela,
according to European Union rules (86/609/EEC, 2003/
65/EC, RD 1201/2005).

LPS stimulation of A549 cells

We used an in vitro LPS-induced lung epithelial cell injury
model validated by our group.'® A549 cells were treated
with LPS and their conditioned media was subsequently
placed over mixed primary brain cells. Pilot experiments
testing increasing doses of LPS from Escherichia coli 055:B5
(Sigma-Aldrich, Madrid, Spain) were performed to deter-
mine the optimal LPS concentration that activates A549
without causing significant cell death, resulting to be
100ng/mL. A549 cells were placed in medium containing
2% FBS, 100ng/mL LPS was added to culture medium, and
cells were returned to the incubator. Twelve hours after
treatment, culture medium was collected and passed
through a 0.22 um-pore-size filter (Millipore, Madrid,
Spain) to remove remaining cells and stored at —80°C
until analysis or prepared for subsequent treatment of
neural cells. All experiments were performed three times
in triplicate.

Treatment of brain cells with A549 conditioned medium

Filtered collected medium from A549 cells was incubated
for 90 min at 37°C with LPS inhibitor polymyxin B sulphate
(10 pg/mL, Sigma, Spain) to exclude the possibility that LPS
could activate mixed brain cells. Polymyxin B is a cationic
polypeptide that binds to the lipid A, the most toxic portion
of LPS, resulting in LPS inactivation.’® At the tested dose,
polymyxin B did not affect brain cells viability, as previ-
ously reported.”” This was designated as “A549 condi-
tioned medium”, and contained inactivated LPS, DMEM,
FBS, LPS and any other factors secreted by LPS-stimulated
A549 cells.

Subsequently, culture medium of mixed brain cells was
replaced by A549 conditioned medium at different percent-
ages: 0% (no conditioned medium), 2%, 5%, 10%, 15%, 25%,
and 50%. Supernatant and cell lysates from mixed brain
cells were collected for analysis before treatment with con-
ditioned medium (t=0), at 6h (t=6), and at 24h (t=24).



Controls for each group were established as mixed brain
cell cultures whose medium was replaced by medium
from non-stimulated A549 cells.

Trypan blue exclusion assay

Twenty-four hours after adding conditioned medium, brain
cell death was determined by Trypan blue dye exclusion
test, which does not discriminate between necrosis and
apoptosis. Cells from each group were detached by trypsi-
nization and subsequently collected by centrifugation.
After resuspension in phosphate buffered saline, equal vol-
umes of cell suspension and 0.4% Trypan blue (Invitrogen,
Madrid, Spain) were mixed and incubated for 10min at
room temperature. The number of dead cells (blue stained)
was counted using a hemocytometer from five random
fields with counting grid. Data are expressed as percent of
total cells/field & SD.

Lactate dehydrogenase determination

Lactate dehydrogenase (LDH) released from damaged
brain cells was measured to determine cell necrosis. LDH
activity was analyzed in culture media of cerebral mixed
culture collected 24h after adding conditioned medium
using a commercial kit (Sigma) and a microplate reader
(Biotek, USA) for spectrophotometric measurements. LDH
release is expressed as percentage of total cell LDH and
plotted as percentage of LDH release induced by treatment
with A549 conditioned medium. Basal LDH release was
8+£2% (n=9).

Apoptosis assessment by caspase-3 activity

Caspase-3 activity in mixed brain cell lysates collected 24 h
after adding conditioned medium was determined as an
apoptosis marker in a fluorometric assay by measuring
the extent of cleavage of the fluorescent peptide substrate
(Z-DEVC-AMC) using a commercial kit following manufac-
turer’s instructions (Invitrogen). The amount of the released
fluorescence product was determined in a fluorescent
microplate reader (Biotek).

Biomarkers implicated in inflammation, chemotaxis,
and cell integrity

IL-6, MIP-2, and MMP-9 were measured in A549 condi-
tioned medium and in mixed brain cells medium collected
6 and 24 h after treatment. In addition, secreted NSE and
5100 calcium binding protein B (S100B) were measured at
t=6 and t=24 in supernatant of brain mixed cultures as
markers of neuronal damage and astroglial activation,
respectively. ELISA commercial kits were used following
manufacturer’s instructions (IL-6 and MMP-9 from R&D
Systems, USA; MIP-2, NSE and S100B from Cusabio,
China). Lower detection limits of the assays were
36 pg/mL, 0.03ng/mL, 6.25pg/mL, 0.09ng/mL, and
3.12pg/mL for IL-6, MMP-9, MIP-2, NSE, and S100B,
respectively. Inter- and intra-assay coefficients of variation
were below 7% for all analysis.
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Statistical analysis

All data are from nine independent experiments.
Comparisons among experimental groups were performed
with ANOVA following post-hoc test for linear trends.
Pairwise comparisons between treated and control groups
were made with Student’s f-test. Statistical software Prism 5
(GraphPad, USA) was used. A two-sided P value <0.05 was
considered significant.

Results
Effects of A549 conditioned media on brain cells

Treatment with 2% or 5% of A549 conditioned media did
not induce morphological changes in brain cell cultures
(Figure 1b and c). At 15%, some damaged neurons were
visible, while others remained morphologically unaltered
(Figure 1d). Neurons treated with 25% and 50% conditioned
media lost their neurites and became shrunken and
rounded, all typical morphological features of apoptosis
(Figure 1e and f).

Ab549 conditioned media at 2% or 5% did not increase
necrosis or apoptosis in brain cells compared to control
(Figure 2a-c). Conditioned medium at 15% did not increase
brain cell necrosis (Figure 2b) but it yielded higher apop-
tosis compared to control (Figure 2a and c) (P <0.005).
Conditioned media at 25% or 50% led to a significant
increase of brain cell death (P <0.05 and P < 0.005, respect-
ively) (Figure 2a), both for necrosis (Figure 2b, P <0.005)
and apoptosis (Figure 2c, P < 0.05) compared to controls.

S100B levels were different among treated brain cell
groups and showed a significant increasing linear trend
with A549 conditioned medium, both at 6h (P <0.005)
and 24h (P <0.001) (Figure 3a and b).

NSE levels differed among brain cell groups, showing a
significant linear trend with percentage of A549 condi-
tioned media, both at 6h (P <0.001) and 24h (P <0.001)
(Figure 4a and b). Levels of S100B and NSE differed at
6 versus 24 h only with A549 conditioned medium at 50%
(P <0.05).

IL-6, MIP-2, and MMP-9 in A549 conditioned media

Twelve hours after LPS stimulation, supernatant of A549
cells had 5024.6 +187.5 pg/mL of IL-6, 821.6 +-38.0 pg/mL
of MIP-2, and 632.2 +£20.2 pg/mL of MMP-9, while levels in
untreated culture media were below detection limit.

Effects of A549 conditioned medium on IL-6, MIP-2,
and MMP-9 levels in brain cells

IL-6, MIP-2, and MMP-9 levels differed among groups of
brain cells and showed a significant increasing linear trend
with percentage of A549 conditioned media, both at 6h
(P<0.001, P<0.001, P<0.05 respectively) and 24h
(P<0.001, P<0.001, P<0.01, respectively). IL-6, MIP-2,
and MMP-9 increased significantly at 6 and 24 h compared
to controls (Table 1, all P <0.0001). Levels of IL-6, MIP-2,
and MMP-9 were higher at 24 compared to 6 h in all groups
(Table 1, all P <0.05).
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Figure 1

Morphological changes and death in rat brain cells exposed to A549 conditioned media. Phase-contrast microscopic observation (x20) of primary rat

mixed cortical cultures 24 h after treatment with 2% (b), 5% (c), 15% (d), 25% (e), or 50% (f) A539 conditioned medium as well as controls (a). Thick arrows show normal
viable neuronal bodies while thin arrows show round damaged or dead cells. See text for details. (A color version of this figure is available in the online journal.)

Discussion

Our findings suggest that lung epithelial cells when stimu-
lated by LPS may exert significant biological effects on brain
cells. Brain cells subjected to products released by stimu-
lated lung alveolar cells caused (1) apoptosis and necrosis,
(2) synthesis of specific markers of neuronal damage and
astroglial activation, and (3) release of IL-6, MIP-2, and
MMP-9. According to our findings, mediators released by
pulmonary cells after LPS stimulation are toxic for brain
cells in a dose-dependent manner, inducing from a tightly
regulated process as cellular apoptosis to an uncontrolled
release of harmful cellular content causing brain cell necro-
sis. Inflammatory molecules released by stimulated pul-
monary cells might account for the observed effects.
Of note, the selected dose of LPS did not cause cell death
of A549 cells; therefore, no molecules released by necrotic or
apoptotic cells, which could affect and/or mask
neural response, are expected to be present in conditioned
media.

The inflammatory cascade of LPS-stimulated A549 cells
involves cytokines such as IL-8,%° IL-1 B, or TNF-0,%° which
induce neuronal death in vitro.>"** The increase of S100B at
6h indicates an early response of brain cells, sustained and
pronounced at 24 h. S100B is a multifaceted protein pro-
duced mainly by astrocytes with an important role in neu-
roinflammation by signaling tissue damage and
participating in the inflammatory response by activating
microglia.® The marked increase of S100B observed in
our experiments suggests that mediators released from sti-
mulated alveolar cells might include regulators of S100B.
Serum S100B levels were elevated in an animal model of
ARDS where hippocampal cells showed damage.” S100B
has been suggested as a candidate biomarker for cerebral
dysfunction in septic shock.?* High concentrations of extra-
cellular S100B stimulate the expression of pro-inflamma-
tory cytokines and induce neuronal apoptosis.”® Also,
conditioned media yielded to higher NSE levels suggesting
that cortical neurons are very sensitive to mediators
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Figure 3 Effects of A549 conditioned medium on S100B levels in neural cells at 6 h (a) and at 24 h (b). *P < 0.05, **P < 0.005, ***P < 0.001 compared to controls.n =9

released by LPS-stimulated A459 cells. NSE is a glycolytic
isoenzyme located almost exclusively in neurons and it is
considered a reliable, quantitative, and specific marker of
neuronal injury in vitro®® NSE serum levels have been
extensively investigated as markers of poor outcome in
patients with stroke or neurological dysfunction after sur-
gery.””*® Both S100B and NSE have been explored as mar-
kers of brain injury in severe sepsis, and may help to
diagnose sepsis-associated encephalopathy.® Serum S100B
and NSE are increased in children with septic shock®” and

in patients with brain injury and severe sepsis.*® Of note,
S100B has been reported as the strongest predictor of sur-
vival in patients with severe sepsis.””

In our study, increasing concentrations of conditioned
media were associated with increasing levels of IL-6,
MIP-2, and MMP-9 in brain cells. Although we did not
explore the cellular origin of these mediators, it has been
reported that both neurons and astrocytes express IL-6,%"
MIP-2,%2 and MMP-9.2* A549 cells release IL-13 and TNEF-
o after LPS stimulation, which exert a strong and synergic
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Table 1 Levels of interleukin (IL)-6, macrophage inflammatory protein-2 (MIP-2), and matrix metalloproteinase-9 (MMP-9) in brain cell cultures

t=6h t=24h

A549 Conditioned
medium IL-6 MIP-2 MMP-9 IL-6 MIP-2 MMP-9
2% C BDL BDL BDL BDL BDL BDL

T 327.3+77.5* 25.4+7.6* 29.3+3.2* 780.8 +104.5*" 84.2+11.7F 60.2+18.0*"
5% C BDL BDL BDL BDL BDL BDL

T 734.3+65.7 60.1+10.4* 492 +9.7 1134.6 +244.8* 105.1 +23.6*" 90.5+14.3*
15% C BDL BDL BDL BDL BDL BDL

T 1051.7 +301.4* 201.3+30.5* 66.5+15.1* 2244.3+280.1*" 353.24+26.9* 138.3+66.1*"
25% C BDL BDL BDL BDL BDL BDL

T 1945.8 +206.9* 362.2+35.9* 203.1+14.8* 3175.8 +£301.4* 585.3 +£22.1* 511.8+36.2*
50% C BDL BDL BDL BDL BDL BDL

T 3608.6 + 205.2* 521.8+20.6* 353.9 +39.2 4703.6 £217.7*" 799.5+17.2* 603.4 +30.9*

C: control (neural cells treated with non-stimulated A549 medium, as explained in Methods); T: treated (with LPS-stimulated A549 2%,

5%, 15%, 25%, or 50% A549

conditioned medium). Results are expressed as mean + SD; n=9. Each T group is compared with its corresponding C group. Levels are expressed as picograms per
milliliter. BDL: below the detection limit of the assay; *P < 0.0001 respect to each control group, TP <0.05t=24hvs. t=6h.

inducing signal for IL-6 in neurons®* and astrocytes.’® Pro-
inflammatory cytokines are increased in patients with
septic-associated encephalopathy and might contribute to
the development of long-term neurological deficits®*° since
chronic or high increases of IL-6 levels are associated with
neuronal and cognitive impairment.”” Therefore, acute lung
inflammation during ARDS might contribute to cerebral
dysfunction by promoting neuroinflammation. Although
lung-brain crosstalk in critical patients is still poorly under-
stood, it has been reported that mechanical ventilation
might activate intracellular signalling pathways in the
brain, leading to the release of inflammatory mediators to
the bloodstream that may activate neurons® and also trig-
gering hippocampal apoptosis.®

Chemokines, such as MIP-2, are expressed in the brain
during sepsis and seems to be necessary for neutrophil
transmigration into the brain parenchyma. High levels of
MIP-2 have been associated with severity of sepsis*’ and
shock survival in mice.* MMP-9 plays a crucial role in the
integrity of the BBB as a main component of the

extracellular matrix in the neurovascular unit.!"*?

Degradation of the basal lamina in brain tissue often results
in BBB leakage, edema, and hemorrhage, and MMP-9 levels
are considered markers of poor prognosis in brain ische-

* Although there is evidence that BBB is affected in
septic patients™ and it is thought to contribute to develop-
ment and progression of septic-associated encephalop-
athy,*> mechanisms of BBB damage in sepsis have been
poorly explored. Dal-Pizzol et al.** reported that the
increase of BBB permeability in septic rats is time-related
to the increase of MMP-9 and MMP-2 in the microvessels,
and this effect was reversed by MMPs inhibitors. Thus, by
increasing MMP-9 in brain cells, mediators released by sti-
mulated lung epithelial cells might contribute to BBB
damage in sepsis. Pro-inflammatory mediators released
by injured lungs during pneumonia, sepsis, or sepsis-
induced ARDS may reach the brain contributing to cerebral
dysfunction and development of sepsis-associated enceph-
alopathy, a clinical condition associated with poor
prognosis.’



Our study has limitations and strengths. First, although our
in vitro approach is based on the first steps in the development
of sepsis and sepsis-induced ARDS,'*° cell culture stimula-
tion with LPS does not completely replicate sepsis. Second,
although we have used a brain cellular model including neu-
rons and astrocytes, we did not study the LPS effects on micro-
glia, another key player of neuroinflammation. However, we
do not think that the addition of microglia would have wea-
kened our results since levels of mediators would be likely
greater when microglia cells are added, but this would not
change our conclusions regarding lung-brain crosstalk.
Third, although we cannot extrapolate the concentrations of
conditioned media with a plausible clinical neurophysio-
logical deterioration, several reports in septic patients with
acute lung injury have shown that S100B and NSE are mark-
edly increased and predicted outcome.*”** We do not think
that the lack of BBB in our cellular model constitutes a major
limitation, due to the previously reported evidence of BBB
disruption in sepsis, allowing substances to reach the brain.
Finally, we have used brain cells from the cortical area; there-
fore, we cannot state for certain that the same response to
injurious stimuli could be observed in other brain regions,
due to somatotopic organization of the brain. A clinically rele-
vant strength of our study is that we have analyzed the
response of brain cells caused by LPS-induced lung inflam-
mation at an early time-period. Usually patients with sepsis
and/or ARDS are mechanically ventilated, a procedure that
affects brain function.">*** However, our findings suggest
that early lung inflammation might cause deleterious effects
in the brain. Due to the complexity of the interaction between
organs, further research is needed to validate our findings
using in vivo models of sepsis-induced ARDS.

In summary, our study showed that epithelial pulmonary
cells after stimulation with LPS release different mediators
that significantly affect brain cells. These findings seem to
support the concept that a severely damaged organ might
cause a biological response in a distal one, in line with emer-
ging ideas regarding lung-brain crosstalk in sepsis and ARDS.
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