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Acute lung injury (ALI) and ARDS are defined by damage
to the alveolar epithelium and endothelium, which allows
the exudation of protein-rich fluid into the alveolar space.
ALI/ARDS are life threatening inflammatory lung diseases,
most commonly caused by local or systemic inflammation,
including pneumonia and sepsis. An uncontrolled cytokine
storm leads to detrimental effects such as cell death, epithelial
and endothelial barrier disruption, and edema. Lung repair
and remodeling following ALI are crucial steps and could
be a risk factor for determining morbidity and mortality.
During normal repair and remodeling phases, alveolar fluid
is reabsorbed and debris from dead cells and pathogens
is cleared by mononuclear-linage phagocytes. Additionally,
endothelial cells regenerate, epithelial cells proliferate and
differentiate, and collagen fibers are formed at site of injury.
Finally, excess deposits of collagen fibers are processed and
removed.

Pulmonary edema is a major complication of ALI.
Approaches aiming at improving and maintaining endothe-
lial and epithelial barrier integrity and function are in high
demand. The aim of this special issue is to illuminate
pulmonary endothelium and epithelium biological function
during ALI, repair, and remodeling. We have selected 6
original research manuscripts and 1 review article covering
the range from basic research aspects to translational studies
and therapeutic evaluation.

ALI/ARDS is associated with a high mortality rate
between 20 and 50% and is one of the main clinical compli-
cations in severe malaria. M. L. M. Pereira et al. determine
the protective role of heme oxygenase-1 (HO-1) and HO-1

inducing drug, hemin, in malaria-associated ALI. This study
will potentially advance therapeutic approach in prevention
of ALI/ARDS development in severe malaria. In attempt to
manage the uncontrolled cytokine storm induced, a NEMO-
binding domain peptide (NBD) was developed by J. Huang
et al. to inhibit LPS-induced NF-𝜅B activation; NBD lim-
its cytokine release, neutrophil infiltration, and pulmonary
vascular leakage in LPS-induced ALI mouse model. As an
analysis of the enhancement of endothelium barrier integrity
aspect, L. Wang et al. have investigated the protective role of
pan-caspase inhibitor Q-VD in cytomix-induced pulmonary
microvascular endothelial cell permeability and apoptosis. In
the review article, Y. Zhuang et al. have addressed microRNA
regulation in endothelial junction proteins and clinical con-
sequence.

Lipid mediators, prostaglandin E2 (PGE
2
) and

Leukotriene B
4
(LTB

4
), play an important role in host

defense in many infections. The study by L. C. Rodrigues et
al. has unveiled that Gal-1 protects against histoplasmosis
by maintaining the balance of nitric oxide (NO) and PGE2.
AM966 is an antagonist of lysophosphatidic acid receptor 1,
which potentiates antifibrotic function in experimental study.
The study by J. Cai et al. has revealed that AM966 treatment
induces lung microvascular endothelial barrier disruption
which is regulated by RhoA/MLC and phosphorylation of
VE-cadherin. Further, P. Geraghty et al. demonstrate the ER
stress in cigarette smoke-induced COPD.

In conclusion, many factors contribute to the patho-
genesis of ALI/ARDS. It is important to understand the
pathophysiologicalmechanisms ofALI/ARDS to improve the
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outcome of ALI patients. These special research articles were
selected to offer readers updated knowledge on new thera-
peutic approach development for ALI/ARDS and precaution
in clinical trial medicine.

Yutong Zhao
Karen Ridge

Jing Zhao
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Maintenance of pulmonary endothelial barrier integrity is important for reducing severity of lung injury. Lysophosphatidic acid
(LPA) regulates cell motility, cytoskeletal rearrangement, and cell growth. Knockdown of LPA receptor 1 (LPA1) has been shown to
mitigate lung injury and pulmonary fibrosis. AM966, an LPA1 antagonist exhibiting an antifibrotic property, has been considered
to be a future antifibrotic medicine. Here, we report an unexpected effect of AM966, which increases lung endothelial barrier
permeability. An electric cell-substrate sensing (ECIS) system was used to measure permeability in human lung microvascular
endothelial cells (HLMVECs). AM966 decreased the transendothelial electrical resistance (TEER) value immediately in a dose-
dependent manner. VE-cadherin and f-actin double immunostaining reveals that AM966 increases stress fibers and gap formation
between endothelial cells. AM966 induced phosphorylation of myosin light chain (MLC) through activation of RhoA/Rho kinase
pathway. Unlike LPA treatment, AM966 had no effect on phosphorylation of extracellular signal-regulated kinases (Erk). Further, in
LPA1 silencing cells, we observed that AM966-increased lung endothelial permeability as well as phosphorylation of VE-cadherin
and focal adhesion kinase (FAK) were attenuated. This study reveals that AM966 induces lung endothelial barrier dysfunction,
which is regulated by LPA1-mediated activation of RhoA/MLC and phosphorylation of VE-cadherin.

1. Introduction

Lysophosphatidic acid (LPA) is a bioactive phospholipid that
contributes to the pathogenesis of numerous fibrotic diseases,
including pulmonary, hepatic, skin, and renal fibrosis [1–3].
Upon binding to its high-affinityG protein-coupled receptors
(LPA1–6) and coupling to different downstream G proteins
(G𝛼i/o, G𝛼q, andG𝛼12/13) [4, 5], LPA exertsmultiple biologi-
cal effects, including cell proliferation,migration, cytoskeletal
rearrangement, and cell survival [6–8]. Studies have shown
that LPA levels in bronchoalveolar lavage (BAL) fluid increase

in idiopathic pulmonary fibrosis (IPF) patients [2, 9, 10]. The
LPA-LPA1 pathway plays a crucial role in the development
of pulmonary fibrosis via mediating fibroblast growth and
recruitment [2]. AM966 is a highly selective LPA1 antagonist
[11], which inhibited LPA-stimulated intracellular calcium
release and LPA-induced chemotaxis in vitro and reduced
lung injury and fibrosis induced by bleomycin in vivo [12].
Based on these findings, AM966 has gained considerable
academic and industry attention as a treatment for IPF [12–
15]. A relative compound BMS-986202 (previously AM152)
has completed phase 1 clinical trials in 2011, and the phase 2
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clinical trials of another structurally related molecular BMS-
986020 is completed in 2016 [14, 16, 17].

Maintenance of pulmonary endothelial barrier integrity
is of great importance in healthy lungs. Impaired microvas-
cular endothelial barrier function leads to the infiltration
of blood proteins and circulating cells into the tissues
underlying vessels, which is related to lung injury [18, 19].
The endothelial cell-cell junctional complex that controls
paracellular permeability is composed of adherens junc-
tions, tight junctions, and desmosomes. Adherens junctions
are a major part of the complex, in which VE-cadherin,
an endothelium-specific component of adhesion proteins,
controls both adherens junctions and endothelial barrier
integrity [20, 21]. Inflammatory stimuli, such as thrombin
and endotoxin, induce phosphorylation of VE-cadherin and
redistribution of VE-cadherin from cell-cell junctions to the
cytoplasm, thus increasing vascular permeability [20]. In
addition to adherens junctions, myosin light chain- (MLC-)
mediated cytoskeletal remodeling also majorly contributes to
gap formation and endothelial barrier dysfunction [22, 23]. A
small GTPase, RhoA, and its downstream signalingmolecule,
Rho kinase, regulate MLC phosphorylation and induce stress
fiber, thereby causing cell retraction and endothelial leak
[24, 25].

LPA has been shown to increase lung and corneal epithe-
lial barrier integrity [26], while studies about the role of
LPA in endothelial barrier function are controversial. Some
earlier studies reported a protective role of LPA in endothelial
cell barrier integrity [27, 28], while more recent studies
demonstrated increased vascular leakage after LPA exposure
[2, 29–31]. Furthermore, genetic deletion of LPA1 has been
shown to induce embryonic lethality [32], indicating LPA1
signaling pathway is of great importance in healthy beings.
Given the characteristic of AM966 in selectively inhibiting
LPA1 receptor, we hypothesized that AM966 has a role in
regulating endothelial barrier function. In the present study,
we show that AM966 increases permeability in human lung
microvascular endothelial cells (HLMVECs) by activation of
Rho signaling pathway and phosphorylation of VE-cadherin.
Our findings reveal an unexpected effect of AM966, which
raises a caution for using AM966 as an antifibrotic medicine
in the future.

2. Materials and Methods

2.1. Reagents and Cell Culture. Human lung microvascular
endothelial cells (HLMVECs, Lonza) were cultured at
37∘C in an atmosphere of 5% CO

2
with EGM-2 medium

(Lonza) containing 25mL FBS (5%), 0.5mL hEGF, 2.0mL
hFGF-𝛽, 0.5mL VEGF, 0.5mL ascorbic acid, 0.2mL
hydrocortisone, 0.5mL R3-IGF-1, and 0.5mL gentamycin.
Phospho (T18/S19)-MLC, MLC, antibodies, and cell lysis
buffer were obtained from Cell Signaling. Phospho (Y658)-
VE-cadherin antibody was purchased from Invitrogen.
VE-cadherin antibody was from Santa Crus Biotechnology.
𝛽-Actin antibody, scrambled siRNA, LPA1 siRNA, and LPA
were from Sigma Aldrich. LPA1 antibody was obtained
from Proteintech. AM966 was from Apex Bio. Horseradish
peroxidase-conjugated goat anti-mouse and anti-rabbit

secondary antibodies, ECL kit, and SDS-PAGE for western
blotting were purchased from Bio-Rad Laboratories, Inc.
For immunostaining, anti-mouse Alexa-488, anti-rabbit
Alexa-568, and DAPI were from Invitrogen. Transfection
reagent FuGENE HD was from Promega. All other reagents
were of analytical grade.

2.2. siRNA Transfection. SiRNAs and Lipofectamine RNAi
MAX reagent (Invitrogen) were diluted separately in Opti-
MEMmediumand then incubated together for 5min at room
temperature before adding to the cell culture. Analysis of the
transfected cells was performed 72 h later.

2.3. Protein Extraction and Western Blot Analysis. Cells
were lysed in lysis buffer. Samples were loaded with equal
amounts of total protein (20𝜇g) and separated by 4–15%SDS-
PAGE gels and then transferred to nitrocellulosemembranes.
Membranes were blocked with 5% nonfat milk and then
incubated with specific primary antibodies, followed by
secondary antibodies. The membranes were developed using
chemiluminescence detection system.

2.4. Immunofluorescence Staining. HLMVECs were cultured
in glass-bottomed dishes and were fixed with 3.7% formalde-
hyde in phosphate-buffered saline (PBS) for 20min. After
blocking with 1% bovine BSA in TBST for 30min, cells
were exposed to VE-cadherin for 1 h. Then, anti-rabbit
Alexa-488 secondary antibody was applied for 1 h. F-Actin
was immunostained with Alexa-568 Phalloidin. Nuclei were
detected with DAPI. Immunofluorescent cell imaging was
performed using a Zeiss LSM 510 confocal microscope.

2.5. Measurement of TEER by Electrical Cell-Substrate
Impedance Sensing System (ECIS). HLMVECs grown on
gold electrodes and experiments were conducted only on
wells with steady-state transendothelial electrical resistance.
Resistance changes were monitored in real time using ECIS
(Applied Biophysics) with 4000Hz. TEER values from each
microelectrode were pooled at discrete time points and
plotted versus time as the mean ± SEM.

2.6. RhoA Activity Assay. HLMVECs were treated with
AM966 (1.0 𝜇M, 15 and 30 minutes) or thrombin (1 U/mL,
30 minutes). Guanosine triphosphate- (GTP-) bound active
Rho was predicated by following the manufacturer’s instruc-
tions (Rho Activation Assay Kit, Millipore). The amount of
activated RhoA is determined by a western blotting using a
RhoA specific antibody.

2.7. Statistical Analysis. Statistical analysis was carried out by
one-way ANOVA with post hoc test or Student’s 𝑡-test, with
a 𝑝 value of < 0.05 considered indicative of significance.

3. Results

3.1. AM966 Increases Barrier Permeability and Gap Forma-
tion between Lung Microvascular Endothelial Cells. It has
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been reported that LPA increases lung endothelial barrier
permeability, while the effect of LPA1 antagonist on lung
endothelial barrier integrity has not been reported. Our
initial studies examined the effect of AM966 on HLMVECs
barrier function using ECIS system, a highly sensitive system
to measure endothelial cell monolayer integrity and per-
meability. Figures 1(a) and 1(b) show that AM966 rapidly
reduces TEER in 15min after treatment. The resistance
returned to baseline within 2 h. This effect was similar to
LPA treatment. The combination of LPA1 agonist (LPA) and
antagonist (AM966) had no further reduction of TEER.
These data suggest that both AM966 and LPA increase
HLMVECs permeability and delays barrier integrity recovery
time.VE-cadherin is amajor junction protein, which controls
endothelial barrier integrity. Next, we examined whether the
effect of AM966 is dose-dependent. As shown in Figures
1(c) and 1(d), AM966 reduces TEER in a concentration-
dependent manner. The TEER recovered (0.1 and 1.0 𝜇M
AM966) within 2 h, while it remained in a low level with
10 𝜇M AM966 stimulation. Further, we examined the effect
of AM966 on VE-cadherin expression on cell surface. As
shown in Figure 1(e), VE-cadherin is primarily localized
on cell-cell junctions. However, AM966 (1 𝜇M, 30min)
causes paracellular gap formation and less VE-cadherin
staining on cell-cell junctions. F-Actin staining shows that
A966 increases stress fibers in HLMVECs (Figure 1(e)).
Taken together with Figure 1, these data indicate that
AM966 treatment leads to reduction of VE-cadherin expres-
sion on the cell-cell junction, increasing stress fibers, and
gap formation, thus disrupting lung microvascular barrier
integrity.

3.2. AM966 Activates RhoA and Increases Phosphorylation
of MLC in HLMVECs. A primary mechanism of cellular
contraction is the actin-myosin cross-bridge interaction.
Rho/Rho kinase plays a pivotal role in direct or indirect
phosphorylation of MLC [23]. Based on AM966 induc-
tion of stress fibers, we hypothesized that AM966 activates
RhoA in HLMVECs. To examine whether RhoA/Rho kinase
pathway contributes to AM966-increased lung endothelial
permeability, we first examined the RhoA activity after
AM966 treatment and found that AM966 stimulation acti-
vated RhoA (Figures 2(a) and 2(b)). Thrombin, an agent
well known to activate Rho pathway, was used as a pos-
itive control (Figures 2(a) and 2(b)). Further, the effect
of AM966 on MLC phosphorylation was determined. As
shown in Figures 2(c) and 2(d), AM966 induced phos-
phorylation of MLC in a time-dependent manner, while
the effect was inhibited by Rho kinase inhibitor (Figures
2(e) and 2(f)). The effect of AM966 on phosphorylation
of MLC was similar to the effect by LPA (Figures 2(c)
and 2(d)). To examine whether RhoA activation is involved
in AM966-reduced TEER, HLMVECs were treated with
Rho kinase inhibitor prior to AM966 addition. As shown
in Figures 2(g) and 2(h), AM966-reduced TEER was sig-
nificantly attenuated by Rho kinase inhibitor. These data
suggest that RhoA activation andMLC phosphorylation play
a critical role in AM966-induced lung endothelial barrier
disruption.

3.3. AM966 Increases Phosphorylation of VE-Cadherin. It
has been well known that tyrosine phosphorylation of VE-
cadherin reduces endothelial cell-cell junctions [20]. We
therefore explored the effect of AM966 on phosphoryla-
tion of VE-cadherin. Figures 3(a) and 3(b) depict a sim-
ilar level of increased VE-cadherin phosphorylation after
treatment with AM966 or LPA, while increase in phos-
phorylation of Erk1/2 was only observed in LPA treated
cells. Our and others’ previous studies have shown that
G𝛼i regulates LPA-induced Erk1/2 phosphorylation [8, 33,
34]. This data suggests that AM966 induced phosphory-
lation of VE-cadherin is not through G𝛼i pathway. Fur-
thermore, AM966 induced phosphorylation of VE-cadherin
is in both a time- and concentration-dependent manner
(Figures 3(c)–3(f)). These data support the hypothesis that
AM966 reduces lung endothelial barrier integrity through
modulation of VE-cadherin phosphorylation and reduction
of VE-cadherin expression on the cell-cell junctions in
HLMVECs.

3.4. AM966 Induces Phosphorylation of VE-Cadherin and
Endothelial Barrier Disruption through LPA1. Though
AM966 is a competitive antagonist of the LPA1 receptor,
here we show that AM966 induces biological effects in
HLMVECs including phosphorylation of VE-cadherin and
MLC, activation of RhoA, and reduction of TEER. Thus, we
hypothesized that AM966-mediated barrier disruption is
through binding to LPA1 receptor. Downregulation of LPA1
expression with siRNA significantly attenuated the AM966-
induced phosphorylation ofVE-cadherin as shown in Figures
4(a) and 4(b). LPA1 is coupling to different downstream G
proteins (G𝛼i/o, G𝛼q, and G𝛼12/13) to regulate multiple
biological effects. To investigate the involvement of G𝛼12/13,
we transiently transfected HLMVECs with the minigene
vectors (Cue Biotech, Chicago, IL) encoding a unique
peptide that specifically blocks the receptor/G protein
interface. As shown in Figures 4(c) and 4(d), G𝛼12/13
minigene transfection resulted in attenuation of AM966-
induced phosphorylation of VE-cadherin. These results
indicate that G𝛼12/13 are essential for AM966 reduction of
lung endothelial barrier integrity. The functional importance
of LPA1 receptor in barrier regulation is also measured using
ECIS system. LPA1 siRNA transfection markedly attenuated
AM966-reduced TEER (Figures 4(e) and 4(f)). These
data indicate that AM966-induced barrier disruption in
HLMVECs is mediated by LPA1/G𝛼12/13 pathways including
phosphorylation of VE-cadherin.

3.5. AM966-Induced Phosphorylation of VE-Cadherin Is Not
FAK-Dependent. It has been shown that VE-cadherin phos-
phorylation is mediated by focal adhesion kinase (FAK)
[35]. We observed that AM966 induced phosphorylation of
FAK; the effect was attenuated by downregulation of LPA1
(Figures 5(a) and 5(b)), suggesting that FAK is a downstream
signal molecule of AM966/LPA1. However, the FAK kinase
inhibitor alone increased VE-cadherin phosphorylation, and
it enhancedAM966-induced FAKphosphorylation in a dose-
dependent manner (Figures 5(c) and 5(d)). The functional
of FAK inhibitor in barrier regulation is also measured
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Figure 1: AM966 increases permeability in HLMVECs. (a) Confluent HLMVECs were plated on gold electrodes and TEER changes were
monitored in real time using ECIS. After baseline resistance was stable, DMSO, AM966 (1.0 𝜇M), LPA (5 𝜇M), or AM966 + LPAwas added to
each well. The TEER tracing represents pooled data (±SEM) from 3 independent experiments. (b) The electrical resistance during indicated
time period (a) was quantified and statistical analysis was performed. (c) Confluent HLMVECs were plated on gold electrodes and TEER
changes were monitored in real time using ECIS. After baseline resistance was stable, different doses of AM966 (0.1, 1.0, or 10.0 𝜇M) were
added to each well. The TEER tracing represents pooled data (±SEM) from 3 independent experiments. (d) The resistance in response to
AM966 treatments during indicated time period (c) was quantified and statistical analysis was performed. (e) HLMVECs (∼100% confluence)
were grown on a glass bottom coverslip and serum deprived for 3 h, and then the cells were treated with DMSO or AM966 (1𝜇M) for 30min.
Immunofluorescence staining of VE-cadherin (green), F-actin (red), and nuclei (blue) was examined by a Zeiss LSM 510 confocalmicroscope.
Scale, 15𝜇m. Paracellular gaps are marked by arrows. Shown are representative images from three independent experiments.
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Figure 2: AM966 induces RhoA activity and phosphorylation of MLC. (a) Confluent HLMVECs were starved 3 h and treated with AM966
(1.0𝜇M) and thrombin (1 U/mL) for indicated time periods. Activated RhoA was immunoprecipitated from total lysates by following the
manufacturer’s instructions (Rho Activation Assay Kit, Millipore). The amount of activated RhoA is determined by a western blot using a
RhoA specific antibody. (b) Analysis of activated RhoA by densitometry of the results in (a) were performed by Image J software (𝑛 = 3),
and statistical analysis was shown. (c) Confluent HLMVECs were treated with AM966 (1.0𝜇M) or LPA (5𝜇M) for indicated time periods
after 3 h starvation. Cell lysates were immunoblotted with phospho-MLC (P-MLC) and total MLC antibodies. (d) Analysis of P-MLC by
densitometry of the results in (c) was performed by Image J software (𝑛 = 3), and statistical analysis was shown. (e) Serum starved confluent
HLMVECs were pretreated with Rho kinase inhibitor (10𝜇M) for 1 h and then incubated with DMSO or AM966 (1.0𝜇M) for an additional
30min. Lysates were immunoblotted with P-MLC, total MLC, and 𝛽-actin antibodies. (f) Analysis of P-MLC by densitometry of the results
in (e) was performed by Image J software (𝑛 = 3), and statistical analysis was shown. Shown are representative blots from three independent
experiments. (g) Confluent HLMVECs were plated on gold microelectrodes and pretreated with 10.0𝜇M Rho kinase inhibitor for 1 h and
then stimulated by 1.0 𝜇M AM966 or DMSO. The TEER tracing represents pooled data (±SEM) from 3 independent experiments. (h) The
resistance in response to AM966 treatments during indicated time period (g) was quantified and statistical analysis was performed.

using ECIS system. FAK inhibitor promotedAM966-reduced
TEER in a dose-dependent manner (Figures 5(e) and 5(f)).
This data suggests that FAK is not the kinase that induces
tyrosine phosphorylation of VE-cadherin in response to
AM966 stimulation in HLMVECs.

4. Discussion

IPF is a chronic and progressive lung disorder, which may
result from abnormal lung repair and remodeling [19].
LPA/LPA1-mediated fibroblast proliferation and migration
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Figure 3: AM966 induces phosphorylation of VE-cadherin. (a) Confluent HLMVECs were treated with AM966 (1.0 𝜇M) or LPA (5.0 𝜇M)
for 30min after 3 h starvation. Cell lysates were immunoblotted with phospho-VE-cadherin (P-VE-cadherin), total VE-cadherin, phospho-
Erk1/2 (P-Erk1/2), and total Erk1/2 antibodies. (b) Analysis of P-VE-cadherin and P-Erk1/2 by densitometry of the results in (a) was performed
by Image J software (𝑛 = 3), and statistical analysis was shown. (c) ConfluentHLMVECswere treated with AM966 (1.0𝜇M) for indicated time
after 3 h starvation. Cell lysates were immunoblotted with P-VE-cadherin and total VE-cadherin antibodies. (d) Analysis of P-VE-cadherin
by densitometry of the results in (c) was performed by Image J software (𝑛 = 3), and statistical analysis was shown. (e) Confluent HLMVECs
were treated with AM966 (0 to 10.0𝜇M) for 30min after 3 h starvation. Cell lysates were immunoblotted with P-VE-cadherin and total VE-
cadherin antibodies. (f) Analysis of P-VE-cadherin by densitometry of the results in (e) was performed by Image J software (𝑛 = 3), and
statistical analysis was shown. Shown are representative blots from three independent experiments.
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Figure 4: LPA1 is required forAM966-induced phosphorylation ofVE-cadherin. (a)HLMVECs (∼70%confluent)were transfectedwith LPA1
siRNA (siLPA1) or control (sicont) for 72 h, and then cells were treatedwithAM966 (1.0𝜇M) for 30min. Cell lysates were immunoblottedwith
P-VE-cadherin, total VE-cadherin, and LPA1 antibodies. (b) Analysis of P-VE-cadherin by densitometry of the results in (a) was performed
by Image J software (𝑛 = 3), and statistical analysis was shown. (c) HLMVECs (∼70% confluent) were transfected with minigenes encoding
G𝛼12 or G𝛼13 peptide for 24 h, and then cells were treated with AM966 (1.0𝜇M) for 30min. Cell lysates were immunoblotted with P-VE-
cadherin and total VE-cadherin antibodies. (d) Analysis of P-VE-cadherin by densitometry of the results in (c) was performed by Image J
software (𝑛 = 3), and statistical analysis was shown. Shown are representative blots from three independent experiments. (e) HLMVECs
(∼70% confluent) transfected with LPA1 siRNA (siLPA1) or control (sicont) were plated on gold microelectrodes and then cells were treated
with AM966 (1.0𝜇M) or DMSO. The TEER tracing represents pooled data (±SEM) from 3 independent experiments. (f) The resistance in
response to AM966 treatments during indicated time period (e) was quantified and statistical analysis was performed.

are implicated in the pathogenesis of IPF; thus, targeting
LPA1 pathway is a new potential therapeutic strategy to
treat IPF. AM966 is a highly selective oral LPA1 antago-
nist exhibiting an antifibrotic property [12]. However, the

biological effects of AM966 have not been investigated.
Maintenance of pulmonary endothelial barrier integrity is
of great importance for reducing severity of lung injury.
The current study demonstrates that AM966 induces lung
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Figure 5: AM966-induced phosphorylation of VE-cadherin is not FAK-dependent. (a) HLMVECs (∼70% confluent) transfected with siLPA1
or sicont were treated with AM966 (1.0𝜇M) or DMSO for 30min. Cell lysates were immunoblotted with phosphospecific FAK (P-FAK), total
FAK, and LPA1 antibodies. (b) Analysis of P-FAK by densitometry of the results in (a) was performed by Image J software (𝑛 = 3), and
statistical analysis was shown. (c) Confluent HLMVECs were pretreated with FAK kinase inhibitor (0 to 10.0𝜇M) for 1 h, and then cells were
treated withDMSOorAM966 (1.0𝜇M) for an additional 30min. Cell lysates were immunoblotted with P-VE-cadherin and total VE-cadherin
antibodies. (d) Analysis of P-VE-cadherin by densitometry of the results in (c) was performed by Image J software (𝑛 = 3), and statistical
analysis was shown. Shown are representative blots from three independent experiments. (e) Confluent HLMVECs were plated on gold
microelectrodes and pretreated with FAK inhibitor (1.0 or 5.0𝜇M) for 1 h and then stimulated by 1.0 𝜇MAM966 or DMSO.The TEER tracing
represents pooled data (±SEM) from 3 independent experiments. (f) The resistance in response to AM966 treatments during indicated time
period (e) was quantified and statistical analysis was performed.
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microvascular endothelial barrier disruption in vitro through
modulation of VE-cadherin phosphorylation and cytoskele-
tal rearrangement. These effects are mediated by LPA1. This
study is the first to reveal that AM966may exhibit endothelial
barrier disruption properties.

Controversial results regarding the effects of LPA on
endothelial barrier integrity have been reported during the
past two decades. Decreased endothelial permeability by
platelet-derived LPA was first observed by Alexander et
al. [28]. Further, albumin-bound LPA was found to form
an active complex that increases electoral resistance across
endothelial cells [36]. The effect of LPA on reduction mono-
layer permeability was also observed in Schlemm’s canal
cells [37] and in the late angiogenesis [27]. However, more
recent studies demonstrated increased vascular leakage after
LPA exposure [18, 38, 39], and LPA1 regulates the phenotype
[39–41]. Deregulation of adherens and tight junctions [29,
42, 43], calcium release [44], and Rho-mediated cytoskeletal
rearrangement [25, 30, 45, 46] contribute to LPA-induced
endothelial barrier disruption. In our study, we provide
evidence to show not only LPA but also LPA1 antagonist,
AM966, increases permeability immediately and reversibly.

A previous study has shown that when giving 10mg/kg of
AM966 orally to nonfasted mice, plasma AM966 reached a
peak concentration of 9 𝜇M within 1 h [12], which indicates
that the AM966 in our experiments were in the biological
range. However, the study shows that oral administration of
AM966 protects lung vascular leak after 7 days of bleomycin
challenge [12]. This controversial conclusion may be due to
species specificity. Pan et al. have shown that molecular regu-
lation of gene expression of p-selection, an adhesion receptor,
is different from mouse and human endothelial cells [47].

Accumulating findings have shown that, with thrombin,
TNF-𝛼, or endothelial growth factor (VEGF) treatments,
stress fibers composed of actin andmyosin play an important
role in cell contraction and breaking down of the adherens
junctions [48–50]. MLC is the light chain of myosin, and
phosphorylation of MLC at either T18 or S19 is required for
its interactionwith actin [23]. Activation of RhoA/Rho kinase
is considered to have a crucial role in the control of MLC
phosphorylation and cytoskeletal rearrangements [22, 24, 46,
51–53]. LPA has been shown to activate RhoA/Rho kinase
pathway in various cell types [25, 51, 54]. Our data indi-
cate that an AM966-LPA1-RhoA/Rho kinase-MLC signaling
pathway leads to cell contraction and adherens junctions
disruption (Figure 6).

VE-cadherin is a fundamental component of adherens
junctions in endothelium. By interacting with 𝛼-catenin, 𝛽-
catenin, and p120, VE-cadherin links actin indirectly [20, 21].
Tyrosine phosphorylation of VE-cadherin increases vascular
permeability [20]. There are nine tyrosine phosphoryla-
tion sites of VE-cadherin which may be phosphorylated in
response to different stimuli [55]. VE-cadherin phosphoryla-
tion at Y685 ismediated by Src kinase, resulting in endothelial
cell migration or hyperpermeability [56, 57], while phos-
phorylation at Y731 regulates the induction of leukocyte
extravasation [58]. In our present study, phosphorylation
of VE-cadherin at Y658 induced by AM966 leads to lung
endothelial barrier dysfunction, consistent with several other

G𝛼12/13
𝛽
Γ

RhoA

P

P

VE-cadherin

MLC

Actin
remodeling

Barrier failure

AM966

LPA1

Figure 6: AM966 reduces pulmonary microvascular cell barrier
integrity through LPA1/G𝛼12/13-mediated phosphorylation of MLC
and VE-cadherin. AM966 is ligated to LPA1 and triggers RhoA/Rho
kinase pathway, thereby increasing MLC phosphorylation and
cytoskeletal rearrangement. AM966 induces phosphorylation of
VE-cadherin. Therefore, AM966 increases lung endothelial perme-
ability.

studies where VEGF, polychlorinated biphenyl, and silver
nanoparticles are the agonists [49, 59, 60]. LPA has been
reported to increase permeability by regulating G𝛼i/NF-kB
signaling [61]. Here we show that this AM966-induced phos-
phorylation at Y658 is through the LPA1-G𝛼12/13 pathway.
FAK is a tyrosine kinase that plays different roles in barrier
regulation. For example, FAK contributes to VEGF-induced
barrier dysfunction [62, 63], while it has been also reported
that downregulation of FAK protects barrier integrity [64]. In
our study, though phospho-FAK is upregulated in response
to AM966 stimulation, FAK kinase inhibitor did not reduce
the level of VE-cadherin phosphorylation. In addition, FAK
kinase inhibitor treatment enhances AM966-induced barrier
disruption. The molecular mechanism by which AM966
induces phosphorylation of VE-cadherin is our focus in
future studies.

AM966 has been known to bind to LPA1; however,
the signaling pathway triggered by AM966 has not been
revealed. This study is the first report to reveal that AM966
binds to LPA1 and triggers RhoA/Rho kinase-MLC and VE-
cadherin phosphorylation pathways.This study indicates that
LPA1 agonist and antagonist share LPA1/G𝛼12/13 pathway
regarding regulation of phosphorylation of MLC and VE-
cadherin, while AM966 has no effect of activation of G𝛼i-
coupled LPA1 pathway.
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5. Conclusion

In conclusion, our study, for the first time, shows an unex-
pected effect of AM966 on lung microvascular barrier dis-
ruption and underlying molecular mechanisms which are
regulated through RhoA/Rho kinase/MLC and VE-cadherin
(Figure 6).This is overlapswith LPA activity. Future studywill
be performed to examine the effect of AM966 and its related
compounds on endothelial barrier integrity in preclinical
murine models of human diseases.
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Sepsis is characterized by injury of the pulmonary microvasculature and the pulmonary microvascular endothelial cells (PMVEC),
leading to barrier dysfunction and acute respiratory distress syndrome (ARDS). Our recent work identified a strong correlation
between PMVEC apoptosis and microvascular leak in septic mice in vivo, but the specific role of apoptosis in septic PMVEC
barrier dysfunction remains unclear. Thus, we hypothesize that PMVEC apoptosis is likely required for PMVEC barrier dysfunction
under septic conditions in vitro. Septic stimulation (mixture of tumour necrosis factor 𝛼, interleukin 1𝛽, and interferon 𝛾 [cytomix])
of isolated murine PMVEC resulted in a significant loss of barrier function as early as 4 h after stimulation, which persisted until
24 h. PMVEC apoptosis, as reflected by caspase activation, DNA fragmentation, and loss of membrane polarity, was first apparent at
8 h after cytomix. Pretreatment of PMVEC with the pan-caspase inhibitor Q-VD significantly decreased septic PMVEC apoptosis
and was associated with reestablishment of PMVEC barrier function at 16 and 24 h after stimulation but had no effect on septic
PMVEC barrier dysfunction over the first 8 h. Collectively, our data suggest that early septic murine PMVEC barrier dysfunction
driven by proinflammatory cytokines is not mediated through apoptosis, but PMVEC apoptosis contributes to late septic PMVEC
barrier dysfunction.

1. Introduction

Acute respiratory distress syndrome (ARDS), which has a
30–40% mortality rate, is characterized by severe pulmonary
inflammation and high-permeability, proteinaceous edema
[1, 2]. Sepsis is the most common cause of ARDS [1, 3–5].
Septic organ dysfunction, including the lung injury present
in ARDS, is due in large part to systemic inflammation
leading to dysfunction of themicrovasculature, especially the
microvascular endothelial cells (MVEC) [5–9]. Microvascu-
lar dysfunction is characterized by impaired barrier function
(increased permeability leading to extravascular leak of pro-
tein-rich edema) and neutrophil (PMN) influx into organs
[10–14], microvascular thrombosis [15, 16], and impaired dis-
tribution of blood flow in microvascular beds [17]. Microvas-
cular dysfunction is clinically important, as it has been

documented early in the course of sepsis in humans, and
is associated with increased mortality [7, 8], especially if it
persists over time [9].

Pulmonary microvascular dysfunction in sepsis and
ARDS is principally due to activation, injury, and dysfunc-
tion of pulmonary MVEC (PMVEC). Multiple mechanisms
promote septic PMVEC dysfunction, including activation
by cytokines, mechanical interaction with activated leuko-
cytes, and exposure to harmful leukocyte-derived molecules,
such as oxidants (including nitric oxide). These factors
result in PMVEC abnormalities, including disruption of
inter-PMVEC junctions and cytoskeleton-driven retraction
[2, 5, 10–12, 18–21]. Recently, we identified a correlation
between PMVEC apoptosis in vivo and increased pul-
monary microvascular permeability following cecal ligation
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and perforation- (CLP-) induced sepsis in mice [22, 23].
Furthermore, we demonstrated that systemic administration
of Q-VD, a synthetic inhibitor of caspases, decreased septic
PMVEC apoptosis, which was associated with reduced septic
pulmonary microvascular permeability [23].

Apoptosis is a highly regulated, energy-dependent, enzy-
matic process of cell death, important in development and
tissue homeostasis, but is also activated under inflammatory/
pathologic conditions, such as sepsis. Apoptotic cell death
is characterized by activation of cysteine proteases known
as caspases, a loss of cell membrane polarization, and frag-
mentation of the DNA leading to condensed nuclei [24, 25].
Initiation of apoptosis is regulated by multiple pathways,
which culminate in final common effector caspase activation.
One of these, the extrinsic (or receptor-mediated) pathway
depends on signalling by members of the tumour necrosis
factor (TNF) cytokine family (i.e., TNF𝛼) suggesting that
stimulation of PMVEC with a combination of proinflamma-
tory cytokines (e.g.,mixture of TNF𝛼, interleukin [IL] 1𝛽, and
interferon [IFN] 𝛾) may lead to PMVEC apoptosis [24, 26].
However, while some studies support the ability of proin-
flammatory cytokines (i.e., TNF𝛼) to induce endothelial cell
(EC) apoptosis, these cytokines do not consistently induce
apoptosis, depending on particular EC type and method
of assessment of both EC barrier function and apoptosis
(Table 1) [27–42]. Further, it has not been clearly established
whether PMVEC apoptosis is a driving factor in early and late
septic EC barrier dysfunction or whether apoptosis has a role
in recovery from septic injury and repair of themicrovascular
permeability barrier. Specifically, previous studies, primarily
in macrovascular EC such as human umbilical vein EC
(HUVEC), suggest that septic EC barrier dysfunction may
correlate with EC apoptosis; however, many of these studies
do not clearly demonstrate that EC apoptosis causes barrier
dysfunction (Table 1). Additionally, there is also evidence that
EC leak can occur in the absence of EC apoptosis (Table 1).
Our previous work, however, suggests PMVEC apoptosis as a
critical mechanism for the loss of PMVEC barrier function in
vivo [22, 23]. Thus, we hypothesize that PMVEC apoptosis is
likely required for PMVEC barrier dysfunction under septic
conditions in vitro. Furthermore, it is likely that PMVEC
apoptosis also prevents reestablishment of normal PMVEC
barrier function.

2. Methods

2.1. PMVEC Isolation. PMVEC were isolated from the lungs
of C57Bl/6 mice, as previously described [10, 43]. In brief,
lungs were isolated, finely minced, and then digested with
collagenase before incubation with magnetic microbeads
(Dynal Biotech Inc., Lake Success, NY) coupled to anti-CD31
(platelet endothelial cell adhesion molecule, PECAM) anti-
bodies (BD Pharmingen, Franklin Lakes, NJ). Microbead-
bound PMVECwere captured, washed, suspended in growth
medium (Dulbecco’smodified Eagle’smedium [DMEM]with
20% Fetal Bovine Serum, 5mM glucose, 4mM L-Glutamine,
1mM Sodium Pyruvate, and Phenol Red; Invitrogen, Carls-
bad, CA), and then seeded in gelatin-coated cell-culture
flasks. Once approximately 90% confluent, cells were stained

with fluorescent acetylated-low density lipoprotein (LDL)
(Biomedical Technologies, Stoughton, MA) and assessed
by immunofluorescence or stained with antibodies against
CD31, CD34, CD146, and CD202b conjugated to pacific
blue, phycoerythrin, fluorescein isothiocyanate (FITC), or
allophycocyanin, respectively (VWR Scientific Inc., Radnor,
PA), and assessed by flow cytometry (easyCyte Guava 12HT;
Millipore, Billerica, MA, USA). Collectively, these processes
resulted in PMVEC isolates with 99% homogeneity, which
were then cultured and used between passages 4 and 8.

2.2. Assessment of PMVEC Barrier Integrity. PMVEC barrier
function was assessed in vitro by culturing 2.5 × 104 PMVEC
on gelatin-coated 24-well cell-culture inserts (3.0 𝜇m pore,
VWR) in full DMEM medium as we have done previously
[10, 43]. During growth, culture medium was changed
every second day and PMVEC monolayer permeability was
assessed every second day by measuring transendothelial
electrical resistance (TEER; EVOM2 Endothelial Voltohm-
meter; World Precision Instruments, Sarasota, FL). Individ-
ual PMVECmonolayer TEER was corrected for TEER across
an empty insert. A fully intact basal PMVEC permeability
barrier was accepted when TEER stabilized (±5%).

PMVECmonolayer permeability under basal/resting and
septic conditions (cytomix: equimolar solution of TNF𝛼,
IL1𝛽, and IFN𝛾 used to mimic a septic response, 0.3–
100 ng/mL, PeproTech, Rocky Hill, NJ) was assessed over a
time course (2–24 h) using three techniques: (i) TEER (as
above), (ii) FITC-labelled dextran flux (4 kDa), and (iii) EB-
labelled albumin flux (67 kDa). The levels of trans-PMVEC
macromolecular flux of the smaller molecular weight FITC-
labelled dextran (4 kDa) or larger molecular weight EB-
labelled albumin (67 kDa) from the upper chamber into the
lower chamber of the cell-culture inserts were measured over
exactly 60mins as we have done previously [10, 43]. Briefly,
both EB-labelled albumin (bovine serum albumin, 33.5 𝜇g
total in 250𝜇L; Sigma, Oakville, Ontario) and FITC-labelled
dextran (125 𝜇g total in 250𝜇L; Sigma) were added directly to
the upper chamber of the cell-culture insert. After 1 h, inserts
were removed and the conditioned media from the lower
chamber collected. EB-labelled albumin flux was determined
by measuring the absorbance of the conditioned medium
(620 nm) and comparing to a standard curve of EB-labelled
albumin (Victor3 multilabel microplate reader, PerkinElmer,
Inc. Waltham, MA, USA). Trans-PMVEC FITC-labelled
dextran flux was determined by collecting the lower cham-
ber medium, measuring the fluorescence (excitation peak
wavelength: 488 nm and emission peak wavelength: 525 nm),
and comparing this to completely equilibrated FITC-dextran
in both chambers of control wells (labelled 100%; Victor3
multilabel microplate reader).

Basal and septic PMVEC permeability was also assessed
in the presence or absence of the broad-spectrum potent
caspase inhibitors carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone (z-VAD-FMK, 100 𝜇M, BD
Biosciences, Mississauga, ON) or quinoline-valyl-aspar-
tyl(Ome)-CH2-O-phenoxy (Q-VD, 50𝜇M, APExBIO, Bos-
ton,MA) [45]. For these studies, inhibitorswere administered
simultaneously with the septic stimulus (cytomix).
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2.3. Quantification of PMVEC Apoptosis. To identify features
of apoptosis in PMVEC, three different molecular markers
were assessed using fluorescencemicroscopy andflow cytom-
etry under basal and septic conditions: (1) caspase activation,
(2) DNA fragmentation, and (3) loss of cell membrane
polarity.

To detect caspase activation, PMVEC were stained with
the Sulforhodamine (SR) FLICA Poly Caspase Assay Kit
as per manufacturer’s instructions (Immunohistochemistry
Technologies, Bloomington, MN). Briefly, SR FLICA was
added to PMVEC culture medium for the final 1 h of
stimulation after which PMVEC were fixed with 10% forma-
lin. Hoechst’s stain (Hoechst 33342, Life Technologies Inc.,
Burlington, ON)was then used to fluorescently label PMVEC
nuclei. Cells were then imaged using fluorescent microscopy
(FLICA excitation/emission: 550 nm/590–600 nm; Hoechst
excitation/emission: 361 nm/486 nm). The number of FLICA
and Hoechst positive cells per field of view was counted
through the use of a macro in ImageJ (National Insti-
tutes of Health). Automated counts of positive cells were
confirmed with manual counts by two blinded review-
ers.

Late-stage apoptotic DNA fragmentation in PMVEC was
examined by terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL; excitation/emission: 494/521 nm;
In Situ Cell Death Detection, Roche, Laval, QC). For these
studies, PMVEC were fixed in 10% formalin following basal
and septic (cytomix) stimulation and then permeabilized
with a 1% Na+ citrate/0.1% Triton X-100 solution. Following
permeabilization, TUNEL staining was used to identify
PMVEC with DNA fragmentation and Hoechst stain was
used to label all PMVEC nuclei. Cells were then imaged
using fluorescentmicroscopy and the number of TUNEL and
Hoechst positive cells per field of view was determined as
above.

Loss of cell membrane polarization (as indicated by pres-
ence of cell surface phosphatidylserine) was assessed by
staining PMVEC with FITC-conjugated Annexin V and
propidium iodide (PI; Invitrogen, Burlington, ON). For these
studies, PMVEC were stimulated with PBS or cytomix, lifted
by trypsinization, and stainedwithAnnexinV andPI in bind-
ing buffer (0.1M HEPES pH 7.4; 1.4M NaCl; 25mM CaCl

2
).

The presence of AnnexinV and PI staining was then analyzed
by flow cytometry (easyCyte Guava 12HT). Annexin V+/PI−
cells were considered apoptotic cells, whereas Annexin
V+/PI+ cells were considered dead cells and Annexin V−/PI−
cells were considered live cells.

2.4. Quantification of PMVEC Detachment. The degree of
PMVEC attachment was assessed under basal and septic
conditions and following treatment with Q-VD. Detached
cells were quantified by pooling the conditioned media
collected from each well with the supernatant from a single
wash (PBS) of each well. Following centrifugation at 400 RCF
for 10min at 4∘C, the supernatant was removed, the cell pellet
resuspended in 0.1% albumin/PBS, and the detached PMVEC
cytospun onto slides. Detached PMVEC were then assessed
by TUNEL/Hoechst staining as described above.

2.5. Statistical Analysis. Data are reported as mean ± SEM
and were analyzed using GraphPad Prism 5. Differences
between groups were assessed by 𝑡-tests (one measured
variable) or by a two-way ANOVA with Bonferroni post hoc
testing (two independent variables). Significance threshold
was set at 𝛼 = 0.05 and experiments were replicated at least 3
times.

3. Results

3.1. Dose Response and Time Course of Cytomix-Induced
PMVEC Permeability. In our previous in vivo and in vitro
studies, there is significant septic PMVEC barrier dysfunc-
tion at 4 h after septic stimulation [12, 22, 23, 43]. To
identify the concentration of cytomix required to induce
maximal PMVEC permeability as indicated by two comple-
mentary techniques, TEER and EB-albumin flux, PMVEC
were treated with a range of cytomix concentrations. Under
basal conditions, PMVEC achieved a stable TEER of 23.3 ±
1.0Ohms (Figure 1(a)). PMVEC TEER was significantly
decreased (79.4 ± 0.2% versus PBS) 4 h following stimulation
with 0.3 ng/mL cytomix and continued to decrease in a dose-
dependent manner until 10 ng/mL cytomix (56.7 ± 4.5%
versus PBS; Figure 1(a)). PMVEC permeability to protein, as
measured by EB-labelled albumin flux across the PMVEC
monolayer, was significantly increased versus baseline fol-
lowing stimulation with 1 ng/mL cytomix (264.5 ± 11.0%
versus PBS; Figure 1(b)). PMVEC permeability became max-
imal at 30 ng/mL of cytomix (338.7 ± 21.9% versus PBS;
Figure 1(b)).

The time course of septic PMVEC hyperpermeability was
more rigorously defined following stimulationwith 30 ng/mL
cytomix. Following cytomix stimulation, TEER was sig-
nificantly reduced by 2 h and was maximally reduced
by 4 h (Figure 2(a)). After 4 h, TEER gradually recovered
returning to baseline by 24 h after cytomix stimulation
(Figure 2(a)). PMVEC permeability to small (4 kDa dextran)
and large (67 kDa albumin)macromoleculeswas significantly
increased at 4 h after cytomix and remained significantly
elevated at 24 h after cytomix with no evidence of recovery
(Figures 2(b) and 2(c)).

3.2. Time Course of Cytomix-Induced PMVEC Apoptosis. To
begin to assess the role of PMVEC apoptosis in the increased
PMVECpermeability following stimulationwith cytomix, we
examined three different molecular features associated with
apoptosis over a time course: caspase activation (FLICA+),
loss of cell membrane polarity (Annexin V+), and DNA
fragmentation (TUNEL+). PMVEC apoptosis, as evidenced
by greater FLICA and Annexin V staining, was significantly
increased by 8 h after cytomix stimulation (237.5 ± 26.3%
and 172.7 ± 21.1% versus PBS for FLICA and Annexin V,
resp.), which persisted until 24 h after cytomix (569.2±14.9%
and 153.8 ± 15.0% versus PBS for FLICA and Annexin V,
resp.; Figure 3). Similarly, TUNEL staining was significantly
increased by 16 h after cytomix stimulation (866.7 ± 34.6%
versus PBS) and was still evident at 24 h (900.0±20.4% versus
PBS; Figure 3).
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Figure 1: Cytomix induces a dose-dependent increase inmouse PMVECpermeability. PMVEChad significantly higher permeability 4 h after
cytomix stimulation by 2 assays: (a) lower transendothelial electrical resistance (TEER) and (b) higher Evans blue- (EB-) labelled albumin
flux. Furthermore, by both measures, permeability was maximal at 30 ng/mL cytomix. ∗ and ∗∗ represent 𝑃 < 0.05 and 0.01 compared with
PBS (one-way ANOVA), respectively. 𝑛 = 3.

Caspase activation [FLICA] is considered an earlymarker
of apoptosis whereas DNA fragmentation [TUNEL] is con-
sidered a late-stage marker of apoptosis. Examination of
PMVEC double stained with FLICA and TUNEL demon-
strated that at 16 h afer cytomix, 27.4 ± 7.7% of FLICA+ cells
were TUNEL+, and by 24 h after cytomix, the percentage of
FLICA+ cells that were also TUNEL+ increased to 70.6±7.0%
(Figure 4). Most of the TUNEL+ cells were also FLICA+ at
both 16 and 24 h after cytomix (Figure 4).

3.3. Effect of Caspase Inhibition on Cytomix-Induced PMVEC
Leak and Apoptosis. To determine the contribution of
PMVEC apoptosis to cytomix-induced loss of PMVEC bar-
rier function, PMVECwere treatedwith two broad-spectrum
caspase inhibitors, Z-VAD and Q-VD. Treatment with either
Z-VAD or Q-VD had no effect on cytomix-induced decreases
in PMVEC TEER compared to cytomix alone (Figure 5(a)).
Similarly, no significant effects of Z-VAD or Q-VD were
observed on cytomix-induced macromolecular flux (dextran
and albumin) at 4 h and 8 h after cytomix (Figures 5(b) and
5(c)). Treatment with Z-VAD, however, significantly reduced
cytomix-induced dextran flux versus cytomix alone at both 16
and 24 h and significantly reduced cytomix-induced albumin
flux versus cytomix alone at 24 h (Figures 5(b) and 5(c)).
Furthermore, treatment with Q-VD resulted in a significant
reduction in both dextran and albumin flux at 16 and 24 h
after cytomix compared to cytomix alone (Figures 5(b) and
5(c)).

Apoptosis is thought to be associated with an increase
in detached cells [44]. Assessment of PMVEC detachment
following cytomix stimulation revealed a significant reduc-
tion in cell attachment following 24 h of cytomix stimulation
(Figure 6(a)). Furthermore, cytomix stimulation was also
associated with a significant increase in the percentage of
detached PMVEC at 16 h and 24 h following cytomix stim-
ulation (360.0 ± 19.4% and 894.7 ± 8.8% versus PBS, resp.;

Figure 6(b)). Importantly, treatment with Q-VD was found
to significantly reduce the percentage of detached PMVEC at
both 16 h (160.0 ± 23.1% versus PBS) and 24 h (210.5 ± 17.5%
versus PBS) after cytomix (Figure 6(b)).

Apoptosis was then examined in Q-VD treated PMVEC
to confirm that the observed decreases in cytomix-induced
macromolecular flux and PMVEC detachment were due
to decreases in apoptotic PMVEC death. As previously
observed (Figure 3(c)), the percentage of TUNEL+ cells was
significantly increased at 24 h after cytomix (890.9 ± 12.2%
versus PBS); however, treatment with Q-VD resulted in a
significant reduction in the percentage of TUNEL+ PMVEC
following cytomix stimulation (409.1 ± 17.8% versus PBS;
Figure 7(a)). Interestingly, inclusion of detached cells in
the assessment of apoptosis resulted in an increase in the
percentage of TUNEL+ PMVEC compared with assessment
in attached cells alone (19.6 ± 2.4% versus 4.6 ± 1.0%
resp.; Figure 7(a)). Similar to TUNEL+ PMVEC, the per-
centage of Annexin V+ PMVEC was significantly increased
following cytomix stimulation (versus vehicle control), and
treatment with Q-VD was associated with a significant
reduction in the percentage of Annexin V+ PMVEC ver-
sus cytomix-stimulated PMVEC in the absence of Q-VD
(Figure 7(b)).

4. Discussion

In the current report, we studied an in vitro model of
septic ARDS by isolating, culturing, and studying murine
PMVEC in vitro under septic conditions induced by exposure
to multiple sepsis-relevant proinflammatory cytokines. Our
current work confirms that stimulation of PMVEC with
this mixture of 3 clinically relevant cytokines leads to a
dose-dependent increase in PMVEC permeability over a
biphasic time course, including acute 4–8 h barrier dysfunc-
tion characterized by both reduced trans-PMVEC electrical
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Figure 2: Time course of cytomix-induced mouse PMVEC hyperpermeability. Cytomix-stimulated PMVEC had significantly increased
permeability by 4 h after stimulation versus PBS by 3 assays: lower TEER (a) and higher macromolecular flux including fluorescein
isothiocyanate- (FITC-) labelled dextran (b) and EB-labelled albumin (c). Interestingly, leak as assessed by TEER appeared to recover by 16–
24 h after cytomix, whereas septic enhanced macromolecular flux persisted. ∗∗ represents 𝑃 < 0.01 compared with PBS (two-way ANOVA).
𝑛 = 8.

resistance (TEER) and enhancedmacromolecular permeabil-
ity and late-phase 16–24 h persistence of this septic PMVEC
macromolecule hyperpermeability despite recovery of TEER
to baseline. Septic PMVEC apoptosis was documented using
3 independent and complementary markers and was found
to be significant as early as 8 h and persisted at 16–24 h after
cytomix stimulation. Early septic PMVEC hyperpermeability
was not apoptosis-dependent; however, delayed PMVEC bar-
rier dysfunction was abrogated following effective inhibition
of apoptosis using two distinct caspase inhibitors, coincident
with markedly inhibited PMVEC apoptosis and PMVEC
detachment.

In sepsis, multiple organ dysfunction, including ARDS,
is presumed due to systemic inflammatory injury of the
microvasculature, especially the MVEC [5–9]. There is

evidence for microvascular and MVEC dysfunction and
injury in human sepsis. For example, microvascular dysfunc-
tion has been documented early in the course of human sepsis
[7, 8, 46, 47]. In addition, increased numbers of circulating
EC and soluble markers of EC damage (e.g., intercellular
adhesion molecule 1, von Willebrand factor [vWF], and
vascular endothelial growth factor receptor 1) correlate with
more severe sepsis and higher mortality [48–54]. Further-
more, this septic microvascular dysfunction is clinically
relevant as the presence of microvascular dysfunction in
human sepsis is associated with more severe sepsis, organ
dysfunction, and increased mortality [7, 8, 46]. Moreover,
clinical outcomes including survival were especially poor if
septic microvascular dysfunction persisted over time despite
usual clinical management [9].
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Figure 3: Cytomix induces mouse PMVEC apoptosis. (a) Cytomix stimulation for 24h leads to an increased number of cells stained positive
for active caspases (fluorescent inhibitor of caspases [FLICA]; upper row; red) and fragmented DNA (terminal deoxynucleotidyl transferase
dUTP nick end labeling [TUNEL]; lower row; green). Nuclei were stained with Hoechst 33342. Quantification revealed significant increases
in FLICA+ (b), TUNEL+ (c), and Annexin V+/propidium iodide- (PI-) cells (d) by 8h (FLICA and Annexin V) and 16h (TUNEL) after
cytomix. All 3 markers indicated persistent increases in septic PMVEC apoptosis at 24h. ∗∗𝑃 < 0.01 compared with PBS (two-way ANOVA).
𝑛 = 5-6.

Specifically, in ARDS, there are similar although more
limited data to support pulmonarymicrovascular andMVEC
injury and dysfunction. For example, pulmonary microvas-
cular dysfunction, as reflected by highermeasured ventilatory
dead space was found to be associated with more severe
ARDS and greater mortality [55]. Similarly, the presence of
pulmonary vascular diseasemanifesting as pulmonary hyper-
tension in patients with ARDS is an independent marker
of poor prognosis [56]. In addition, elevated soluble plasma
levels of several EC-derived proteins suggestive of more
severe EC injury, including angiopoetin-2, thrombomodulin,
and vWF in ARDS patients, are associated with higher

mortality [57–60]. Specifically, for Ang-2, elevated levels are
associatedwith a greater incidence of ARDS in patients at risk
[57], and increasing levels over the first few days of infection-
associatedARDS aremore predictive of highermortality than
baseline levels [58]. Conceptually, pulmonary microvascular
injury and dysfunction are thought to be central to indirect
causes of ARDS (e.g., sepsis) and are also likely required for
the development of ARDS in patients with clinical conditions
characterized by direct lung insults (e.g., pneumonia and
aspiration).

This septic microvascular and MVEC dysfunction is
especially characterized by impaired barrier function, with
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Figure 4: Caspase activation correlates with DNA fragmentation as a marker of PMVEC apoptosis. (a) Cytomix stimulation leads to an
increased number of cells stained positive for both active caspases (FLICA; red) and fragmented DNA (TUNEL; green). Note that overlap
between the 2 markers of apoptosis appears as yellow-white. Nuclei were stained with Hoechst 33342. (b) Quantitation of double-positive
cells revealed that at 16 h, only 27 ± 7.7% of FLICA+ cells were also TUNEL+, whereas by 24 h, this number had increased to 70 ± 7.0%.
Interestingly, almost all TUNEL+ cells were FLICA+ at both 16 h (92 ± 7.5%) and 24 h (85 ± 5.3%). 𝑛 = 4.

the septic hyperpermeability resulting in protein-rich tissue
edema and PMN influx into organs. Clearly, leak of protein-
rich fluid from the pulmonary microvasculature into the
interstitial and alveolar spaces is one of the defining patho-
physiological features of ARDS [61, 62] and of animal models
of sepsis-induced lung injury [11, 12, 22, 23]. Although many
studies have advanced our understanding of the mechanisms
regulating PMVEC barrier dysfunction in ARDS, many of
these reports examined barrier function in either EC from
the macrovasculature (e.g., HUVEC and pulmonary artery
endothelial cells [PAEC]) or EC from systemic vascular beds
(i.e., brain MVEC and corneal EC) [27–29, 33, 63–66]. While
these studies provide insight into potential mechanisms,
EC from the micro- and macrovasculature have different
biological properties [67–71]. Moreover, the responses of EC
from different vascular beds to proinflammatory cytokines
vary markedly, especially with respect to apoptosis and the
association of apoptosis with increased EC permeability
(Table 1) [27–29, 33, 63–66]. Thus, given the importance of
the pulmonary microvasculature in sepsis-associated ARDS,
our current work focuses specifically on the effect of proin-
flammatory cytokines on PMVEC.

Multiple mechanisms of PMVEC injury in sepsis and in
ARDS have been postulated. These include the actions of

cytokines and other soluble circulating molecules, mechan-
ical interaction with activated leukocytes and platelets, and
paracrine exposure to injurious molecules released by these
cells [2, 11, 12, 18, 19]. Ultimately, these exposures contribute
to pulmonary microvascular, specifically PMVEC, injury,
dysfunction, and possibly death/apoptosis [72]. EC apoptosis
and resulting microvascular permeability are commonly
accepted to be pathophysiologically associated, although the
direct evidence in support of this relationship is limited
[22, 23, 72–74]. For example, our previous work found that
septic pulmonary microvascular barrier dysfunction in vivo
in mice following CLP-sepsis was associated with increased
PMVEC apoptosis and, moreover, that inhibition of apop-
tosis, via treatment of these mice with Q-VD (a synthetic
caspase inhibitor), significantly reduced septic pulmonary
microvascular permeability [22, 23]. Additional studies have
demonstrated that inhibition of apoptosis following CLP-
induced sepsis through treatment with siRNA against cas-
pases or FAS-associated death domain (FADD) rescues septic
EC dysfunction, including reducing septic hyperpermeabil-
ity [72–74]. Furthermore, assessment of apoptosis in vivo
revealed the presence of apoptotic EC early in the time course
of sepsis (4 h) as well as much later (24 h) depending on the
vascular bed studied [23, 73, 74].
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Figure 5: Caspase activity contributes to persistent septic PMVEC macromolecular hyperpermeability. (a) Inhibition of caspase activity (Z-
VAD, 100𝜇M;Q-VD, 50 𝜇M) following cytomix stimulation did not appear to affect mouse PMVECTEER at any of the time points examined
versus vehicle treatment (dimethyl sulfoxide [DMSO]). In contrast, septic increases in macromolecular flux across PMVEC, including EB-
albumin (b) and FITC-dextran (c), were significantly attenuated at 16 h and 24 h after cytomix by inhibition of caspase activity. Dashed lines
indicate average basal level (treated with vehicle alone). Of note, inhibition of caspase activity had no effect on septic PMVEC increases in
macromolecular flux at earlier time points (4 h and 8 h). ∗ and ∗∗ represent 𝑃 < 0.05 and 0.01 compared with PBS, respectively (two-way
ANOVA). 𝑛 = 6–8.

Despite the in vivo evidence, however, the role of apop-
tosis in mediating septic impaired MVEC barrier function,
and hence, the pulmonary edema characteristic of ARDS,
remains unclear. Multiple studies have attempted to address
this question utilizing in vitro models of septic conditions
in various EC types (Table 1) [27–39]. Overall, these stud-
ies demonstrated that EC stimulation with proinflamma-
tory cytokines sometimes led to the induction of apopto-
sis, depending on dose, timing, and exact combination of
cytokines. However, this EC apoptosis was in many cases
only defined by a single marker (e.g., TUNEL), which is a
serious limitation as all putative markers of apoptosis can

also be observed in other nonapoptotic death mechanisms
[75, 76]. Moreover, it is now widely accepted that apoptosis
must be supported by a panel of multiple complementary
assays, including loss of cell membrane polarization, caspase
activation, andDNA fragmentation [75, 76].Thus, the present
study provides a comprehensive assessment of apoptotic cell
death (3 complementary markers) over a time course clearly
identifying the progressive induction of apoptosis beginning
at 8 h and increasing to 24 h after cytomix.

The connection between MVEC apoptosis and barrier
dysfunction has also not been firmly established and depends
on the EC type, stimulation conditions, and time course
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Figure 6: Inhibition of caspase activity reduces cell detachment.
(a) Stimulation with cytomix significantly decreases the number of
attached mouse PMVEC after 24 h. ∗𝑃 < 0.05 compared with PBS
(two-way ANOVA). 𝑛 = 4–6. (b) Treatment of cytomix-stimulated
PMVEC with Q-VD (50𝜇M) significantly increased the number of
attached cells versus vehicle-treated. ∗∗𝑃 < 0.01 compared with
vehicle (DMSO); # and ## represent 𝑃 < 0.05 and 0.01 compared
with cytomix-treated group, respectively (two-way ANOVA).

with many of the studies utilizing macrovascular EC (e.g.,
HUVEC) and a single time point (Table 1). For example,
stimulation of brain MVEC with TNF𝛼 and IFN𝛾 for 24 h
results in apoptosis that is associated with increased brain
MVEC barrier dysfunction [33]. Treatment with a caspase
inhibitor (Z-VAD), however, only partially restored barrier
function. Additionally, stimulation of macrovascular PAEC
with TNF𝛼 resulted in apoptosis as early as 4 h after stim-
ulation that persisted at 20 h [29]. While this apoptosis
was also associated with increased permeability across the
PAEC monolayer, treatment with Z-VAD did not rescue the
enhanced permeability at any time point [29]. It should
be emphasized that the study of macrovascular EC (e.g.,
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Figure 7: Inhibition of caspase activity reduces PMVEC apoptosis.
(a) Stimulation of PMVEC with cytomix (24 h) led to a significant
increase inTUNEL+ cells and this increasewas significantly reduced
by treatment with Q-VD (50𝜇M). 𝑛 = 6. (b) Flow cytometric
analysis revealed an increased number of early apoptotic PMVEC
(Annexin V+/PI−) following cytomix stimulation (16 h) that was
significantly reduced by treatment with Q-VD (50𝜇M). 𝑛 = 4. ∗∗
or ## represents 𝑃 < 0.01 compared with vehicle or cytomix group,
respectively (one-way ANOVA).

HUVECandPAEC) is not biologically relevant to the study of
septic microvascular/MVEC dysfunction resulting in organ
dysfunction (e.g., ARDS), as MVEC are genotypically and
phenotypically very distinct frommacrovascular EC [67, 68].
Further, to date, there have been no studies specifically using
mouse PMVEC to assess the connection between septic
MVEC apoptosis and barrier dysfunction (Table 1). This is
critical as septic PMVEC dysfunction is pathobiologically
responsible for septic acute lung injury in mice, and mice are
one of the primary models currently used for ARDS research
due to the ease of genetic manipulation [1, 77]. Thus, our
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examination of mouse PMVEC apoptosis over a time course
clearly establishes for the first time that early septic cytomix-
inducedmurine PMVEC barrier dysfunction is not mediated
through PMVEC apoptosis.

There are multiple mechanisms through which loss of
PMVEC barrier function has been found to occur; thus, it
is not surprising that we found increased PMVEC perme-
ability after 4 h of cytomix stimulation with no evidence of
apoptosis. For example, TNF𝛼 has previously been found to
drive loss of corneal ECbarrier function through activation of
p38mitogen-activated protein (MAP) kinase and subsequent
disassembly of microtubules, as well as adherens and tight
junctions [66]. Additionally, examination of barrier function
in mouse renal EC following stimulation with TNF𝛼 demon-
strated that increased permeability to albuminwas associated
with altered actin cytoskeleton, as well as formation of gaps
between previously confluent cells and a loss of tight junc-
tions and the EC glycocalyx [78]. Furthermore, inhibition of
Rho-associated kinase andmyosin light chain kinase, but not
inhibition of caspases, rescued the increased permeability as
well as the loss of EC glycocalyx and tight junctions [78].
Thus, our data supports these previous studies demonstrating
that early cytokine-induced leak across PMVEC is indepen-
dent of apoptosis; however, it also expands on these studies by
clearly demonstrating that the early apoptosis-independent
leak transitions to apoptosis-dependent leak as it persists over
time.

Loss of EC through loss of cell-extracellular matrix
(ECM) interactions and increased EC detachment has long
been thought to be involved in loss of barrier function [79].
The increased apoptosis we observed at 16 and 24 h after
cytomix stimulation was found to be clearly associated with
increased PMVEC detachment. This finding is supported by
previous studies that found increased cell detachment follow-
ing LPS and oxyhemoglobin stimulation of PAEC and brain
MVEC, respectively [27, 64]. Similar to our findings, the
increased cell detachment in these previous studies was also
rescued by inhibition of caspases [27, 64]. Furthermore, the
LPS-induced cell detachment was associated with caspase-
dependent cleavage of 𝛼- and 𝛽-catenin as well as focal
adhesion kinase (FAK), critical proteins involved in cell-
cell and cell-ECM interactions, respectively. However, the
inhibition of caspase activity, which rescued cell detachment,
only prevented degradation of proteins involved in cell-ECM
interactions, not cell-cell interactions, and unlike our study
did not rescue the LPS-induced leak [27]. Together, these
studies suggest that the increased cell detachment observed
in our study may be due to loss of cell-ECM interactions.
However, this remains to be determined. Furthermore, as the
rescue of PMVEC detachment observed in our study was
also associated with restored PMVEC barrier function, it is
possible that additional mechanisms, such as altered cell-cell
interactions, are involved.

Our data also demonstrates the importance of themethod
of assessment of EC barrier function, specifically the impor-
tance of usingmultiplemethods to assess ECbarrier function,
which is not common practice (Table 1). Measurements of
TEER versus macromolecular permeability reflect different
aspects of EC barrier function and, not surprisingly, could

respond differently to inflammatory stimulation. Specifically,
the clinically relevant EB-albumin flux is a marker of para-
cellular and transcellular permeability to large molecules and
TEER assesses permeability to charged ions [43]. The acute
cytomix-induced PMVECbarrier dysfunctionwas consistent
between TEER and both FITC-dextran and EB-albumin
techniques, but persistent septic PMVEC hyperpermeability
to macromolecules at later time points was divergent from
the observed recovery in TEER. In addition, the acute septic
cytokine-induced barrier dysfunction (both decreased TEER
and increased macromolecular flux) was not rescued by
caspase inhibition (Z-VAD or Q-VD), similar to previously
reported studies with PAEC and corneal EC [29, 66]. How-
ever, delayed septic hyperpermeability to macromolecules
at 16–24 h was rescued by treatment with Z-VAD and Q-
VD. Thus, the effect of caspase (apoptosis) inhibition on
persistent macromolecular flux across septic PMVEC in the
absence of any effect on TEER suggests that barrier function
to large molecules was enhanced by caspase inhibition, likely
through increased PMVEC attachment, but that PMVEC
barrier function was still impaired allowing the passage of
small charged ions.

Our findings of persistent septic PMVEC barrier dys-
function at delayed time points are clinically relevant. In
ARDS patients, once pulmonary microvascular injury and
dysfunction are established, repair of the pulmonary alve-
olocapillary microvascular EC lining would be necessary
and clinically important. Indeed, patients with a greater
number of circulating bone-marrow derived endothelial
progenitor cells (EPCs), postulated to contribute to PMVEC
repopulation following loss of these cells, had better clinical
outcomes, including more ventilator-free days and decreased
mortality [80]. Similar resident EPC populations have also
been identified in the pulmonary microvasculature [81],
although their direct involvement in repair of the pulmonary
alveolocapillary microvascular EC lining has not been estab-
lished.

In ARDS, more prolonged clinical illness is associated
with a greater need for more intensive and prolonged respira-
tory support, including mechanical ventilation, higher PEEP
levels, and FiO2, which are associated with worse clinical
outcomes, specifically greater risk of ventilator-associated
pneumonia, higher rates of multisystem organ injury and
dysfunction, and greater mortality [82]. As such, ongoing
pulmonary microvascular alveolocapillary septic hyperper-
meability and persistent high-protein interstitial and alveolar
pulmonary edema would contribute to the need for more
prolonged respiratory support. Future experiments to define
the potential role of human PMVEC apoptosis in septic
PMVEC hyperpermeability and septic ARDS, especially the
presence of a similar delayed reconstitution of the pulmonary
microvascular alveolocapillary permeability barrier,may sug-
gest new therapeutic approaches to promote recovery of
patients from ARDS.

Finally, we recognize that our study has limitations. Our
previous work found evidence of an association between
PMVEC apoptosis and septic pulmonary microvascular per-
meability in vivo [22, 23]. The findings of our current study,
however, suggest that the initial PMVEC barrier dysfunction
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following stimulation with cytokines is not dependent on
apoptosis. This discrepancy is likely due to inherent differ-
ences between the natures of these studies. For example, in
vivo there are many different cell types, such as pericytes and
circulating inflammatory cells, which interact with PMVEC,
as well as a complete interstitial ECM and the presence of the
glycocalyx on the surface of the PMVEC, all of which are
missing or limited in the in vitro setting [83–87]. Further-
more, our in vitro model employed PMVEC cultured alone
stimulated with a mixture of three sepsis-relevant cytokines,
which is still a less robust septic stimulus than EC would face
in vivo (activated leukocytes and bacterial products), as well
as the potentially injurious effects of shear stresses associated
with blood flow present in the in vivo scenario. However,
use of this simplified in vitro isolated PMVEC model as well
as the comprehensive assessment of apoptosis (use of three
different markers) and PMVEC permeability (use of three
complementarymeasures) allowed for the examination of the
function of specifically PMVEC over a comprehensive time
course and thereby the identification of the novel potential
role of apoptosis-inhibition in reestablishing the PMVEC
barrier following septic injury. Future directions of our work
will include assessment of apoptosis in more complexmodels
(i.e., PMVEC-PMN coculture) as well as with cells isolated
from humans to ensure clinical relevance.

In conclusion, our current data suggests for the first
time using mouse cells that early septic PMVEC barrier
dysfunction is independent of apoptosis but that persistent
septic macromolecule leak is due to loss of adherent cells
due to apoptosis, and when apoptosis (specifically caspase
activity) is inhibited, PMVEC detachment is decreased,
permitting restoration of the normal PMVEC permeability
barrier.
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Oxidative stress provokes endoplasmic reticulum (ER) stress-induced unfolded protein response (UPR) in the lungs of chronic
obstructive pulmonary (COPD) subjects. The antioxidant, glutathione peroxidase-1 (GPx-1), counters oxidative stress induced by
cigarette smoke exposure. Here, we investigate whether GPx-1 expression deters the UPR following exposure to cigarette smoke.
Expression of ER stress markers was investigated in fully differentiated normal human bronchial epithelial (NHBE) cells isolated
from nonsmoking, smoking, and COPD donors and redifferentiated at the air liquid interface. NHBE cells from COPD donors
expressed heightenedATF4, XBP1, GRP78, GRP94, EDEM1, andCHOP compared to cells fromnonsmoking donors.These changes
coincided with reduced GPx-1 expression. Reintroduction of GPx-1 into NHBE cells isolated fromCOPD donors reduced the UPR.
To determine whether the loss of GPx-1 expression has a direct impact on these ER stress markers during smoke exposure, Gpx-
1−/− mice were exposed to cigarette smoke for 1 year. Loss of Gpx-1 expression enhanced cigarette smoke-induced ER stress and
apoptosis. Equally, induction of ER stress with tunicamycin enhanced antioxidant expression in mouse precision-cut lung slices.
Smoke inhalation also exacerbated the UPR response during respiratory syncytial virus infection. Therefore, ER stress may be an
antioxidant-related pathophysiological event in COPD.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death in the US [1], with cigarette smoking
being themost important environmental risk factor. Cigarette
smoke inhalation alters the expression profile of oxidants and
antioxidants in the lungs and produces an enormous oxidant
burden [2]. Antioxidant enzymes counter this oxidative stress
[2] and deter lung inflammation responses by targeting
multiple signaling pathways [3]. Detoxifying reactive oxy-
gen species (ROS) is a therapeutic strategy to limit tissue
damage in cigarette smoke-induced diseases [3]. Recently,
cigarette smoke-mediated oxidative stress was shown to

induce endoplasmic reticulum (ER) stress [4]. However, the
ability of antioxidants to counter ER stress has not been fully
characterized.

It is well established that cigarette smoke induces ER
stress which activates the unfolded protein response (UPR)
[5–9]. However, COPD is a complex heterogeneous disease
and the significance and intensity of the UPR during the
disease is unknown. The UPR is a complex stress response
program that modulates multiple cellular responses and sur-
vival, via regulation of protein synthesis, folding, and degra-
dation [10].Threemajor pathways of theUPRhave been char-
acterized: (i) PKR-like ER kinase (PERK)/eIF2𝛼/activating
transcription factor (ATF) 4/CHOP, (ii) inositol-requiring
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enzyme 1 (IRE1)/X-box binding protein 1 (XBP1), and the (iii)
ATF6 pathway [11]. These pathways regulate ER chaperone
responses and reduce protein translation following cellular
stress [12]. However, persistent ER stress results in significant
expression of the proapoptotic gene C/EBP homologous
protein (CHOP), resulting in cell death [11]. We previously
demonstrated that smoke exposure triggers aminor ER stress
response in primary cells and rodent animal models [5].
However, a secondary insult may be required to provoke a
significant smoke-induced UPR.

Our group demonstrated that overexpression of glu-
tathione peroxidase- (GPx-) 1, a member of the selenoprotein
family, prevents cigarette smoke-induced air space enlarge-
ment in mice [13]. GPx-1 is the most abundant GPx isoform
in eukaryotic cells and deficiency of this enzyme can lead to
endothelial dysfunction [14] and apoptosis [15]. GPx-1 defi-
ciency has also been implemented as a contributor to
atherosclerosis [16].Gpx-1 deficient mice exposed to cigarette
smoke are more susceptible to cigarette smoke-induced lung
inflammation and emphysema [13, 17]. Oxidative stress
induces ER stress [4] and increased expression of ER stress
markers is observed in the lungs of smokers [8]. GPx-1
expression, however, is reduced in COPD lungs [13].Thus, we
speculate that GPx-1 could modulate ER stress responses
linked to the pathogenesis of COPD.

In view of the potential association between GPx-1 and
cigarette smoke-mediatedUPR, we explored whether the loss
of GPx-1 expression enhanced the UPR that contributes to
lung cell injury and death. Using normal human bronchial
epithelial (NHBE) cells from nonsmokers, smokers, and
COPD subjects, we found that ER stress markers were
significantly elevated in cells isolated from COPD subjects
and this increase coincided with reduced GPx-1 expression.
Reintroducing GPx-1 into these cells blunted the UPR. To
determine if GPx-1 depletion in the lung directly enhances
ER stress, Gpx-1−/− mice were exposed to cigarette smoke for
1 year. Interestingly, the loss of GPx-1 expression activated
all three branches of the UPR, PERK/eIF2𝛼/ATF4/CHOP,
IRE1/XBP1, and ATF6. This UPR coincided with elevated
lung cell death in Gpx-1−/− mice following smoke exposure.
Interestingly, precision-cut lung slices (PCLS) frommice had
elevated GPx proteins following induction of ER stress.These
findings indicate that the altered GPx-1 expression in COPD
lungs contributes to heightened ER stress. In addition, early
induction of ER stress induces an antioxidant response to
counter oxidative stress, thereby limiting the UPR.

2. Materials and Methods

2.1. Human Primary Airway Cells. NHBE cells from non-
smokers, smokers, and COPD patients were isolated from
human lungs. Lungs were obtained from organ donors whose
lungs were rejected for transplant (see Table 1 for demograph-
ics). Consent for research was obtained by the Life Alliance
Organ Recovery Agency of the University of Miami. All con-
sents were IRB-approved and conformed to the Declaration
of Helsinki. For lungs from donors with COPD, the diagnosis
was listed in the chart before the death of the donor and we

Table 1: Donor demographics for epithelial cell.

Nonsmokers Smokers COPD donors
Number 9 6 9
Age (years) 36.3 ± 14.8 36.0 ± 13.2 49 ± 6.8

Gender (male/female) 2/7 3/3 5/4
Race
(Caucasian/African
American)

77.8%/22.2% 100%/0% 88.90%/11.1%

Pack years 0 ± 0 N/A 48.2 ± 14.5

Values are means ± SD. N/A = not available.

confirmed the macropathological presence of emphysema in
these lungs. All COPD subjects had a significant smoking
history. NHBE cells isolated from nonsmokers, smokers, and
COPD subjects were dedifferentiated through expansion and
redifferentiated at an air liquid interface (ALI) on 24mm
T-clear filters (Costar Corning, Corning, NY, USA) at
37∘C, 5% CO

2
, as previously described [18]. Cells were

collected for protein and RNA analysis. CD45 and CD11C
expressions were analyzed which determined a low level of
inflammatory-cell contamination and confirmed NHBE cell
purity. Fully differentiated NHBE cells from nonsmokers
were also exposed to cigarette smoke using a Vitrocell VC-10
smoking robot (Vitrocell Systems GMBH, Waldkirch, Ger-
many). Four cigarettes were smoked according to ISO stan-
dard 3308: six puffs per cigarette with a 35mL volume per puff
and a waiting time between each puff of 60 seconds. NHBE
cells were exposed every second day, on three separate days,
to 4 cigarettes. RNA was extracted from the NHBE cells for
quantitative PCR (qPCR) analysis. A subset of NHBE cells
from COPD subjects was protein transfected 2𝜇g human
GPx-1 protein or human albumin (both from Signal Aldrich)
usingPierce transfection reagent (ThermoFisher Scientific) as
previously described [13, 19]. RNA and protein were collect
24 hours later. Human RSV strain A2 (ATCC, Manassas,
VA; #VR-1540) was infected in NHBE cells as previously
described [20]. RNA and protein were collect 24 hours later.

2.2. Animal Models. Gpx-1−/− mice were bred in C57BL/6 ×
CBA/J background. Eight-week-old wild type and Gpx-1−/−
mice were used for all experiments. All mice weremaintained
in a specific pathogen-free facility at Columbia University.
Both male and female mice, 8-week-old, were used at the
initiation point for all experiments and each experimental
parameter had at least 10 animals per group. Mice were
exposed to cigarette smoke in a chamber (Teague Enterprises,
Davis, CA, USA) for four hours a day, five days per week at
a total particulate matter concentration of 80mg/m3. Smoke
exposurewas continued for 1 year.TheUniversity ofKentucky
reference research cigarettes 3R4F (Lexington, KY, USA)
were used to generate cigarette smoke. Another group of wild
type animals was infected with 1× 106 pfu of RSV following 6-
month exposure to room air or cigarette smoke.The institute
approved all experiments for Animal Care and Use Commit-
tee ofColumbiaUniversity.This studywas performed in strict
accordance with the recommendations in the Guide for the
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Table 2: TaqMan probe details for gene expression analysis.

Species Gene target NCBI reference sequence TaqMan assay ID Product size
Human DDIT3 (CHOP) NM 001195053.1 Hs00358796 g1 93
Human ATF4 NM 001675.2 Hs00909569 g1 68
Human XBP1 NM 001079539.1 Hs00231936 m1 60
Human HSPA5 (GRP78) NM 005347.4 Hs00607129 gH 146
Human HSP90B1 (GRP94) NM 003299.2 Hs00427665 g1 135
Human EDEM1 NM 014674.2 Hs00976004 m1 89
Human GPX1 (GPx-1) NM 201397.1 Hs01028922 g1 70
Human IL-6 NM 000600.3 Hs00985639 m1 66
Human ACTB NM 001101.3 Hs01060665 g1 63
Human PPFIA2 (CD45) NM 001220473.1 Hs00170308 m1 66
Human ITGAX (CD11C) NM 000887.3 Hs00174217 m1 119
Mouse Ddit3 (Chop) NM 001290183.1 Mm01135937 g1 92
Mouse Atf4 NM 001287180.1 Mm00515325 g1 78
Mouse Xbp1 NM 001271730.1 Mm00457357 m1 56
Mouse Hspa5 (Grp78) NM 001163434.1 Mm00517691 m1 75
Mouse Hsp90b1 (Grp94) NM 011631.1 Mm00441926 m1 67
Mouse Edem1 NM 138677.2 Mm00551797 m1 63
Mouse Gpx-1 NM 008160.6 Mm00656767 g1 134
Mouse Gpx-2 NM 030677.2 Mm00850074 g1 147
Mouse Gpx-3 NM 008161.3 Mm00492427 m1 99
Mouse Gpx-4 NM 008162.3 Mm00515041 m1 103
Mouse Sod1 NM 011434.1 Mm01344233 g1 71
Mouse Actb AK075973.1 Mm02619580 g1 143

Care andUse of LaboratoryAnimals of theNational Institutes
of Health and Institutional Animal Care and Use Committee
(IACUC) guidelines.

2.3. Precision-Cut Lung Slices (PCLS). Mouse precision-cut
lung slices (PCLS) were prepared as previously described
[21, 22]. Briefly, mice were euthanized, the trachea was
cannulated, and the animal was exsanguinated by cutting the
jugular vein. The lungs were filled through the cannula
with 1.5mL low melting-point agarose solution (1.5% final
concentration of agarose in PBS). Lungs were placed on ice
for 15 minutes to solidify the agarose. Lobes were separated
and tissue cores were prepared of the individual lobes,
after which the lobes were sliced at a thickness of 300 𝜇m
using a Krumdieck tissue slicer (Alabama Research and
Development, Munford, AL, USA) in Earle’s balanced salt
solution (Sigma Aldrich). Tissue slices were incubated in
Dulbecco’s modified eagle’s medium/nutrient mixture F-
12 HAM solution (Sigma Aldrich) at 37∘C in a humid
atmosphere under 5% CO

2
/95% air. To remove agarose and

cell debris, slices were washed every 30 minutes for 2 hours.
PCLS were incubated in DMEM supplemented with peni-
cillin (100U/mL) and streptomycin (100 𝜇g/mL) (Gibco� by
Life Technologies). Slices were cultured at 37∘C in a humid-
ified atmosphere under 5% CO

2
/95% air in 6-well tissue

culture plates, using 3 slices per well. Slices were treated with
1 𝜇M tunicamycin (Sigma Aldrich) for 24 hours. To assess
the viability of the PCLS subjected to tunicamycin, lactate

dehydrogenase (LDH) released from the PCLS into the
incubation mediumwas analyzed. Maximal LDH release was
determined by lysing 3 slices with 1% Triton X-100 for 30
minutes at 37∘C. LDH release was determined using an assay
form Sigma Aldrich.

2.4. qPCR Analysis. Total RNA was isolated from cells or
mouse lung tissue using the Qiagen RNeasy Mini Kit as
described by manufactures. Gene transcript levels of mouse
and human specific CHOP, ATF4, XBP1, GRP78, GRP94,
EDEM1, GPx-1, GPx-2, GPx-3, GPx-4, IL-6, and ACTB were
quantified by real-time PCR with the use of an Bio-Rad
CFX384 real-time system (Bio-Rad). TaqMan�Gene Expres-
sion Assays were purchased from Applied Biosystems (see
Table 2 for details). Data is represented as relative quan-
tification (RQ) corrected to ACTB. XBP1 splicing was also
examined in NHBE cells using the following primers: 5-TTA
CGA GAG AAA ACT CAT GGC-3 and 5-GGG TCC AAG
TTGTCCAGAATGC-3. XBP1 PCRproductswere resolved
and run on a 2.5% agarose gel [23]. 289 and 286 base pair
amplicons were generated from unspliced and spliced XBP1,
respectively. Percent of XBP1 slicing was examined by densit-
ometry analysis of the unspliced (XBP1u) and spliced (XBP1s)
amplicons of XBP1, using Bio-Rad Laboratories Image Lab
software (version 4.0, build 16).

2.5. Immunoblotting. Cell monolayers were removed by
scrapping in cold phosphate-buffered saline and resuspended
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in 100 𝜇L of protein lysis buffer (50mM HEPES, pH 7.5,
150mM NaCl, 1% Triton X-100, 1% glycerol, 1mM EDTA,
10mM NaF, 2 𝜇g/mL leupeptin, 1 𝜇g/mL pepstatin A, 10mM
Na
3
VO
4
, and 1mM phenylmethylsulfonyl fluoride), and

20𝜇g of protein was separated on 12% SDS-polyacrylamide
gels and transferred to nitrocellulose membranes. Rab-
bit antibodies against CHOP (Cell Signaling; #5554), ER
degradation-enhancing 𝛼-mannosidase-like (EDEM) (Santa
Cruz Biotechnology; sc-27389), pho-eIF2𝛼 (Ser51) (Cell Sig-
naling; #9721), eIF2𝛼 (Cell Signaling; #9722), pho-PERK
(Thr980) (Cell Signaling; #3179), PERK (Cell Signaling;
#5683), XBP-1 (Cell Signaling; #12782), IRE1𝛼 (Cell Signaling;
#3294), BiP/GRP78 (Cell Signaling; #3183), GRP94 (Cell Sig-
naling; #2104), ATF4 (Cell Signaling; #11815), ATF6 (Abcam;
#ab11909), GPx-1 (Cell Signaling; #3206), GPx-2 (Abcam;
#ab140130), GPx-3 (Abcam; #ab27325), GPx-4 (Cell Signal-
ing; #2104), and 𝛽-actin (Cell Signaling; #4970) were detected
with enhanced chemiluminescence reagents (Pierce). Chemi-
luminescence detection was performed using the Bio-Rad
Laboratories Molecular Imager ChemiDoc XRS+ imaging
system. Densitometry was performed on each target and
represented as a ratio of pixel intensity compared to total
protein or 𝛽-actin, using Bio-Rad Laboratories Image Lab
software (version 4.0, build 16).

2.6. Statistical Analysis. Data are expressed as dot plots
with the means ± SEM highlighted. Differences between
two groups were compared by Student’s 𝑡 test (two-tailed).
Experiments with more than 2 groups were analyzed by 2-
way ANOVA with Tukey’s post hoc test analysis. 𝑝 values for
significance were set at 0.05 and all significant changes were
noted with ∗. All analysis was performed using GraphPad
Prism Software (Version 6.0h for Mac OS X).

3. Results

3.1. NHBE Cells Isolated from COPD Donors Express More
ER Stress Markers than Cells from Smokers. Our group previ-
ously demonstrated that undifferentiated NHBE cells have an
increased trend in ER stress upon exposure to cigarette smoke
extract (CSE) [5]. To examine whether fully differentiated
NHBE cells cultured at the air liquid interface (ALI) have an
UPR to smoke, NHBE cells from nonsmokers were exposed
to 0 (room air, RA) or repeat exposure to four cigarettes (CS)
using a Vitrocell VC-10 smoking robot (Figures 1(a)-1(b)).
Repeat exposureswere performed tomaximize smoke stimuli
without inducing apoptosis, determined by LDH release
assays (Figure 1(a)). Gene expression of IL-6 was utilized
as a positive control for sufficient exposure to smoke [20]
(Figure 1(a)). CD45 andCD11C expressionswere analyzed but
detection was below significant amplification levels thereby
confirming low levels of inflammatory-cell contamination
(data not shown). Gene expression levels of ATF4, XBP1,
GRP78, GRP94, EDEM1, and CHOP were examined. These
targets are readouts for the three major pathways of the
UPR. No ER stress marker was significantly altered following
smoke exposure (Figure 1(b)), as we previously described
in submerged cultured NHBE cells [5]. However, when

comparing the same ER stressmarkers inNHBE cells isolated
from nonsmokers, smokers, and COPD donors, expressions
of ATF4, XBP1, GRP78, GRP94, EDEM1, and CHOP were all
increased in cells isolated from COPD subjects (Figure 1(c)).
EDEM1 gene expression was significantly enhanced in cells
isolated from smokers (Figure 1(c)). There were increased
trend changes for ER stress markers in cells from smokers.
Protein analysis also confirmed increased expression of
ATF4, IRE1𝛼, GRP78, GRP94, EDEM, and CHOP in cells
isolated from COPD subjects (Figure 2(a)). Equally, elevated
phosphorylation of eIF2 and PERKwas observed only in cells
isolated from COPD donors (Figure 2(a)).

XBP1 coordinates the adaptive UPR by playing a vital
role in maintaining the ER function. Gene expression results
showed that NHBE cells isolated from COPD subjects had
enhanced XBP1 mRNA splicing compared to cells from
nonsmokers and smokers (Figure 2(b)), demonstrating active
XBP1 signaling; Protein analysis also confirmed increased
expression of XBP1 in cells isolated from COPD donors
(Figure 2(b)). Overall, the disease-state predisposes NHBE
cells to enhanced ER stress. On the other hand, acute smoke
exposure has only a minor impact on ER stress.

3.2. GPx-1 Regulates CHOP Expression in NHBE Cells Isolated
from COPD Donors. Since oxidative stress induces ER stress
[4], GPx-1 expression is reduced in the COPD lungs [13], and
GPx-1 deficiency increases susceptibility to cigarette smoke-
induced emphysema [13, 17], we examined whether GPx-
1 expression was altered in fully differentiated NHBE cells
isolated from nonsmokers, smokers, and COPD donors
(Figure 3). GPx-1 expression was unchanged in NHBE cells
from nonsmokers when exposed to cigarette smoke (Fig-
ure 3(a)). NHBE cells from nonsmokers and smokers
expressed comparable levels of GPx-1 (Figures 3(b)-3(c)).
However, cells isolated fromCOPD subjects had significantly
reducedGPx-1 expression, confirmed by q-PCR (Figure 3(b))
and immunoblots (Figure 3(c)). Therefore, the disease-state
predisposes NHBE cells to subdued GPx-1 expression.

To determine whether restoring GPx-1 levels in NHBE
cells fromCOPD subjects would reverse heightened UPR, we
protein-transfected GPx-1 protein into NHBE cells from
COPD subjects. Albumin was transfected as a negative con-
trol. Transfection of GPx-1 significantly reduced CHOP gene
(Figure 3(d)) and protein (Figure 3(e)) expression in NHBE
cells from COPD subjects. Therefore, GPx-1 is a potent
regulator of the UPR in the lungs.

3.3. Viral Exacerbations of the Lung Enhance the UPR. To
determine whether a second environmental exposure could
alter the UPR in our models, we infected NHBE cells and
mice with respiratory syncytial virus (RSV). Viral infections
have been implicated in the pathogenesis of COPD exacer-
bations [24, 25] and also trigger the UPR [26]. RSV infected
reduced GPx-1 expression and significantly enhanced CHOP
expression in NHBE cells from all subject groups (Figures
4(a)-4(b)). Similar changes to CHOP and GPx-1 expression
were observed in the lungs ofmice infectedwithRSV (Figures
4(c)-4(d)). Importantly, prior exposure to cigarette smoke
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Figure 1: NHBE cells isolated from COPD donors have enhanced ER stress responses compared to nonsmokers and smokers. (a) Fully
differentiated NHBE cells from nonsmoking individuals (𝑛 = 6) exposed to room air (RA) or cigarette smoke (CS) from 4 cigarettes every
second day (3 exposures) using a Vitrocell VC-10 smoking robot. LDH release into media and IL-6 gene expression were examined. (b)
Gene expression of ATF4, XBP1, GRP78, GRP94, EDEM1, and CHOP was examined. (c) Fully differentiated NHBE cells from nonsmoker
(NS), smoker (SM), and COPD (COPD) individuals (𝑛 = 6 donors per group) were examined for gene expression of ATF4, XBP1, GRP78,
GRP94, EDEM1, and CHOP. Dot plots are represented as relative quantification (RQ) compared to ACTB expression and shown as the mean
± SEM, where each measurement was performed on 3 independent days on 6 donors/group. ∗ denotes 𝑝 value < 0.05, when comparing both
treatments connected by a line, determined by Student’s 𝑡-test (2 groups) or 2-way ANOVA with Tukey’s post hoc test (>2 groups).
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Figure 2: Continued.
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Figure 2: NHBE cells isolated fromCOPDdonors have enhanced ER stress protein responses compared to nonsmokers and smokers. Protein
was collected from fully differentiated NHBE cells from nonsmokers (NS), smokers (SM), and COPD (COPD) individuals (𝑛 = 6 donors per
group). (a) Protein expression of ATF6, ATF4, GRP94, GRP78, EDEM, CHOP, and 𝛽-actin was examined by immunoblots. Phosphorylation
of elF2 and PERK was also determined. (b) XBP1 splicing was examined on XBP1 amplified cDNA from NHBE cells from nonsmoker (NS),
smokers (S), and COPD (COPD) individuals. Protein expression of XBP1 and 𝛽-actin was examined by immunoblots. (a)-(b) For each blot
or gel, every lane represents an individual cell donor. Densitometry analysis was performed of XBP1s from DNA gels and other targets by
analyzing immunoblots. XBP1 slicing was scored as percent of XBP1s of total XBP1. Dot plots are represented as densitometry units (DU) of
pixel intensity expressed as a ratio to𝛽-actin or total elF2 and PERK.Data are shown asmean± SEM,where eachmeasurement was performed
on 3 independent days on 6 donors/group. ∗ denotes 𝑝 value < 0.05, when comparing both treatments connected by a line, determined by
2-way ANOVA with Tukey’s post hoc test (>2 groups).

enhanced the UPR in animals also infected with RSV
compared to infected animals exposed to room air (RA)
(Figure 4(d)). Therefore, the lungs of smokers and COPD
subjects are likely to be more sensitive to viral infection
induced ER stress, which may impact disease progression.

3.4. Gpx-1−/− Mice Have Heightened ER Stress and Apoptosis
following Cigarette Smoke Exposure. To determine whether
the loss of GPx-1 expression directly influences ER stress
following inhalation of cigarette smoke in vivo, we examined
ER stress markers in Gpx-1−/− mice and their wild type litter-
mates exposed to cigarette smoke for 1 year. We previously
demonstrated that loss of Gpx-1 expression in mice results
in enhanced air space enlargement and inflammation fol-
lowing long-term cigarette smoke exposure [13]. Expression
levels of Atf4, Xbp1, Grp78, Grp94, Edem1, and Chop were
examined in Gpx-1−/− and wild type mice. Long-term expo-
sure to cigarette smoke did not significantly enhance ER
stress marker expression in the lungs of wild type mice
(Figure 5(a)).We previously observed similar findings in wild
type mice [5]. However, Gpx-1−/− mice exposed to cigarette
smoke had enhanced gene expression of Atf4, Xbp1, Grp78,
Grp94, Edem1, and Chop (Figure 5(a)). Equally, loss of Gpx-
1 expression resulted in elevated lung tissue protein levels of
ATF4, XBP1, GRP78, GRP94, EDEM, and CHOP following
smoke exposure (Figure 5(b)). Densitometry analysis con-
firmed significant increases in lung levels of ATF4, XBP1,
GRP78,GRP94, EDEM, andCHOP inGpx-1−/−mice exposed
to cigarette smoke (Figure 5(b)).

Prolonged activation of CHOP by ER stress can result in
cellular apoptosis. Increased structural and immune cell
apoptosis is also observed in COPD lungs [27].Therefore, we
examined whetherGpx-1−/− mice exposed to cigarette smoke
had elevated apoptosis. Gpx-1−/− mice exposed to cigarette
smoke had enhanced lung cell apoptosis, observed by
TUNEL, caspase-3 cleavage, and lactate dehydrogenase
(LDH) release assays (Figure 6). Gpx-1−/− mice exposed to
cigarette smoke exhibited the highest frequency of TUNEL
positive cells (Figure 6(a)). Enhanced caspase-3 cleavage was
observed in Gpx-1−/− mice exposed to cigarette smoke (Fig-
ure 6(b)). Additionally, elevated levels of LDHwere observed
in the BALF of Gpx-1−/− mice exposed to cigarette smoke
compared to the other groups (Figure 6(c)), which indicates
enhanced cell membrane damage in the lung. Therefore,
enhanced apoptosis in the lungs could contribute to lung
remodelling and failure to clear apoptotic cells could con-
tribute to lung inflammation.

3.5. Triggering the UPR Enhances GPx-1, GPx-2, and GPx-4
Expression in Mouse Precision-Cut Lung Slices. In Gpx-1 and
Gpx-2 double knockout mice, apoptotic cells are increased in
ileal crypts [28], suggesting that GPx proteins regulate apop-
tosis. However, the effect of ER stress on GPx proteins has
not been directly investigated. To determine the effect of ER
stress on GPx-1 expression, mouse precision-cut lung slices
(PCLS) were exposed to the ER stress inducer, tunicamycin,
for 24 hours.The concentration of tunicamycin tested did not
induce LDH release from the PCLS (Figure 7(a)), indicating
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Figure 3: Reintroducing GPx-1 into NHBE cells isolated fromCOPD donors subdues the UPR. (a) Gene expression ofGPx-1was determined
in fully differentiated NHBE cells from nonsmoking individuals (𝑛 = 6) exposed to room air (RA) and cigarette smoke (CS; from 4 cigarettes
every second day (3 exposures)) using a Vitrocell VC-10 smoking robot (b) RNA and (c) protein was analyzed for GPx-1 expression from
fully differentiated NHBE cells from nonsmoker (NS), smokers, (SM) and COPD (COPD) individuals (𝑛 = 6 donors per group). (d) NHBE
cells isolated from COPD subjects were transfected with albumin or GPx-1 protein and CHOP expression was determined by qPCR. (e)
Immunoblots and corresponding densitometry analysis for CHOP, Gpx-1, and 𝛽-actin from NHBE cells from COPD subjects following
albumin or GPx-1 protein transfection. In each immunoblot, every lane represents an individual cell donor. Data are shown as mean ± SEM,
where each measurement was performed on 3 independent days on 6 donors/group. ∗ denotes a 𝑝 value < 0.05, when comparing both
treatments connected by a line, determined by Student’s 𝑡-test (2 groups) or 2-way ANOVA with Tukey’s post hoc test (>2 groups).

no induction of apoptosis. Tunicamycin induced all three
branches of the UPR and CHOP expression was observed
in PCLS (Figures 7(b)-7(c)). Tunicamycin enhanced gene
(Figure 7(b)) and protein (Figure 7(c)) expression of ATF4,
XBP1, ATF6, and CHOP in PCLS. Interestingly, tunicamycin
induced GPx-1, GPx-2, and GPx-4 gene (Figure 7(d)) and
protein (Figure 7(e)) expression in PCLS.Therefore, an acute
ER stress induces the expression of antioxidants to counter
further oxidant and ER stress.

4. Discussion

Cigarette smoking is the most relevant environmental risk
factor associated with the development of COPD. However,
smoke inhalation studies are problematic as long-term smoke

exposure is required to trigger disease formation in animal
models and a secondary event may be required to mimic the
human disease-state. Here we observed that the loss of GPx-
1 expression enhances cigarette smoke-induced ER stress.
GPx-1 regulates the UPR following smoke exposure and we
found that the expression of GPx-1 itself was triggered by an
acute ER stress stimulus. NHBE cells isolated from COPD
donors expressed significantly less GPx-1, which coincides
with elevated UPR. Reintroducing GPx-1 protein into NHBE
cells isolated from COPD donors reduced the UPR. RSV
infection contributes to loss of lung GPx-1 expression, which
is exaggerated in lungs exposed to smoke and coincides with
elevated UPR. Gpx-1−/− mice exhibited greater UPR and
subsequent enhanced apoptosis following long-term cigarette
smoke exposure. Interestingly, triggering an acute ER stress in
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Figure 4: RSV infection enhances the UPR in the lung. (a) GPx-1 and CHOP gene expression were determined in NHBE cells isolated from
nonsmoker (NS), smokers (SM), and COPD (COPD) individuals (𝑛 = 6 donors per group) infected with mock or RSV and analyzed by
qPCR. (b) Protein expression of GPx-1, ATF6, ATF4, CHOP, and 𝛽-actin was examined by immunoblots. (c) Wild type mice were exposed
to cigarette smoke or room air for six months and subsequently infected with 1 × 106 pfu of RSV. Animals were euthanized at 0, 1, 3, 5, 7, and
9 days after infection (dpi) and Gpx-1 and Chop expression were determined by qPCR. (d) Protein expression of GPx-1, ATF6, ATF4, CHOP,
and 𝛽-actin was examined by immunoblots. Data are shown as mean ± SEM, where each measurement was performed on 3 independent
days. ∗ denotes a 𝑝 value < 0.05, when comparing both treatments connected by a line or the same infection day, determined by Student’s
𝑡-test (2 groups) or 2-way ANOVA with Tukey’s post hoc test (>2 groups).

the lungs of mice induces a potent antioxidant response.This
antioxidant response is diminished in the COPD lungs [29],
which may explain the heightened UPR observed in NHBE
cells isolated from COPD subjects. The exact role of this
heightened UPR on the progression of COPD still remains
to be fully determined. However, we have established that
loss of GPx-1 in vivo leads to a marked increased in all three
branches of the UPR (see Figure 8 for proposed signaling
scheme) and this coincides with enhanced apoptosis and lung
tissue destruction in mice [13]. Our results suggest that GPx-
1 significantly regulates the UPR in COPD and enhancing

GPx-1 expression may be feasible means of offsetting the
UPR and lung injury responses that drive the onset and
progression of this disease.

Multiple studies utilizing the Gpx-1−/− and transgenic
mice demonstrated the protective role of GPx-1 in countering
oxidative injury and cell death mediated by ROS [13, 30].
GPX-1 activity also affects protein kinase phosphorylation
[31] and oxidant-mediated activation of NF-𝜅B [32]. In this
current study, GPx-1 was significantly reduced in NHBE cells
isolated from COPD subjects compared to nonsmokers and
smokers. Others have reported that the alteration of GPx-1
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Figure 5: Gpx-1 deficient mice have heightened ER stress in their lungs following exposure to cigarette smoke. Gpx-1−/− and wild type mice
were exposed to cigarette smoke daily for 1 year. (a) Lung gene expression of Chop, Atf4, Edem1, Grp78, Grp94, and Xbp1 was examined. (b)
Immunoblots were performed of whole lung protein for CHOP, ATF4, EDEM, GRP78, GRP94, and XBP1. Dot plots are represented as (a)
relative quantification (RQ) compared to ACTB expression or (b) densitometry units (DU) of pixel intensity expressed as a ratio to 𝛽-actin.
Every lane represents an individual mouse. Data are shown as mean ± SEM, where each measurement was performed on 3 independent days
on 6 donors/group. ∗ denotes a 𝑝 value < 0.05, when comparing both treatments connected by a line, determined by 2-way ANOVA with
Tukey’s post hoc test (>2 groups).

expression does not affect the mRNA or activity expression
of other selenoproteins [33], which suggests no compensation
expression of other selenoproteins following loss of GPx-
1 expression. Currently the mechanism by which cigarette
smoke regulates GPx-1 expression is not fully elucidated but
considering our GPx-1 reintroduction data further analysis

of GPx-1 regulation is critical. GPx-1 expression and activity
have been reported to be regulated by Nrf2 [34], the tran-
scription factor TFAP2C [35], CpG methylation of the GPx-1
promoter [35], Bcr-Abl/mTOR [36], selenium [37], estrogen
[38], adenosine [39], Sec-insertion sequence (SECIS) factors
[40], EGFR [41], and homocysteine [42]. Specifically, within
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Figure 6: Gpx-1 deficient mice have heightened ER stress in their lungs following exposure to cigarette smoke. Gpx-1−/− and wild type mice
were exposed to cigarette smoke daily for 1 year. (a) TUNEL analysis was performed on lung tissue from each mouse group. (b) Enhanced
lung tissue caspase-3 cleavage coincided with (c) elevated LDH into BALF ofGpx-1−/− exposed to cigarette smoke. Every lane in (b) represents
an individual mouse and densitometry units (DU) of pixel intensity expressed as a ratio to total caspase-3 levels. Dot plots are represented
as mean ± SEM, where each measurement was performed on 3 independent days on 6 donors/group. ∗ denotes a 𝑝 value < 0.05, when
comparing both treatments connected by a line, determined by 2-way ANOVA with Tukey’s post hoc test (>2 groups).

the lung during smoke exposure, Singh et al. show elevated
GPx-1 expression in the lungs following one-month cigarette
smoke exposure that was regulated by Nrf2 [34]. However,
Nrf2 expression is lost in COPD subjects suggesting that this
secondary event could result in reduced GPx-1 expression
and heightened ER stress. Loss of Nrf2 in mice results
in enhanced susceptibility to cigarette smoke [43, 44] and
elastase [45] induced emphysema in mice. However genomic
studies in Nrf2−/− mouse samples suggest that Nrf2 may
regulate other GPx genes but not GPx-1 [46]. Whether RSV
infection alters regulation of GPx-1 expression in a similar
manner to chronic smoke is unknown. Interestingly, the
UPR upon RSV infection can counter viral proliferation [26].
Further studies on the regulation of GPx-1 in smoke exposure
and COPD and the significance of ER stress in the lungs are
required. This will be a major area for our future work.

Since GPx-1 expression regulates all three branches of the
UPR, GPx-1 may affect a common mediator of the UPR or
each branch individually. Dissociation of GRP78/BiP upon
ER stress is required for all three branches of the UPR. GPx-1
expression directly regulated the gene expression of GRP78.
However, whetherGPx-1 impacts onGRP78dissociation dur-
ing ER stress is unknown. Nrf2 interacts directly with PERK
[47] and may play a major role in GPx-1 expression thereby
regulating the UPR. The ER stress inducer, thapsigargin,
induces Nrf2 protein production in 16-HBE cells [47], which
suggests that the UPR induces a Nrf2 response to reverse
ER stress. We observe a similar effect on GPx-1 expression
in PCLS following tunicamycin treatment. Equally, XBP1
regulates several antioxidants, including catalase, SOD1, and
thioredoxinTRX1 [48].However, XBP1 does not regulateGPx
proteins [48] but XBP1 expression is regulated by GPx-1. The
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Figure 7: Continued.



Mediators of Inflammation 13

GPx-1

Vehicle 

42

20

24

22

22

GPx-2

GPx-3

GPx-4

18 SOD1

𝛽-Actin

1 2 3 4 5 6

G
Px

-1
 D

U

G
Px

-2
 D

U

G
Px

-3
 D

U

G
Px

-4
 D

U

SO
D

1 
D

U

0

1

2

3
∗

0.0

0.5

1.0

1.5

2.0

2.5 ∗

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

2.0

2.5
∗

0.0

0.5

1.0

1.5

− +
Tunicamycin (1𝜇M)

− +
Tunicamycin (1𝜇M)

− +
Tunicamycin (1𝜇M)

− +
Tunicamycin (1𝜇M)

− +
Tunicamycin (1𝜇M)

Tunicamycin

(e)

Figure 7: Effect of ER stress-induced tunicamycin on the antioxidant expression profile in mouse precision-cut lung slices (PCLS). PCLS
were obtained from wild type mice and were exposed to tunicamycin (1 𝜇M) for 24 hours. (a) LDH release into media and (b) Chop, Atf4,
Atf6, and Xbp1 gene expression were examined. (c) Immunoblots were conducted for Chop, Atf4, Atf6, Xbp1, and 𝛽-actin. (d) GPx-1, GPx-2,
GPx-3, GPx-4, and Sod1 were quantified by qPCR and (e) immunoblots analysis. Every lane represents an individual mouse. Dot plots are
represented as relative quantification (RQ) compared to ACTB expression or densitometry units (DU) of pixel intensity expressed as a ratio to
𝛽-actin. Data are shown as the mean ± SEM, where each measurement was performed on 3 independent days on 6 donors/group. ∗ denotes
a 𝑝 value < 0.05, when comparing both treatments connected by a line, determined by Student’s 𝑡-test (2 groups).

XBP1 regulated gene, EDEM1, was also enhanced in Gpx-1−/−
mice exposed to smoke, which further confirms that GPx-1
regulation of XBP1 signaling. ATF6 requires translocation to
the Golgi to undergo cleavage and subsequent translocation
to the nucleus to act as a transcription factor [49]. Whether
GPx-1 modulates this signaling has yet to be determined.
This crosstalk between antioxidant signaling and the UPR
is partially lost in COPD and may play a critical step in the
pathogenesis of this disease.

The role of the UPR on apoptosis is dependent on the
stimulus, exposure duration, and intensity of this signaling.
Loss of GPx-1 expression directly impacts cell death and
cell death is an important factor in COPD progression [50].
Smoke-induced apoptosis has been associated with several
processes, such as ceramide signaling [51], damage-associated
molecular pattern molecules (DAMPs) [52], and tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
[53]. The loss of Gpx-1 exacerbated cigarette smoke-induced
cell apoptosis in mice, suggesting that Gpx-1−/− genotype
exacerbated cell death at least partially through the induc-
tion of the UPR. Our group has previously demonstrated

that GPx-1 also regulates the activation of protein tyrosine
phosphatase 1B (PTP1B) and protein phosphatase 2A (PP2A)
[13]. Both of these phosphatases could impact smoke-induced
cell survival [54, 55]. Equally, Nrf2 deficient cells undergo
enhanced cell death following exposure to ER stress [47],
whichmay be dependent on GPx-1 expression.Therefore, the
data presented here suggests that enhancedCHOPexpression
in NHBE cells and mouse lungs may contribute to apoptosis.
Other studies also suggest that certain elements of the UPR
have several antiapoptotic and anti-inflammatory effects in
other organs. XBP1 reduces CSE-induced CHOP and thereby
is protected fromCSE-induced apoptosis in a retinal pigment
epithelia (RPE) cell line [56], via regulation of eIF2𝛼 and p38
phosphorylation [4]. Loss of CHOP expression exacerbated
cell death through the downregulation of Nrf2 in RPE cells
[4]. CHOP deficiency enhances apoptosis in hippocam-
pal cells and impaired memory-related behavioural perfor-
mances in mice with tunicamycin treatment [57]. Recently,
deficiency of CHOP exaggerated lipopolysaccharide- (LPS-)
induced inflammation and kidney injury in mice [58]. The
importance of ER stress and the role of each member of
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Figure 8: Possible signaling mechanism for GPx-1 regulation of the UPR. Evidence presented in this study indicates that following smoke
exposure GPx-1 prevents ER stress (a). However, in the disease-state GPx-1 expression is subdued and results in enhanced UPR (b). RSV
infection significantly contributes to reduced GPx-1 expression that coincides with enhanced UPR.

the UPR in the development of lung disease still remain
to be fully addressed. However, we have demonstrated that
enhanced UPR coincides with worsening of symptoms that
are countered with the expression of GPx-1 in mice.

5. Conclusion

Here we demonstrate that GPx-1 expression is reduced in
NHBE cells isolated from COPD subjects, GPx-1 is a major
regulator of the UPR under smoke exposure conditions, and
acute ER stress induces lung GPx-1 expression. Together, our
data indicate that the loss of GPX-1 expression in COPD
lungs could contribute to disease progression by enhancing
theUPR.These studies suggest that enhancingGPX-1 activity
may be an effective therapeutic approach to prevent the
damage induced by UPR in the lung.
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Cellular junctions play a critical role in structural connection and signal communication between cells in various tissues.
Although there are structural and functional varieties, cellular junctions include tight junctions, adherens junctions, focal adhesion
junctions, and tissue specific junctions such as PECAM-1 junctions in endothelial cells (EC), desmosomes in epithelial cells,
and hemidesmosomes in EC. Cellular junction dysfunction and deterioration are indicative of clinical diseases. MicroRNAs
(miRNA) are ∼20 nucleotide, noncoding RNAs that play an important role in posttranscriptional regulation for almost all genes.
Unsurprisingly, miRNAs regulate junction protein gene expression and control junction structure integrity. In contrast, abnormal
miRNA regulation of junction protein gene expression results in abnormal junction structure, causing related diseases. The major
components of tight junctions include zonula occluden-1 (ZO-1), claudin-1, claudin-5, and occludin.ThemiRNA regulation of ZO-1
has been intensively investigated. ZO-1 and other tight junction proteins such as claudin-5 and occludin were positively regulated
by miR-126, miR-107, and miR21 in different models. In contrast, ZO-1, claudin-5, and occludin were negatively regulated by miR-
181a, miR-98, andmiR150. Abnormal tight junctionmiRNA regulation accompanies cerebral middle artery ischemia, brain trauma,
glioma metastasis, and so forth. The major components of adherens junctions include VE-cadherin, 𝛽-catenin, plakoglobin, P120,
and vinculin. VE-cadherin and 𝛽-catenin were regulated by miR-9, miR-99b, miR-181a, and so forth. These regulations directly
affect VE-cadherin-𝛽-catenin complex stability and further affect embryo and tumor angiogenesis, vascular development, and so
forth. miR-155 and miR-126 have been shown to regulate PECAM-1 and affect neutrophil rolling and EC junction integrity. In
focal adhesion junctions, the major components are integrin 𝛽4, paxillin, and focal adhesion kinase (FAK). Integrin 𝛽4 has been
regulated by miR-184, miR-205, and miR-9. Paxillin has been regulated by miR-137, miR-145, and miR-218 in different models. FAK
has been regulated by miR-7, miR-138, and miR-135. Deregulation of miRNAs is caused by viral infections, tumorigenesis, and
so forth. By regulation of posttranscription, miRNAs manipulate junction protein expression in all cellular processes and further
determine cellular fate and development. Elucidation of these regulatory mechanisms will become a new alternative therapy for
many diseases, such as cancers and inflammatory diseases.

1. Introduction

Cellular junctions are connective structures between cells
existing in various tissues, such as epithelium, endothelium,
and intestine. Although the cellular junction components and
types may vary in different tissues, the majority of com-
ponents in junctions are similar. Cellular junctions usually
have tight junctions, adherens junctions, and focal adhesion
junctions. In the endothelium, two identical PECAM-1s
also form a junction and stabilize the major junctions. In

addition to barrier function, some junction proteins, such
as connexins, form a junction between cells which functions
as an ion or water exchange channel (connexon). Integrins
associate with focal adhesion kinase (FAK) and paxillin to
form a focal adhesion complex, anchoring cells on the basal
membrane. The focal adhesion complex also functions as
a mechanical sensor which transduces extracellular signal
into an intracellular downstream signaling pathway. Thus,
these cellular junctions regulate cell function in their own
ways.

Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2016, Article ID 5078627, 6 pages
http://dx.doi.org/10.1155/2016/5078627

http://dx.doi.org/10.1155/2016/5078627


2 Mediators of Inflammation

MicroRNAs (miRNAs) are noncoding RNAs typically
∼20 nucleotides in length and transcribed by RNA poly-
merase II from individual miRNA genes or coding gene
introns. Most miRNAs are associated with RNA-induced
silencing complex (RISC) and destabilize or inhibit target
mRNA translation via binding to the 3 untranslated ter-
minal (3UTR). miRNAs provide precise posttranscriptional
control of target gene mRNA. Dysfunctional miRNA causes
an abnormally high transcription level of the target mRNA
and related clinical consequences. The large number and
variable function of miRNA identified to date indicate that
miRNAs are involved in a vast array of cellular processes,
including development, growth, and tumorigenesis [1, 2].
However, the importance of miRNAs for cellular junction
gene transcription has not been fully characterized.

Here, we review the important role of miRNAs in the
processes of endothelial junction protein transcription and
clinical relationships. It will help us to better understand
the mechanism behind miRNA regulation of endothelial
junctions and provide alternative therapies for the diseases
caused by endothelial junction abnormality.

2. Tight Junction Proteins

2.1. Zonula Occludens-1 (ZO-1)/Occludin/Claudin-5. miRNA
regulation of tight junctions has been systemically reviewed
[3], and more miRNAs have been found involving tight
junction expression. Moreover, the clinical consequence
of miRNA regulation has not been reviewed, particularly
endothelial tight junction regulation.

miRNA-107 abrogated the amyloid-beta (Abeta) protein-
induced disruption of blood-brain barrier (BBB) and endo-
thelial cell dysfunction. 3-UTRassay showed that endophilin-
1 mRNA is the direct target of miR-107, which further affected
endothelial junction by upregulation of ZO-1, occludin, and
claudin-5 [4]. The rat permanent middle cerebral artery
occlusion (MCAO) model showed that MCAO significantly
increased BBB permeability in MCAO area. The expression
of claudin-5 was decreased in MCA ischemic areas after
upregulation of miR-150. Dual-luciferase assay confirmed
that miR-150 directly regulated angiopoietin receptor Tie2
and then downregulated claudin-5 [5]. Deletion of miR-150
or knockout miR-150 caused irreversible increase in vascular
permeability in mouse and cell model [6]. Interestingly,
miR-21 increased in the brain following traumatic brain
injury, promoting junction protein expression and exerting
a protective effect on BBB by activating Ang-1/Tie2 axis [7].

In vitro and in vivo models showed that miR-98 neg-
atively regulated tight junction proteins, such as ZO-1, by
targeting hypoxia-inducible factor-1 (HIF-1) [8]. Diabetes
(DM) rats had significant decrease in miR-126, claudin-
5, occluding, and ZO-1 expression and worsened blood
retinal barrier. Niaspan treatment reversed these deleterious
effects and enhanced miR-126 level. This observation indi-
cated that miR-126 plays an important role in the Niaspan-
mediated antidiabetic effect and enhances endothelial barrier
by targeting tight junction protein expression [9]. In glioma
ECs, upregulation of miR-181a targeted Kruppel-like factor
6 (KLF6), downregulating ZO-1, occluding, and claudin-5,

and increased permeability of the blood-tumor barrier (BTB)
[10].

Similarly, by targeting runt-related transcriptional factor 1
(RUNX1), miR-18a downregulated mRNA of ZO-1, occludin,
and claudin-5 in glioma vascular endothelial cells (GECs) and
increased the permeability of BTB [11]. In metastatic breast
cancer cells, miR-105 downregulated ZO-1 and increased
endothelial barrier permeability, although the underlying
mechanismwas unclear [12]. By targetingHIV-1 Tat proteinC
(HIV-1 Tat C), miR-101 downregulated VE-cadherin, further
downregulated claudin-5, and changed BMVECs permeabil-
ity [13] (Table 1).

3. Adherens Junction Proteins

3.1. VE-Cadherin. The major components of adherens junc-
tions include cadherins, 𝛽-catenin, plakoglobin, p120, and
vinculin. These adherens proteins play an important role
not only in cellular connection, but also in cellular signal
exchange, contact-induced growth inhibition, and so forth
[14]. Adherens junctions exist in all types of cellular con-
nections and are relatively stable. As a major component of
adherens junctions, E-cadherin (CDH1, existing in epithe-
lium), VE-cadherin (CDH5, existing in vascular endothe-
lium), and N-cadherin (CDH2, existing in neurons) have
been extensively studied in past decades and miRNA regu-
lation has been reported. miR-9 downregulated E-cadherin
accompanying tumor metastasis or osteoblast differentiation
[15, 16].

Early studies showed that miR-99b, miR-181a, and miR-
181b potentiated the mRNA and protein expression of
PECAM-1 and VE-cadherin accompanying differentiation of
human embryonic stem cells to vascular endothelial cells [17].
miR-21 also regulated induced pluripotent stem cell (iPSC)
differentiation into ECs by directly targeting VE-cadherin
[18]. miR-125b inhibited VE-cadherin translation and in
vitro tube formation by tumor ECs [19]. Overexpression of
miR-142a-3p resulted in loss of vascular integrity, hemor-
rhage, and vascular remodeling during zebrafish embryonic
development, while loss of function of miR-142a-3p caused
abnormal vascular remodeling. MiR-142a-3p functions in
part by directly repressing VE-cadherin [20]. VE-cadherin
also played a role in HIV-associated neurological disorders.
HIV-1 Tat protein C increased the expression of miR-101,
which led to downregulation of VE-cadherin and further
caused an adverse effect on blood-brain barrier integrity and
permeability [13]. By directly targeting VE-cadherin, ectopic
expression of miR-27a blocked capillary tube formation and
angiogenesis [21]. MiR-302c and miR-26b-5p also showed
similar function during hepatocarcinoma vascular tube for-
mation [22, 23]. By regulation of signal pathways, such as
TGF-𝛽 andTGF-𝛽2 signal pathways, severalmiRNAs, such as
miR-20a andmiR-21, indirectlymodulated adherens junction
protein expression and endothelial-mesenchymal transition
[18, 24] (Table 1).

3.2. 𝛽-Catenin. 𝛽-Catenin is not only a central molecule of
many signaling pathways, such as theWnt signaling pathway,
but also a critical part of the VE-cadherin junction complex.
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Table 1: The major components of EC junction and their targeting miRNAs.

Junction protein Targeting miRNAs Clinical consequence

ZO-1/occludin/claudin-5
miR-105, miR-181a,

miR-18a, miR-21, miR-150,
miR-101, miR-126

EC barrier disruption
Tumorigenesis

VE-cadherin

miR-99b, miR-181a,
miR-181b, miR-21,

miR-125b, miR-142a-3p,
miR-101, miR-27a,

miR-302c, miR-26b-5p,
miR-20a

EC barrier disruption
Tumorigenesis

𝛽-Catenin miR-1826, miR-23b Growth, apoptosis, invasion

PECAM-1 miR-126, miR-155 EC barrier disruption
Tumorigenesis

Integrin 𝛽4 miR-184, miR-205, miR-9 Tumor metastasis

Paxillin miR-137, miR-145, miR-218,
miR-125b

Tumor metastasis
Infection

FAK miR-135, miR-138, miR-543 Tumorigenesis
Tumor invasion

By associationwithVE-cadherin, the𝛽-catenin/VE-cadherin
complex plays an important role in maintaining EC junction
integrity. By far, of the majority of these studies focused
on the role of miRNAs in tumorigenesis or EMT [15, 25].
For example, miR-1826 level was much lower in bladder
cancer (BC) cell lines compared to normal bladder cell
lines. Transfection of miR-1826 into BC cells inhibited BC
cell viability, invasion, and migration by interfering with
the VEGF-𝛽-catenin-ERK signaling pathway [26]. Down-
regulation of miR-23b triggered glioma growth inhibition,
induced apoptosis, and suppressed invasion by inhibition of
𝛽-catenin/Tcf4 and HIF-1𝛼/VEGF signaling pathways [27].
Moreover, miRNA-184 downregulated 𝛽-catenin and delete-
riously changed endothelial cell adherens junction structure
and functions in HUVECs and HCE [28] (Table 1).

4. PECAM-1

PECAM-1 is specifically expressed in blood and endothe-
lial cells. PECAM-1 on circulating platelets and leukocytes
functions as an inhibitory receptor that limits cellular acti-
vation responses. However, PECAM-1 is highly expressed at
endothelial cell intercellular junctions, where it functions as
a mechanical sensor, regulator of leukocyte trafficking, and
in the maintenance of endothelial junction integrity [29].
Inhibition of miR-155 improved neurological impairment of
rats with cerebral infarction accompanying enhancement of
PECAM-1 expression andEC junction integrity improvement
[30]. Interestingly, polyphenolics inhibited high glucose-
mediated inflammatory response and decreased PECAM-1
and ICAM-1 protein levels in human vascular endothelial
cells (HUVECs). MicroRNA screens indicated that miR-
126 may be modulated by polyphenolics as the underlying
mechanism to inhibit expression of PECAM-1 and ICAM-
1 [31]. A hyperoxia-induced bronchopulmonary dysplasia

study resulted in lower levels of PECAM-1 mRNA and pro-
tein.MicroRNAscreening indicatedmiRNAsmayparticipate
in the occurrence and development of bronchopulmonary
dysplasia, including PECAM-1 expression. However, the
underlying mechanism of miRNA-mediated PECAM-1 regu-
lation and clinical consequence has not yet been determined
[32] (Table 1).

5. Focal Adhesion Junction Proteins

5.1. Integrin 𝛽4. In EC focal adhesion junctions, the major
components include integrin 𝛽4, paxillin, and focal adhesion
kinase (FAK). Integrin 𝛽4 associates with integrin 𝛼6 to form
a complex which anchors ECs on the basal membrane and
functions as a mechanical sensor. Unlike other integrin 𝛽
isoforms, integrin 𝛽4 has a unique long cytosolic domain
which functions as a dock for tyrosine kinases, such as Src
and Fny. Once integrin 𝛽4 receives stimulation from the
basal membrane, its cytosolic domain recruits a tyrosine
kinase and activates downstream signaling pathway. Single-
nucleotide polymorphisms (SNPs) studies in breast cancer
(BC) samples indicated that an A allele of the SNP rs 743554
in the integrin 𝛽4 gene has strong association with oestrogen
receptor-negative tumors and it is believed to affect binding
efficiency with microRNAs. Compared with wild type geno-
type carriers, those with the A allele have a poor survival
significantly associated with aggressive tumor characteristics:
high grade, lymph node metastasis, and high stage [33].
MicroRNAs miR-184 and miR-205 competitively bind to the
complementary sequences within the 3untranslated region
(3UTR) of integrin 𝛽4 mRNA. Mutated miR-184 failed to
compete with miR-205 for the overlapping target sites on
the 3 UTRs of integrin 𝛽4 and resulted in familial severe
keratoconus [34]. MiR-205 also regulated tumor cell basal
membrane deposits of lamin-332 and its receptor integrin 𝛽4
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[35]. Silico analysis showed thatmiR-9 also regulated integrin
𝛽4 mRNA but had no experimental results validating it [36]
(Table 1).

5.2. Paxillin. Knockdown of paxillin or ectopic expression of
miR-137 inhibited tumor growth and metastasis of colorectal
cancer (CRC) cells in vivo. A dual-luciferase reporter gene
assay validated paxillin as a direct target of miR-137 [37]. A
similar inhibitory effect of miR-137 was also observed in a
non-small cell lung cancermodel [38].MiR-145 also inhibited
paxillin expression by binding to the paxillin mRNA 3UTR.
Higher expression of paxillin and lower expression of miR-
145 were observed in colorectal cancer tissues than corre-
sponding paracancerous tissue [39]. Among high-risk human
papillomavirus (HPV) 16-infected oral cavity squamous cell
carcinoma (OCSSC), HPV16/18 infection was negatively
associated with miR-218 expression and positively associated
with paxillin expression. This observation indicated there is
an inverse relationship betweenmiR-218 andpaxillin inHPV-
infected OCSCC [40]. More interestingly, microRNAs have
been found to modulate paxillin expression by epigenetic
mechanisms [41, 42]. Alternatively, paxillin also functions as
a regulator of microRNA expression, such as miR-125b, to
further regulate tumorigenesis [43] (Table 1).

5.3. Focal Adhesion Kinase (FAK). Focal adhesion kinase
(FAK) is the key component of the focal adhesion com-
plex, which links focal adhesions to the cytosolic signaling
pathway. By modification of FAK, such as phosphorylation
or dephosphorylation of tyrosine or serine, FAK transduces
extracellular stimuli into downstream signaling, further reg-
ulating the cytoskeleton and cellular junction.miR-7 has been
shown directly targeting FAK and is negatively correlated
with lymph node metastasis and tumor node metastasis stag-
ing in colon cancer (CC) [44, 45]. miR-543 level decreased in
endometrial cancer cells and inversely correlatedwithmRNA
levels of FAK andTwist homolog 1 (TWIST1) [46]. By binding
with the 3UTR of mRNA, miR-138 and miR-135 inhibited
FAK protein expression in different cancer cell lines, such
as HeLa cell, SW480, and A375 cell. Moreover, regulation
of FAK expression by miR-135 and miR-138 also affected
cancer cell invasion, drug sensitivity, and tumor growth in
both in vitro and in vivo models [47]. Finally, by targeting
an upstream kinase of FAK, somemiRNAs indirectly regulate
FAK phosphorylation status and further affect cell functions,
such as junction integrity, cell growth, and migration [48]
(Table 1).

6. Summary

Junction proteins are groups of structural proteins involved in
various critical cellular processes, including cellular connec-
tion and signal communication, cell growth, and migration.
So far, endothelial junction integrity has shown to be involved
in many diseases, such as edema, inflammatory cell infiltra-
tion, and tumor cell invasion. Accordingly, comprehensive
understanding of cell junction protein regulation is crucial for
both junction function study and clinical therapy. Among all

of the regulatory mechanisms of junction protein expression,
miRNAs have emerged as particularly promising targets for
their structural and functional characteristics. In this review,
we systemically reviewed the miRNAs and their targeting
proteins of tight junctions, adherens junctions, focal adhesion
junctions, and PECAM-1 junctions. Although somemiRNAs
–junction protein regulatory relationships were observed in
models other than endothelial junctions, they still provide
insights into understanding the importance of these miRNAs
(Table 1). Moreover, the phenotypes of these regulatory
miRNAson targeting junction proteins are also presented and
certainly help us better understand the importance of these
miRNAs in clinical regards.
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Malaria is a serious disease, caused by the parasite of the genus Plasmodium, which was responsible for 440,000 deaths in 2015.
Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) is one of the main clinical complications in severe malaria.
The murine model DBA/2 reproduces the clinical signs of ALI/ARDS in humans, when infected with Plasmodium berghei ANKA.
High levels of HO-1 were reported in cases of severe malaria. Our data indicated that the HO-1 mRNA and protein expression are
increased in mice that develop malaria-associated ALI/ARDS (MA-ALI/ARDS). Additionally, the hemin, a HO-1 inducing drug,
prevented mice from developing MA-ALI/ARDS when administered prior to the development of MA-ALI/ARDS in this model.
Also, hemin treatment showed an amelioration of respiratory parameters in mice, high VEGF levels in the sera, and a decrease
in vascular permeability in the lung, which are signs of ALI/ARDS. Therefore, the induction of HO-1 before the development of
MA-ALI/ARDS could be protective. However, the increased expression of HO-1 on the onset of MA-ALI/ARDS development may
represent an effort to revert the phenotype of this syndrome by the host. We therefore confirm that HO-1 inducing drugs could be
used for prevention of MA-ALI/ARDS in humans.

1. Introduction

Malaria is a serious disease caused by the Plasmodium
parasite and transmitted through the bite of the Anopheles
mosquito. It is estimated that there were about 214 million
cases of malaria in 2015, resulting in approximately 440,000
deaths, most of which originating from sub-Saharan Africa
and in children under 5 years of age [1].

Malaria is characterized by signs and symptoms such
as severe anemia, fever, vomiting, and fatigue [2]. During
the symptomatic phase of malaria several clinical com-
plications can occur and are defined as severe malaria.
These complications are anemia, cerebral malaria, placental
malaria, and acute lung injury/acute respiratory distress syn-
drome (ALI/ARDS) [3]. The ALI/ARDS has been diagnosed
in patients suffering from malaria caused by all the species

that cause disease in humans, including P. knowlesi [4];
however it is more common in P. falciparum and P. vivax
malaria [5].

ALI/ARDS is characterized by high morbidity and,
although more common in adults, also affects children and
pregnant woman. The most common manifestations of this
syndrome are noncardiogenic pulmonary edema, increased
phagocytic activity, dyspnea, reduction in the capacity of gas
exchange, and increased levels of inflammatory mediators
[6]. ALI/ARDS is most commonly caused by bacteria, sepsis,
viral pneumonia, gastric aspiration, severe trauma, adverse
drug reactions, and fungal or parasitic infections of the lung
[7]. The mechanisms that are critical in the initial and later
stages of ALI/ARDS are not well defined [8]. However, it
is known that the presence of intravascular fluid in the
lungs, due to increased permeability of the alveolar capillary
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membrane, is the key pathophysiological mechanism of
ALI/ARDS [9].

Multiple factors are possibly involved in the increased
vascular permeability, such as endothelium injury, increased
levels of proinflammatory cytokines such as TNF-𝛼 (tumor
necrosis factor alpha), interleukin 1 (IL-1), or IL-6 and IL-8,
and endovascular occlusion associatedwith the accumulation
of erythrocytes with reduced deformability, leukocytes, and
platelets [6, 9].

Different mouse models have been developed for the
study of MA-ALI/ARDS, showing similar aspects to human
ALI/ARDS [10–13]. DBA/2 strain mice develop ALI/ARDS
when infected with the parasite Plasmodium berghei ANKA
(PbA) [10]. In this model, an average of 50% of the mice
that die between days 7 and 12 after infection have dyspnea,
hypoxemia, and reduced respiratory rate. Postmortem stud-
ies revealed that these mice had pleural effusion, contain-
ing cells such as neutrophils, lymphocytes, monocytes, and
macrophages [10, 14]. Furthermore, the vascular endothelial
growth factor (VEGF) has been identified as critical in
increased pulmonary vascular permeability, a hallmark of
ALI/ARDS [10, 15].

The protective role of HO-1 enzyme and carbon monox-
ide (CO) in experimental severe malaria episodes has been
demonstrated in animalmodels [10, 15, 16]. Additionally,HO-
1 was found to be increased in peripheral blood leukocytes,
plasma, tissue macrophages, and monocytes of humans with
severe malaria [17, 18]. HO-1 is an enzyme encoded by
hmox-1 gene and is considered “protective” due to its anti-
inflammatory, antiapoptotic, and antiproliferative actions in
different cell types, including endothelial cells [19]. This
enzyme participates in the free heme degradation, generating
equimolar amounts of CO, iron, and biliverdin and plays
a protective role in modulating tissue response to injury
in various organs, including the lung [20–22]. The malaria
infection leads to the release of reactive oxygen species and
free heme, harmful to the endothelial cells of the host. When
exposed to free heme, host cells increase expression of HO-
1 [23]. HO-1 catabolizes free heme into iron, biliverdin,
and CO, which are less toxic to the cells. Therefore, some
studies have shown that inducers of HO-1 such as hemin
and cobalt protoporphyrin IX (CoPPIX) protected mice
infectedwithmalaria, or suffering fromother diseases such as
polymicrobial sepsis, fromdevelopingALI/ARDS [16, 24, 25].
Additionally, it was observed in previous publications that
HO-1 inducers are protective against experimental cerebral
malaria [16] and that treatment of DBA/2 mice with a CO-
releasing molecule is protective against MA-ALI/ARDS [15].
Meanwhile, in this study, it was observed, for the first time
that HO-1 expression is increased in PbA infected DBA/2
mice lungs which develop ALI/ARDS and that the induction
of HO-1 protects these mice from developing ALI/ARDS.

2. Materials and Methods

2.1. Mice, Parasites, and Infection. Six- to ten-week-old male
DBA/2 mice were bred under pathogen-free conditions in
isogenic mouse facilities, at the Biomedical Sciences Institute

of the University of São Paulo. In all experiments, the welfare
of the animals was taken into consideration. Mice had ad
libitum access to water and food (Nuvilab CR-1, Quintia S/A,
São Paulo, Brazil). Mice were intraperitoneally infected with
1 × 106 Plasmodium berghei ANKA (clone 1.49L) infected red
blood cells (iRBCs), as previously described [10]. Parasitemia
levels were monitored daily using Giemsa-stained peripheral
blood smears. All experiments were performed in accordance
with the ethical guidelines for experiments withmice, and the
protocols were approved by the Animal Health Committee
of the Biomedical Sciences Institute of the University of São
Paulo (CEUA number 146, page 136, book 2). The guidelines
for animal use and care were based on the standards estab-
lished by The Brazilian College of Animal Experimentation
(COBEA). All efforts were made to prevent undue stress or
pain to the mice. Twenty days after infection, all surviving
animals were euthanized. The mice were euthanized with
an anesthetic overdose of ketamine (150mg/kg) (Vetbrands,
Brazil) and xylazine (15mg/kg) (Syntec, Brazil), and con-
sciousness was checked by testing the pedal reflex, heartbeats,
and breathing movements.

2.2. Histological Evaluations. Necropsy was performed in
mice dying naturally frommalaria or mice euthanized on the
20th day after infection (DAI) to complete the experiment
and to avoid animal suffering. The lungs were collected and
fixed in buffered 10% formalin for 24 hours and 70% alcohol
for 24–48 hours and then embedded in paraffin, sectioned at
5 𝜇m onto slides, and stained with hematoxylin-eosin (HE)
according to standard protocol. Histopathological analyses
were performed under a Axio Imager M2 (Zeiss) microscope
using the Axio Cam HRc (Zeiss) and the software Axio
Vision, version 4.9.1.0. In order to determine the alveolar area
percentage, 20 pictures per lung HE section were taken and
the software Gimp, version 2.8.16 (https://www.gimp.org/)
was used to determine the alveolar area in pixels of each
picture.The percentage of alveolar area relatively to total area
of the pictures were determined in ALI/ARDS versus HP and
in hemin treated versus nontreated (saline) mice.

2.3. Determination of Respiratory Pattern. Respiratory pat-
terns (respiratory frequency (RF) and enhanced pause
(Penh)) were monitored on the 7th DAI by placing the
mice in the plethysmography chamber (WBP, Buxco Elec-
tronics, Wilmington, North Carolina, USA) for 10 min-
utes (basal level) as described before [14]. The data were
collected using Biosystems XA software and included the
RF (breaths/minute) and variables to calculate the Penh,
a theoretical variable that correlates with both pulmonary
resistance and intrapleural pressure [26]. The Penh is calcu-
lated by the following equation [27]:

Penh =
peak expiratory height
peak inspiratory height

× (
expiratory time
relaxation time

− 1) .

(1)

https://www.gimp.org/
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2.4. Identifying ALI/ARDS in Mice before Death. Identifica-
tion ofALI/ARDS inmice before deathwas done as described
before [14]. In short, we used two groups of PbA infected
mice (10–12 mice per group): the survival group and the
euthanized group in which the mice were euthanized on
the 7th DAI. In the survival group, in any mouse that died
between the 7th and 12th DAI showing pleural effusion or
red and congested lungs at necropsy, the cause of death was
attributed to ALI/ARDS. In contrast, in mice without pleural
effusion that died after 13th DAI with pale lungs and high
levels of parasitemia, the cause of death was attributed to
hyperparasitemia (HP) and, consequently, anemia. In the
euthanized group, mice were classified as having been likely
to die of ALI/ARDS or HP, by comparing their respiratory
patterns and parasitemia levels with the survival group, in
which the causa mortis was known, as previously published
[14].

2.5. HO-1 Immunohistochemistry. To perform the immuno-
histochemistry of HO-1, slides containing the tissue sections
were placed in an incubator at 60∘C for 20 minutes. Then
they were incubated in xylene twice for 15min at 60∘C and
afterwards passed in absolute ethanol, in 95% alcohol, in 70%
alcohol, in distilled water, and finally in 1x PBS pH 7.2 to 7.4.
For the antigen retrieval, the slides were incubated in sodium
citrate buffer pH 6 for 45 minutes at 95∘C. Endogenous
peroxidase was blocked with 3% hydrogen peroxide for 15
minutes, twice, at room temperature and protected from
light. The tissue was probed with rabbit polyclonal to HO-1
(1 : 1000) antibody (Abcam, ab13243) overnight at 4∘C and
then the kit REVEALmouse/rabbit (SPRING-Code SPD-015)
was used in accordance with the manufacturer’s instructions.
The quantification of HO-1 in lung tissue was done by
calculating the marked area in the entire tissue section. The
calculation was done in ImageJ (version 1.50b) software
(https://imagej.nih.gov/ij/), using the plugin IHC toolbox
(http://rsb.info.nih.gov/ij/plugins/ihc-toolbox/index.html)
[28].

2.6. Western Blot. Fresh frozen mice lung tissues were soni-
cated and homogenized in ice using the Radio-Immuno-
precipitation Assay (RIPA) buffer composed of 50mM Tris-
HCl pH 8.0, 150mM NaCl, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulphate (SDS), 1mM sodium orthovana-
date, 1mM NaF, and a protease inhibitor tablet. The samples
were analyzed for protein content using a Bradford protein
assay (BioRad) according to manufacturer’s instructions.
Each sample was quantified, and then 9 𝜇g of protein was
loaded onto a 12% Tris-glycine SDS-polyacrylamide gel,
according to the manufacturer’s protocol (BioRad). The gel
was transferred to a PVDF membrane by electrophoresis at
30V for 16 h. The membrane was blocked in PBS with 0.1%
Tween 20 (PBS-T) and 10% nonfat milk at room temperature
for 2 h. All antibodies were diluted in the same buffer (PBS-T)
with 1% nonfat milk.

The membrane was then probed with rabbit polyclonal
HO-1 antibody (Abcam, ab13243, 1 : 20,000) and then incu-
bated for 1 h at room temperature. After incubation, the

membrane was washed five times with PBS-T and incubated
with horseradish peroxidase–conjugated goat anti-rabbit IgG
(Millipore, ap307p, 1 : 20,000) for 1 h at room temperature.
After washing five times with PBS-T, an ECL system (Clarity
Western ECL Blotting Substrate, Biorad) was used for detec-
tion of the proteins in a ChemiDoc XRS+ System (Biorad).
The HO-1 expression was calculated by densitometry, in the
software ImageJ (version 1.50b) of the HO-1 bands in the
immunoblot relative to the housekeeping protein 𝛽-actin
(rabbit monoclonal to 𝛽-actin, Novus biologicals, NB600-
501, 1 : 500,000).

2.7. HO-1 and Bilirubin Quantification by ELISA. On the
7th DAI, mice were anesthetized, and their serum was
collected by cardiac puncture. ELISAs kits were used to
quantify HO-1 levels in serum and macerated lung tissue
(Enzo Lifesciences, ADI-960-071) and bilirubin levels (an
indirect measure of HO-1 activity) (Biomatik, EKU08395)
according to the manufacturer’s instructions. The HO-1 level
of the ALI/ARDS andHPmice was expressed as fold increase
in relation to noninfected mice. The bilirubin values were
presented in logarithm of the concentration in micrograms
per milliliter.

2.8. Quantitative RT-PCR. Extraction of total RNA from
lungs of mice was performed using RNeasy Mini Kit (Qia-
gen), according to the manufacturer’s instructions. Nonin-
fected mice were used as controls and as baseline levels.
One microgram of total RNA was reverse-transcribed to
single-strand cDNA using the First-Strand cDNA Synthesis
Kit (Roche) AMV Reverse Transcriptase protocol (Roche
Applied Science). HO-1 transcripts in the cDNA obtained
from the reverse transcriptase reaction were quantified by
real-time quantitative fluorogenic PCR performed in the
7500 Fast Instrument (Applied Biosystems). SYBR Green
PCR Master Mix (Applied Biosystems) was used to quantify
gene expression according to the manufacturer’s instruc-
tions. The gene expression was normalized by the house-
keeping gene hypoxanthine guanine phosphoribosyltrans-
ferase (HPRT) and using the relative quantification method
2(−ΔΔCT) as described before [29]. The primers used were as
follows: HO-1: 5-TCTCAGGGGGTCAGGTC-3 (forward)
and 5-GGAGCGGTGTCTGGGATG-3 (reverse); IFN-𝛾:
5-CACACTGCATCTTGGCTTTG-3 (forward) and 5-
TCTGGCTCTGCAGGATTTTC-3; HPRT: 5-TGCTCG-
AGATGTGATGAAGG-3 (forward) and 5-TCCCCTGTT-
GACTGGTCATT-3 (reverse).

2.9. HO-1 Induction by Hemin. Hemin (Sigma-Aldrich) was
diluted in 0.2M NaOH to a final concentration of 5mM and
pH 7.4. Hemin was administered in two doses: the first was
two days before the infection and another at 4thDAI in single
doses of 17mg/kg or with saline solution (control group),
intraperitoneally. To measure parasitemias and survival rate
of hemin treated and saline treated mice, they were kept alive
until the 20thDAI.HO-1 induction by heminwas also used to
measure lung vascular permeability and VEGF and cytokine
serum levels.

https://imagej.nih.gov/ij/
http://rsb.info.nih.gov/ij/plugins/ihc-toolbox/index.html
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2.10. Lung Vascular Permeability. To investigate lung vascular
permeability on the 7th DAI, the hemin treated or saline
treated infected mice and noninfected mice were injected
intravenously with 0.2mL of 1% Evans Blue (Sigma). The
mice were euthanized 45 minutes later, and the lungs were
weighed and placed in 2mL of formamide (Merck) for 48
hours at 37∘C. The absorbance of the formamide was then
measured at 𝜆620 nm.The amount of Evans Blue staining per
gram of lung tissue was calculated from a standard curve.The
lung permeability was expressed as fold increase in relation to
the noninfected mice.

2.11. VEGF Quantification in Serum. On the 7th DAI, hemin
treated or saline treated infected mice and noninfected mice
were anesthetized, and their serum was collected by cardiac
puncture. An ELISA kit (R&D Systems) was used to quantify
VEGF levels in the serum according to the manufacturer’s
instructions. The VEGF level was expressed as fold increase
in relation to that of the noninfected mice.

2.12. Cytokine Levels Measurement. The cytokine levels were
measured in serum from the hemin treated and saline treated
DBA/2 mice. Mice Inflammation CBA Cytokine Kit (Cyto-
metric Bead Array, Becton-Dickinson) was used to measure
interferon, IFN-𝛾, tumor necrosis factor, TNF-𝛼, and IL- and
IL-10 levels. This kit was used for dosing cytokines from
lung tissue lysates using flow cytometer (BD FACS Calibur
system, Becton-Dickinson) and using the software Cell Quest
Pro, version 5.2. The individual standard curve range for a
given cytokine was determined according to manufacturer
instructions. The data was analyzed using FlowJo, version
10.0.7, software.

2.13. Isolation of the Primary Microvascular Lung Endothe-
lial Cells. The primary microvascular lung endothelial cells
(PMLEC) were obtained from DBA/2 mice, according to
what was described before [30]. After euthanasia, the animal’s
body was disinfected with iodine alcohol. Then all blood
was taken from the mice by cutting the carotid artery. In a
laminar flow chamber, the lung tissue was cut into fragments
of approximately 1mm2 whichwere distributed among 6-well
polystyrene plates. After being supplemented,DMEMculture
medium (20% serum fetal bovine (FBS) and antibiotics) was
added to each well. The plate was then incubated at 37∘C
and 5% CO

2
for 72 h. After this period, the tissue fragments

were removed and 50% of the medium was replaced. After 7
days of incubation, the cells were removedwith trypsin 0.25%
(EDTA, Gibco) for 15min and replaced in a culture flask of
75 cm2. The trypsinization procedure was repeated every 5 to
7 days. Finally, the cells were cultured for 15 to 20 days (3rd
and 4th passage) until being used in the following trials. The
isolated PMLEC were characterized by immunofluorescence
with the antibodies anti-VWF, anti-VCAM, anti-ACE, anti-
CD62E, anti-eNOS, anti-CD31, and anti-VE-cadherin.

2.14. Identification of Actin Microfilaments by Immunoflu-
orescent and Morphometric Analysis of the Opening of
Interendothelial Junctions. To analyze the area of opening

of interendothelial junctions (OIJ), the actin filaments of
PMLEC were marked. In order to achieve that, the lung
endothelial cells were plated in 24 well plates (7 × 104
cells/well), adhered to gelatin on glass coverslips, and main-
tained at 37∘C and 5% CO

2
. The cells were stimulated with

PbA lysate for 3 h, after incubation with hemin (5, 10, and
20𝜇M during 24 h), or solely with DMEM culture medium,
supplemented with 20% FBS, in triplicate. Subsequently, the
cells were fixed with 3.7% formaldehyde, permeabilized with
acetone at −20∘C, and blocked with bovine serum albumin
solution (1% BSA). Actin was marked with Texas Red Phal-
loidin (Life Technologies) by 20 minutes.The cell nuclei were
marked with Hoechst (H33342, Life Technologies).

Each slide, with fully confluent cells, was chosen ran-
domly and ten to twenty pictures were taken and scanned in a
“zig-zag” way, from top to bottom.The images were acquired
in the fluorescence Axio Imager M2 (Zeiss) microscope
using the Axio Cam HRc (Zeiss) and the software Axio
Vision, version 4.9.1.0. The total area of OIJ was measured
in each picture using the software Gimp, version 2.8.16
(https://www.gimp.org/).

2.15. Measure of Primary Microvascular Lung Endothelial
Cells Permeability. The increased lung vascular permeability
was analyzed in PMLEC plated on inserts of permeable
membranes with pores of 0.4𝜇M (Transwell� Corning),
pretreated with gelatin and coupled in 24-well polystyrene
plates at a concentration of 2.2 × 104 cells per insert and
maintained in DMEM culture at 37∘C. After 96 hours,
until the cells reach confluency, the extract was applied for
3 h after incubation with hemin (20 𝜇M during 24 h) or
solely with 20% FBS supplemented DMEM culture medium.
Subsequently, the culture medium was replaced by Hank’s
balanced salt solution and in the upper compartment of
each insert (in contact with the cells); 200𝜇L of Evans Blue
was incubated at a concentration of 2mg/mL at 37∘C. After
30min, the liquid from the lower compartment was collected
and analyzed in a spectrophotometer at a wavelength of
650 nm (NanoDrop 2000, Thermo Scientific). Finally, the
concentration of Evans Blue in each sample was determined
from a standard curve with previously known concentrations
of Evans Blue (0.2mg/mL to 0.0031mg/mL).

2.16. Statistical Analysis. The data were analyzed by
D’Agostino-Pearson normality test. Nonparametric variables
were compared using Mann–Whitney test and Kruskal–
Wallis test with Dunn’s multiple comparisons test. The
unpaired t-test and one-way ANOVA with Bonferroni
multiple comparison test were used for parametric variables.
Statistical analyses were performed in GraphPad Prism
version 5.0 (http://www.graphpad.com/scientific-software/
prism/), including assessments of sensitivity and specificity.
To establish cut-off from data, ROC curves were generated
using the results of the control group in MedCalc version
8.2.1.0 (https://www.medcalc.org/). Survival curves were
analyzed by Log-rank test. Data in graphs is presented
representing means and SEM.

https://www.gimp.org/
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
https://www.medcalc.org/
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3. Results

3.1. P. berghei ANKA Infection of DBA/2 Mice Leads to the
Development of ALI/ARDS. The development of ALI/ARDS
in the DBA/2mousemodel occurred between the 7th and the
12th DAI (Figures S1A and S1B in Supplementary Material,
available online at http://dx.doi.org/10.1155/2016/4158698),
during which the mice have died presenting at necropsy
reddish lungs, pleural effusion, and histologic changes such as
congestion, alveolar edema and hemorrhage, inflammatory
infiltrate, and damage to the alveolar wall (Figure S1C).
Mice that survived after the 12th DAI died on the 20th
DAI or were euthanized at the same day, showing grayish
tone lungs, splenomegaly, and no pleural effusion, interstitial
chronic pneumonia, and malarial pigment in the lung tissue
(Figure S1C). These two phenotypes were described in detail
previously by our group [10, 14]. Noninfected mice showed
light pink lungs, and no liquid inside of the thoracic cavity
was detected (Figure S1C). These changes in lung histology
were consistentwith the percentage of alveolar area; theywere
significantly lower in ALI/ARDS than in HP mice (Figure
S1D).

3.2.TheExpression ofHO-1 IsHigher inALI/ARDS-Developing
Mice Compared to HP-Developing Mice. By using the predic-
tive model to identify ALI/ARDS or HP in mice before death
[14], the expression ofHO-1 in the development ofALI/ARDS
was determined in the serum and lungs of infected DBA/2
mice and compared to noninfected mice.

In order to observe the protein expression of HO-1,
immunohistochemistry sections of lung tissue ofDBA/2mice
were performed.The expression of HO-1 was higher in lungs
of ALI/ARDS-developing mice than in HP-developing mice
and noninfected mice. Quantification of immunohistochem-
ical stain ofHO-1 in the lungwas performed by image analysis
(Figure 1(a)).

HO-1 protein levels (Figure 1(b)) and HO-1 mRNA
expression (Figure 1(c)), measured by western blot and
qRT-PCR, respectively, in the mice lungs, were higher in
ALI/ARDS-developing mice compared to HP-developing
mice on the 7th DAI. Also, HO-1 levels in the lung tissue cell
lysate and in the sera were higher in ALI/ARDS mice than in
HP mice, as determined by ELISA (Figures 1(d) and 1(e)).

In addition, we checked the activity of HO-1 measuring
bilirubin in PbA infected and noninfected mice by ELISA,
on the 7th DAI. The levels of bilirubin were significantly
higher in ALI/ARDS-developing mice than in noninfected
mice (Figure 1(f)). However, the levels of bilirubin were not
significantly different between ALI/ARDS and HP mice.

3.3. Induction of HO-1 Protects Plasmodium berghei-Infected
DBA/2 Mice from ALI/ARDS. Mice were treated with
17mg/kg of hemin, an inductor of HO-1, on the second
day before PbA infection and on 4th DAI. The efficiency
of induction of HO-1 protocol was checked and confirmed,
showing that hemin treatment increased mRNA and protein
levels of HO-1 in the lungs and in the serum of noninfected

animals (Figures S2A and S2B, resp.), which confirms it as an
inducer of HO-1.

The hemin treatment increased the survival with most
of the mice alive after the 12th DAI without developing
ALI/ARDS (Figure 2(a)). Additionally, the parasitemia was
significantly different between the 5th and the 7th DAI
(Figure 2(b)).

Mice treated with saline (control) and sacrificed on
7th DAI presented necropsy reddish lungs, pleural effusion,
congestion, alveolar edema and hemorrhage, inflammatory
infiltrate, and damage to the alveolar wall (Figure 2(c)), simi-
larly to what was observed inmice that developed ALI/ARDS
(Figure S1) [10, 14]. On the other hand, hemin treated mice
showed a phenotype similar to noninfected mice: light pink
lungs, and no liquid inside of the thoracic cavity was detected
(Figure 2(c)). As it was observed in ALI/ARDS versus HP
mice, saline treatedmice also had significantly less percentage
of alveolar area than hemin treated mice (Figure 2(d)).

3.4. Induction of HO-1 Improves Plasmodium berghei-Infected
DBA/2 Respiratory Parameters and Lowers Inflammatory
Cytokines Levels. Regarding the respiratory parameters, it
was found that hemin treatment led to a significant ameliora-
tion, characterized by a decrease in enhanced pause (Penh)
(Figure 3(a)) and an increase in the respiratory frequency
at 7th DAI (Figure 3(b)). Also, treatment with hemin led to
a significant reduction of IFN-𝛾 mRNA in lung and serum
protein levels, IL-10 in serum, MCP-1 protein in lung tissue
lysates, and serum and TNF in serum (Figures 3(c)–3(h)).

3.5. Induction ofHO-1 Protects Alveolar Capillary Barrier. The
treatment of PbA infected mice with hemin led to a decrease
of VEGF serum levels (Figure 4(a)), a potent inducer of
ALI/ARDS in PbA infected DBA/2 [10]. Also, hemin treated
mice showed protection of the alveolar capillary barrier,
which can be seen by a reduction in lung vascular perme-
ability after Evans Blue administration and quantification
(Figure 4(b)). In addition, we observed the same effect in
PMLECwhen they were hemin treated after being stimulated
with PbA lysate for 3 hours, in a transwell plate (Figure 4(c)).

To understand a possible mechanism of HO-1 action
in reducing pulmonary vascular permeability, PMLEC were
treated with hemin in 5, 10, and 20𝜇M, before PbA stimulus.
The hemin action showed a significant reduction in the
OIJ that are formed between the endothelial cells, when
compared to nontreated cells (Figure 4(d)).

4. Discussion

The DBA/2 developed ALI/ARDS between the 7th and 12th
DAI, with an incidence of 50% (average) when infected with
PbA [10, 14]. Our results reinforce this finding, showing that
the animals that began to die after the 7th DAI until the
12th DAI showed typical signs of ALI/ARDS, such as pleural
effusion, alveolar edema and hemorrhage, alveolar wall dam-
age, inflammatory infiltrates, and lower percentage of alveolar
area. The parasitemia reaches about 20% when mice start
to develop ALI/ARDS (7th DAI) and this value has a slight

http://dx.doi.org/10.1155/2016/4158698
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Figure 1: The expression of HO-1 is higher in ALI/ARDS-developing mice compared to HP-developing mice. (a) Representative images
of lung sections subject to immunohistochemistry for detection of HO-1 protein (brown), counterstained with hematoxylin. The graph
represents the quantification of protein expression of HO-1 by immunohistochemistry on the 7th day after infection (DAI). Dashed line
represents the average of values from noninfected mice. (Mann–Whitney test, 𝑛 = 10, ∗∗𝑝 ≤ 0.01). (b) Immunoblot of HO-1 and beta actin
control (left). Protein levels of HO-1 measured by immunoblot densitometry (right). Values are expressed in HO-1 band densities adjusted
by the beta actin control. (c) Expression of HO-1 mRNA levels in lungs of ALI/ARDS-developing mice and HP-developing mice (unpaired
t-test, 𝑛 = 28, ∗𝑝 ≤ 0.05). (d) Values of HO-1 in lung cell lysates of ALI/ARDS versus HP-developing mice (Mann–Whitney test, 𝑛 = 8,
∗𝑝 ≤ 0.05). (e) Protein levels of HO-1 in the serum of ALI/ARDS-developing mice and HP-developing mice (Mann–Whitney test, 𝑛 = 9,
∗𝑝 ≤ 0.05). (f) Bilirubin levels in the serum of ALI/ARDS and HP infected mice. Bilirubin levels are significantly higher in ALI/ARDS than
in noninfected mice (one-way ANOVAwith Bonferroni’s multiple comparison test 𝑛 = 38, #𝑝 ≤ 0.05).The dashed lines represent the average
values of noninfected mice (minimum 𝑛 = 3). In graphs ((b) and (e)) the values of noninfected mice were equal or less than 0. In graphs with
fold increase, the values of ALI/ARDS-developing and HP-developing mice are compared to the average values of noninfected mice.
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Figure 2: Hemin treatment protects Plasmodium berghei-infected DBA/2mice fromALI/ARDS.Mice were treated with hemin on days 2 and
4 after infection. (a) Parasitemias of mice treated with hemin or saline (unpaired t-test, 𝑛 = 19, ∗∗𝑝 ≤ 0.01). (b) Survival curve of mice treated
with hemin or saline (log-rank test, 𝑛 = 19, 𝑝 ≤ 0.01). (c) Representative figures of necropsies and histological lung sections of noninfected
mice (top); hemin treatedmice, on the 7th day after infection (middle); and saline treatedmice (bottom). Scale bars: left column: 50𝜇m; right
column: 20𝜇m; (d) alveolar area percentage in hemin treated versus saline treated mice (Mann–Whitney test, 𝑛 = 8, ∗𝑝 ≤ 0.05).

decrease from the 12th DAI onwards. Interestingly, human
malaria-associated ALI/ARDS often occurs in patients who
have already begun the antimalarial treatment, which also
leads to a decrease in parasitemia [5].

HO-1 showed a protective role in experimental episodes
of severe malaria, including cerebral malaria [15, 16, 31].
Moreover, treatment withHO-1 inhibitors such as zinc proto-
porphyrin IX (ZnPPIX) or tin protoporphyrin IX (SnPPIX)
led to an enhancement of ALI/ARDS signals in the case

of sepsis but had no effect in the cases of hyperoxia and
experimental cerebral malaria [16, 24, 32]. However, our
data showed that ALI/ARDS-developing mice had increased
levels of mRNA and HO-1 protein, when compared with
HP-developing mice and noninfected mice. Additionally, the
levels of bilirubin, which represent an indirect measure of
HO-1 activity [33], were higher in ALI/ARDS mice than in
noninfected mice. Although it is not known whether this
increase inHO-1 levels andHO-1 activity constitutes an effort
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Figure 3: Continued.
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Figure 3: Induction ofHO-1 improves Plasmodium berghei-infectedDBA/2 respiratory parameters and lowers inflammatory cytokines levels.
Mice were treated with hemin on days 2 and 4 after infection. ((a) and (b)) Respiratory pause and respiratory frequency of the animals treated
and untreated after 7th DAI (unpaired t-test, 𝑛 = 20, ∗∗∗𝑝 ≤ 0.001). (c) IFN-𝛾 quantitative RT-PCR assay of mice lung tissue (unpaired t-test,
𝑛 = 20, ∗∗𝑝 ≤ 0.01). ((d) to (h)) Protein levels of the cytokines IFN-𝛾, IL-10, MCP-1, and TNF-𝛼 in the serum and lung determined by CBA
(unpaired t-test, 𝑛 = 20, ∗𝑝 ≤ 0.05, ∗∗𝑝 ≤ 0.01, and ∗∗∗∗𝑝 ≤ 0.0001).

to revert the ALI/ARDS phenotype in the infected mice,
it was showed in previous publications that the treatment
of P. berghei ANKA infected DBA/2 mice with CO (a
product of HO-1) [34] and with a CO-releasing molecule
[15] protected them against ALI/ARDS.Therefore, in order to
clarify whether HO-1 is protective in thismodel, its induction
was performed by hemin.

The treatment with the inducer of HO-1 (hemin) had
beneficial effects in PbA infected DBA/2mice and in PMLEC
in contact with PbA lysate. In vivo, this treatment led to an
improvement in the survival rate and in lung histology, with
the absence of lung edema, higher alveolar area percentage,
and the absence of pleural effusion at necropsy. Hemin treat-
ment led to a decrease in parasitemia levels. It is an interesting
effect, since hemin was observed to lyse malaria parasites
in culture [35]. Additionally hemin treated mice infected
with Plasmodium chabaudi adami also have a reduction in
parasitemia [36]. Possibly, the antimalarial effect of hemin
is also occurring in our model. Additionally, hemin induces
HO-1, which reduces the oxidative stress in the host, which
may increase its capacity of parasite clearance.

Hemin also led to an improvement of respiratory param-
eters, with a decrease of enhanced pause (Penh) and increase
of respiratory frequency reinforcing the mitigation of clinical
signals of ALI/ARDS, alongside an increase in survival
rate. These respiratory parameters were previously used
in a predictive model of malaria-associated ALI/ARDS in
DBA/2 mice [14]. Additionally, there is evidence of Penh and
respiratory frequency being altered in a model of lung injury
by SO

2
exposure in rats [37].

In addition to improvements in survival, lung histology,
Penh, and respiratory frequency, the treatment with hemin

led to a significant decrease in the levels of the proinflam-
matory cytokines IFN-𝛾, MCP-1, and TNF-𝛼, which is in
agreement with the survival increase and with improvement
in lung parameters, as it was shown that TNF-𝛼 induced
pulmonary vascular endothelial injury in an animal model
[38]. Additionally, lung neutrophil accumulation and lung
leak were abrogated in TNF-𝛼 knockout mice that were
subjected to hemorrhagic shock [39]. IFN-𝛾 was also con-
sidered to be a key contributor to ALI/ARDS in a hyperoxia
mice model, where it was shown that this cytokine induced
increases in lung alveolar permeability and neutrophil migra-
tion into lung air spaces [40]. Increased levels of MCP-
1, chemokine involved in recruiting of monocytes, neu-
trophils, and lymphocytes, were found in pulmonary alveolar
macrophages isolated from a rat model of immune complex-
mediated acute inflammatory lung injury [41]. This shows
that hemin reduced the levels of inflammatory cytokines
that are important in ALI/ARDS, which corroborates with
previous results showing that HO-1 induction by hemin
has anti-inflammatory effects in models of sepsis and LPS
inducedALI/ARDS inmice [25, 42]. As an anti-inflammatory
cytokine, which was increased in hemin treated animals,
whichwere protected against endotoxic shock [43] andwhose
effect in ALI/ARDS was shown to be protective [44], IL-10
was not expected to be decreased in hemin treated animals
in our data. However, this cytokine was observed to be
increased in mice that developed ALI/ARDS in our model
before (unpublished data).

The treatment with hemin resulted in a reduction in
serum levels of VEGF, a factor that promoted the develop-
ment of ALI/ARDS in this model, in a previous study [10].
Furthermore, Siner and colleagues demonstrated that VEGF
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Figure 4: Induction ofHO-1 defends the alveolar capillary barrier. (a) VEGF serum levels determined by ELISA (Mann–Whitney test, 𝑛 = 10,
∗𝑝 ≤ 0.05). (b) Lung endothelial permeability test (Mann–Whitney test, 𝑛 = 10, ∗∗𝑝 ≤ 0.01). (c) Permeability test of hemin treated (20 𝜇M)
and nontreated (NT) PLMC (PbA: PLMC stimulated with PbA lysate). Significant difference versus nonstimulated is represented by “∗” and
significant difference versus extract is represented by “#” (Kruskal–Wallis test with Dunn’s multiple comparisons test, 𝑛 = 24, ∗∗𝑝 ≤ 0.01,
∗∗∗𝑝 ≤ 0.001, ∗∗∗∗𝑝 ≤ 0.0001, and ####𝑝 ≤ 0.0001). (d) Pictures of PLMC by fluorescent microscopy (scale bars: 50 𝜇m). Ten to twenty
pictures were taken for each culture and the most representative are presented in (d) (white arrows are pointing to opening interendothelial
junctions (OIJ)).The graph (bottom right) represents the ratio of the area of OIJ per total area of each picture (Kruskal–Wallis test withDunn’s
multiple comparisons test, 𝑛 = 74, ∗∗𝑝 ≤ 0.01, ∗∗∗𝑝 ≤ 0.001, and ###𝑝 ≤ 0.001). Hemin was given at 5, 10, and 20𝜇M.

is a potent inducer of HO-1 enzyme and that the induction of
this enzyme reduced the acute lung injury in mice caused by
hyperoxia [32].The same could be happening in ourmodel of
MA-ALI/ARDS, because theVEGF levels are increased on the
7th DAI, coinciding with an increase of HO-1 levels in serum
and lungs. On the other hand, it was shown that treatment
of PbA infected mice with VEGF prevented them from
developing experimental cerebral malaria [45]. However, the

contribution of VEGF to the increase of HO-1 might not
occur soon enough to revert the MA-ALI/ARDS phenotype
in ourmodel. In thismodel, VEGF caused a deleterious effect,
increasing the lung vascular permeability [10]. Additionally, it
was shown that ALF492, a CO-releasing molecule, protected
PbA infected DBA/2 from ALI and reduced VEGF levels of
treated mice [15]. This corroborates our results that show a
reduction in VEGF levels on hemin treated mice. However
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hemin treatment was also shown to have deleterious effects in
a rat model of neuroinflammation, where it was responsible
for increased levels of reactive oxygen species, brain tissue
loss, microglial activation, and neuronal death [46].

In addition, improved pulmonary vascular permeability
in hemin treated infected mice on the 7th DAI was observed.
This corroborates previous studies that showed a reduction
in the breakdown of alveolar capillary barriers in models
of ALI/ARDS induced by LPS [42]. Additionally, in experi-
mental cerebral malaria, the induction of HO-1 reduced the
permeability of the blood brain barrier in PbA infected mice
[16]. Also, in vitro, there was a reduction of the permeability
of PMLEC stimulated with PbA and treated with hemin
reinforcing the importance of HO-1 in this model.

Finally, PMLEC stimulated with PbA lysate and treated
with different hemin concentrations led to a decrease in the
opening of interendothelial junctions, indicating that hemin
acts at the cellular level, protecting from the deleterious effect
of the parasite in endothelial cells and consequently reducing
the lung vascular permeability. This is in accordance with a
previous publication where the presence of OIJ after acute
lung injury initiation in an animal model was responsible for
an increase in lung vascular permeability [47].

This data supports the hypothesis that the increase in
HO-1 levels after the 7th DAI is a late effort to reverse
the ALI/ARDS phenotype. Inducing HO-1 early in PbA
infection has a protective effect against ALI/ARDS, making
this enzyme a target for the prevention of MA-ALI/ARDS.
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The aim of the present study is to investigate the protective effects and relevant mechanisms exerted by NEMO-binding domain
peptide (NBD) against lipopolysaccharide- (LPS-) induced acute lung injury (ALI) in mice. The ALI model was induced by
intratracheally administered atomized LPS (5mg/kg) to BABL/c mice. Half an hour before LPS administration, we treated the
mice with increasing concentrations of intratracheally administered NBD or saline aerosol. Two hours after LPS administration,
each group ofmice was sacrificed.We observed thatNBDpretreatment significantly attenuated LPS-induced lung histopathological
injury in a dose-dependent manner. Western blotting established that NBD pretreatment obviously attenuated LPS-induced I𝜅B-𝛼
and NF-𝜅Bp65 activation and NOX1, NOX2, and NOX4 overexpression. Furthermore, NBD pretreatment increased SOD and T-
AOC activity and decreased MDA levels in lung tissue. In addition, NBD also inhibited TNF-𝛼 and IL-1𝛽 secretion in BALF after
LPS challenge. In conclusion, NBD protects against LPS-induced ALI in mice.

1. Introduction

Acute lung injury (ALI) is caused bymicrobial infection, sep-
sis, trauma, and ischemia and reperfusion, leading to epithe-
lial integrity disruption, neutrophil accumulation, noncar-
diogenic pulmonary edema, severe hypoxemia, and intense
pulmonary inflammatory responses. The acute respiratory
distress syndrome (ARDS) is a more severe form of ALI.
Both ALI and ARDS are major causes of acute respiratory
failure and leading causes of morbidity and mortality in
critically ill patients [1, 2]. In recent years, rapid advances in
supportive care, such as mechanical ventilation, have been
achieved. However, several data analyses have shown that
the mortality rate associated with ALI- or ARDS-induced
acute respiratory failure is still high at approximately 40%
[3–5]. The pathogenesis of ALI/ARDS is characterized by

polymorphonuclear cells (PMNs) infiltration into the lungs,
which may cause interstitial edema. In addition, the alveoli
develop fibrin leakage, resulting in increases in the levels
of macrophage-derived cytokines, chemokines, and other
proinflammatory mediators in the lungs [6]. The results of
previous studies indicate that many specific therapies have
not proven beneficial with respect to managing ALI/ARDS
[7]. Therefore, investigating the mechanisms underlying
ALI/ARDS is necessary, as such investigations may con-
tribute to the development of novel effective treatments for
ALI/ARDS.

ALI research relies mainly on animal models. The intra-
tracheal lipopolysaccharide (LPS) administration model is
the most commonly used clinically relevant severe lung
injury model for studying the pathophysiologic mechanisms
underlying ALI, as it simulates the human disease [8]. LPS
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are components of gram-negative bacterial walls and play
an important role in ALI by inducing PMNs infiltration
into injured lung tissue, mimicking clinical ALI progression.
TNF-𝛼 and keratinocyte-derived chemokines are secreted
during this process and recruit intravascular PMNs into
the alveolar spaces [9]. These activated PMNs generate
superoxide anions (O

2

−) and release proteases via respiratory
bursts and degranulation [10]. This excessive inflammatory
response induces significant lipid peroxidation and antiox-
idant enzyme activity alterations, thereby disrupting lung
endothelial integrity [11].

It is accepted that NF-𝜅B, a critical transcriptional factor,
plays an important role in the pathogenesis of ALI/ARDS
[12]. A variety of experimental techniques have demonstrated
that NF-𝜅B exists in both the cytoplasm and the nucleus. NF-
𝜅B activation induces its translocation from the cytoplasm to
the nucleus. NF-𝜅B is activated by LPS and some cytokines,
such as TNF-𝛼 and IL-1𝛽. These cytokines initiate a cascade
of events leading to I𝜅B phosphorylation by I𝜅B kinase
(IKK), which triggers I𝜅B degradation by the ubiquitin–
proteasome pathway. I𝜅B, an inhibitory protein, binds to
P65 and P50, two NF-𝜅B subunits, under normal conditions.
I𝜅B degradation removes a nuclear localization signal from
NF-𝜅B, resulting in its uncoiling and translocation into
the nucleus. This uncoiling is thought to activate the tran-
scription of cytokines and other proinflammatory mediators
[13, 14]. IKK comprises three subunits, IKK𝛼, IKK𝛽, and
IKK𝛾, which are also collectively known as NEMO (NF-𝜅B
essential modulator). IKK𝛾 has no catalytic domain and plays
a critical role in biology only when being a part of the IKK
complex [15]. The NH2-terminus of NEMO associates with
a hexapeptide sequence (Leu-Asp-Trp-Ser-Trp-Leu) within
the COOH terminus of IKK𝛼 and IKK𝛽 termed the NEMO-
binding domain (NBD). Previous studies have shown that
LPS induces the NF-𝜅B activation required for NBD activity.
NBD disrupts the association between NEMO and IKK𝛽
and blocks LPS-induced NF-𝜅B activation in cells, which
ameliorates the inflammatory response and oxidative stress in
distinct animal models to some extent [16, 17]. The results of
previous studies indicate that understanding themechanisms
underlying the protective effects of NBD may facilitate the
development of therapies that are effective against ALI.

Therefore, the aim of the current study was to elucidate
the mechanisms underlying the protective effects exerted by
NBD against LPS-induced ALI.

2. Materials and Methods

2.1. Chemicals and Reagents. LPS (from Escherichia coli 055:
B5) was purchased from Sigma-Aldrich, St. Louis, MO, USA.
NBD and N-NBD (negative control) were obtained from
MERCK (NBD amino acid sequence: H-Asp-Arg-Gln-Ile-
Lys-IIe-Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Thr-
Ala-Leu-Asp-Trp-Ser-Trp-Leu-Gln-Thr-Glu-OH; N-NBD
amino acid sequence: H2N-Asp-Arg-Gln-Ile-Lys-IIe-Trp-
Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Thr-Ala-Leu-
Asp-Ala-Ser-Ala-Leu-Gln-Thr-Glu-OH). Rabbit polyclonal
antibodies against p-IKK𝛼/𝛽, IKK𝛼, IKK𝛽, p-I-𝜅B, I-𝜅B,

p-NF-𝜅B p65, NF-𝜅B p65, NOX1, NOX2, and NOX4 were
purchased from Cell Signaling Technology (Santa Cruz
Biotechnology, Inc., Texas, USA). All secondary antibodies
and 𝛽-actin were obtained from Boster (Wuhan Boster
Bio-Engineering Limited Company, Wuhan, China). The
TNF-𝛼, IL-1𝛽, IL-6, and IL-8 ELISA kits were obtained from
Boster (Wuhan Boster Bio-Engineering Limited Company,
Wuhan, China). The superoxide dismutase (SOD), total
antioxidant capacity (T-AOC), and malondialdehyde (MDA)
assay kits and the BCA Protein Assay Kit were obtained from
Beyotime Biotech (Beyotime Biotech, Jiangsu, China).

2.2. Animals. Male BLAB/c mice weighing 18–22 g were
obtained from the Laboratory Animal Center of Guangdong
province (Guangdong, China). All mice were fed a normal
standard diet and tap water ad libitum and were housed
in an animal facility under controlled environmental and
temperature (24 ± 1∘C) conditions, 12 h light/dark cycles, and
controlled humidity. All mice were allowed 7 days to adapt to
their environments before the experiments. This study was
approved by the Institutional Animal Ethics Committee of
the General Hospital of Guangzhou Military Command of
PLA and was carried out in compliance with the criteria out-
lined in the Provisions and General Recommendation of the
Chinese Experimental Animals Administration Legislation.

2.3. LPS-Induced ALI Experimental Protocol. The animals
were randomly assigned to one of six groups (n = 6
per group). Two control groups were intratracheally given
atomized LPS (model group) or saline (control group).
Three groups were experimental groups (NBD-2, NBD-6,
and NBD-10 groups) that received intratracheal NBD at
concentrations of 2, 6, and 10𝜇g/50 𝜇L/mouse (small, middle,
and large NBD groups, resp.) 30min before intratracheal
LPS (100 𝜇g/50 𝜇L/mouse) administration. The remaining
group (N-NBD group), which served as a negative control,
received a nonfunctional NBD analogue at a concentra-
tion of 6 𝜇g/50 𝜇L/mouse 30min before intratracheal LPS
(100 𝜇g/50 𝜇L/mouse) administration.

Two hours after the mice were given LPS or saline, they
were sacrificed using sodium pentobarbital. Their right lung
tissues were collected for histopathological and immuno-
histochemical analyses. Their left lungs were snap-frozen
in liquid nitrogen and stored at −80∘C for enzyme-linked
immunosorbent assay (ELISA) andWestern blotting analysis.
Bronchoalveolar lavage fluid (BALF) samples were collected
for protein and cell counting detecting.

2.4. LungHistopathological Studies. After themicewere euth-
anized and subjected to thoracotomy, their right lungs were
removed and tied off at the end of trachea to keep the lungs
inflated. Then, the lungs were fixed in 4% paraformaldehyde
for 18 h before being embedded in paraffin and sliced into
3 𝜇m thick sections using a microtome and stained with
hematoxylin and eosin (H&E). Lung histologic changes were
evaluated by pathologists who were blinded to the study.
Lung parenchyma histological alterations were quantitatively
graded using the following scale ranging from 0 to 5 [18]:
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(0) no reaction in the alveolar walls; (1) diffuse reaction in
the alveolar walls—primarily neutrophilic—without alveolar
wall thickening; (2) diffuse inflammatory cell (neutrophil and
mononuclear cell) infiltration in the alveolar walls, with slight
thickening; (3) distinct (2-3 times) alveolar wall thickening
due to the presence of inflammatory cells; (4) alveolar
wall thickening up to 25% above baseline; and (5) alveolar
wall thickening up to 50% above baseline. The final score
was calculated as the mean of scores from 50 microscopic
fields.

2.5. Cytokine, Protein, and Cell Count Analyses. Blood sam-
ples were centrifuged at 4∘C at 2,500 rpm for 15min and used
to estimate serum TNF-𝛼, IL-1𝛽, IL-6, and IL-8 levels. After
thoracotomy, the trachea was identified and intubated with
a tracheal cannula. The trachea and pulmonary alveoli were
washed 3 times with 1mL of sterile saline, and all lavage
fluid was collected according to the study groups. The BALF
was centrifuged at 500×g for 5min at 4∘C to obtain the
supernatants, which were stored at −20∘C for protein and cell
counts assays. BALF protein concentrations were measured
using a BCA Protein Assay Kit. Total cell counts were
determined using a hemocytometer. The numbers of neu-
trophils were determined on BALF smear slides stained with
Diff-Quick.

2.6. Measurement of SOD, T-AOC, and MDA Activity. SOD
and T-AOC activity were measured using commercially
available assay kits, according to the manufacturer’s instruc-
tions. MDA levels were measured using a thiobarbituric acid
reactive substances assay kit, according to the manufacturer’s
instructions.

2.7. Lung Tissue Western Blot Analysis. Frozen lung tissue
samples were thawed and homogenized in radio-immuno-
precipitation lysis buffer (RIPA) supplemented with protease
inhibitors and phenylmethylsulfonyl fluoride (PMSF). After
centrifugation, we measured protein concentrations via stan-
dard BCA assay. We subsequently added equal amounts of
protein to 6x sodium dodecyl sulfate (SDS) loading buffer,
after which the protein samples were heated (100∘C; 5min).
The proteins were then separated by 10% SDS-PAGE and
transferred to nitrocellulose membranes for the appropriate
time. The membranes were blocked with Tris-buffered saline
containing Tween-20 (TBST) and 5% nonfat milk (1 h; 24∘C)
andwashedwith TBS containing 0.1%Tween-20 before being
incubated overnight at 4∘C with the following antibodies:
p-IKK𝛼/𝛽, IKK𝛼, IKK𝛽, p-I-𝜅B, I-𝜅B, p-NF-𝜅B p65, NF-
𝜅B p65, NOX1, NOX2, and NOX4. The following day, the
membraneswerewashed inTBST three times, incubatedwith
a 1 : 2000 (v/v) dilution of horseradish peroxidase-labeled IgG
for 1 h at 37∘C, and then washed three additional times in
TBST. The bands were visualized using ECL Plus Reagent,
and theWestern blot results were quantitated using Quantity
One software (Gel-doc, Bio-Rad, Germany) and normalized
to the𝛽-actin signal.The blots were representative ofmultiple
experiments.

2.8. Immunohistochemistry (IHC). The lung tissue sections
were incubated with 1 : 200 diluted mouse polyclonal anti-
bodies against phospho-NF-𝜅Bp65 and NOX1 overnight at
4∘C in a humidified chamber.Then, these immune complexes
were incubated with the appropriate secondary antibody for
20min at room temperature before being rinsed 3 times with
PBS. Immunoreactivity was represented by brown staining
using DAB (Beijing Biosynthesis Biotechnology Co., Ltd.).
The sections were subsequently washed with distilled water,
counterstained with H&E, and photographed via microscopy
(Olympus Optical Co., Tokyo, Japan). The IHC staining
results were evaluated by independent pathologists who were
blinded to the study. Immunohistochemical staining intensity
was scored using a scale ranging from 0 to 3 (negative = 0,
weak = 1, moderate strong = 2, or strong = 3). Staining extent
was assessed based on the percentages of positive cells as
follows: 0 (negative), 1 (1–25%), 2 (26–50%), 3 (51–75%), and
4 (76–100%). The final staining score was calculated as the
mean of the sums of the scores in five fields in every section,
and all the sectionswere separated into low expression groups
(final score = 1–5) and high expression groups (final score =
6–12).

2.9. Statistical Analysis. All data are expressed as the mean ±
standard deviation (SD). Differences between the experimen-
tal and control groups were assessed by either the analysis of
variance (ANOVA) or t-test, as applicable, using SPSS 18.0
(SPSS, 165 Inc.). Statistical significance was accepted at P <
0.05 for all analyses.

3. Results

3.1. Effect of NBD on Pulmonary Histopathological Changes
in Mice with LPS-Induced ALI. To evaluate the lung histo-
pathological changes caused by LPS-induced lung injury,
hematoxylin-eosin staining and histopathological analyses
were performed. As expected, in the control group, normal
pulmonary structures were observed via light microscopy,
and no histopathological changes were noted. In the model
group, staining revealed the presence of excessive edema
and severe hemorrhage resulting in widespread increases in
alveolar wall thickness, as well as alveolar collapse and obvi-
ous inflammatory cell infiltration. However, when the mice
were treated with increasing doses of intratracheally admin-
istered NBD, the abovementioned LPS-induced pathological
changes were attenuated (Figure 1(a)). Semiquantitative anal-
ysis of the NBD-treated lung tissue samples yielded similar
results, as NBD treatment normalized the lung wet/dry
weight ratio and attenuated the abovementioned increases
in alveolar wall thickness and inflammation (Figures 1(b),
1(c), and 1(d)).These findings indicate thatNBDpretreatment
attenuates histopathological changes in lungs subjected to
LPS-induced ALI.

3.2. Effects of NBD on BALF Protein Levels and Inflammatory
Cell Infiltration. Uncontrolled inflammation causes vascular
leakage in the lung in CLP-induced acute lung injury. BALF
protein levels were assessed at 2 h after LPS injection to
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Figure 1: Effects ofNBDonLPS-induced pulmonary histopathological changes inmicewithALI. (a) Lung sections stainedwith hematoxylin-
eosin at 2 hours after LPS administration exhibited pulmonary histopathological changes (original magnification ×200). (A) Control group:
normal structure. (B) Model group: alveolar wall thickening, hemorrhaging, alveolar collapse, and obvious inflammatory cell infiltration.
(C) N-NBD group: same as the model group. (D) NBD-2 group. (E) NBD-6 group. (F) NBD-10 group. (b) Lung wet/dry weight ratios, (c)
alveolar wall thickness, and (d) histopathological changes were evaluated to assess lung injury severity. LPS-induced lung injury severity was
attenuated by NBD in a dose-dependent manner. Data are expressed as the mean ± SD (n = 6). A represents versus control group, A𝑃 < 0.05;
B represents versus model group, B𝑃 < 0.05; C represents versus N-NBD group, C𝑃 < 0.05; D represents versus NBD-2 group, D𝑃 < 0.05.
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Figure 2: Effects of NBD on pulmonary vascular leakage in mice
with ALI. BALF protein concentrations were assessed to evaluate
pulmonary vascular leakage. The data indicated that NBD can
noticeably reduce BALF protein levels. Data are expressed as the
mean ± SD (n = 6). A represents versus control group, A𝑃 < 0.05;
B represents versus model group, B𝑃 < 0.05; C represents versus N-
NBDgroup, C𝑃< 0.05; D represents versusNBD-2 group, D𝑃< 0.05.

evaluate the effects of NBD on alveolar-capillary membrane
barrier integrity and pulmonary vascular leakage.The results
indicated that the total protein concentration in the BALF
was increased after LPS administration. However, the total
protein concentration was markedly decreased in a dose-
dependent manner in the NBD group compared with the
ALI group (P < 0.05) (Figure 2). The total numbers of
cells and neutrophils in the BALF were also quantified at
2 h after LPS administration. The results indicated that the
total numbers of cells and neutrophils in the BALF were
significantly increased in the ALI group compared to the
control group (𝑃 < 0.05). Similar to the above results, NBD
treatment significantly decreased the total numbers of cells
and neutrophils in the BALF (𝑃 < 0.05) (Figure 3).

3.3. Effects of NBD on Cytokine Levels inMice with ALI. TNF-
𝛼 and IL-1𝛽 both are the major proinflammatory cytokines
that facilitate active PMNs recruitment into the lungs in all
kinds of pulmonary injury [10, 19, 20].

At 2 hours after LPS administration, we observed that
TNF-𝛼 and IL-1𝛽 expression levels had increased significantly
in mice in the ALI group. However, mice in the NBD group
exhibited concentration-dependent decreases in TNF-𝛼 and
IL-1𝛽 levels (Figures 4(a) and 4(b)). IL-6 and IL-8 expression
levels were also assessed to evaluate inflammation severity in
ALI mice.The results showed that mice pretreated with NBD
exhibited lower serum/BALF IL-6 levels after LPS challenge.
Interestingly, NBD exerted dose-dependent effects on the
levels of these cytokines (Figures 4(c) and 4(d)). These data
suggest that NBD pretreatment attenuates LPS-induced ALI
by suppressing proinflammatory cytokine production.

3.4. Effect of NBD on SOD and T-AOC Activity and MDA
Concentrations in the Lung Tissues of Mice with ALI. In
general, the process of LPS-induced ALI is characterized by
excessive oxidative stress, which damages endothelial barrier

integrity [21]. SOD and T-AOC are antioxidant enzymes that
are inactivated by reactions involving ROS and membrane
phospholipids that form MDA. To assess the effects of
NBD on MDA production in LPS-induced ALI, we detected
SOD and T-AOC activity in the lung. LPS administration
significantly decreased SOD levels (Figure 5(a)) and T-AOC
(Figure 5(b)) activity and increasedMDA (Figure 5(c)) levels.
However, the middle and large NBD concentrations exerted
effects contrasting with those of sham treatment. Therefore,
we concluded that NBD attenuates ALI-induced oxidative
stress in LPS-treated mice.

3.5. Effects of NBD on IKK, I𝜅Β, and NF-𝜅B p56 Activation
in the Lung Tissues of Mice with ALI. It is accepted that
LPS induces NF-𝜅B activation by acting on IKK and I𝜅Β
phosphorylation in lung tissue and that this effect is related
to the inflammatory response [21]. At 2 hours after LPS
administration, IKK, I𝜅Β-𝛼, and NF-𝜅Bp65 phosphorylation
levels increased dramatically. However, these increases were
significantly attenuated in a concentration-dependent man-
ner in mice treated with NBD before LPS administration
(Figures 6(a) and 6(b)). IHC staining and semiquantitative
analysis yielded similar results (Figure 7).

3.6. Effects of NBD on NOX1, NOX2, and NOX4 Expression in
the Lung Tissues of Mice with ALI. Inflammation-induced
oxidative stress plays an important role in ALI. Our previous
results indicated that the NF-𝜅B signaling pathway regulates
NOX family expression, thereby inducing increased reac-
tive oxygen species production leading to cellular oxidative
damage. Notably, LPS stimulation significantly increased
NOX1, NOX2, and NOX4 expression, while pretreatment
with the middle and large NBD concentrations suppressed
LPS-induced NOX family member expression (Figures 8(a)
and 8(b)). These results demonstrated that NBD attenuates
LPS-induced oxidative stress in ALI by inhibiting NOX
production. Similar results were observed via IHC staining
and semiquantitative analysis (Figure 9).

4. Discussion

This study demonstrated the effects exerted by NBD on
LPS-induced inflammation and oxidative stress in mouse
lung tissue. We found that NBD effectively prevented LPS-
induced lung histopathological changes. We also observed
that NBD pretreatment attenuated LPS-induced proinflam-
matory cytokine expression and oxidative stress and inhibited
the NF-𝜅B pathway.

In experimental models of ALI, intratracheal LPS admin-
istration is the classic method of mimicking the process of
human ARDS and causes similar histopathological changes,
such as hemorrhage, interstitial edema, and neutrophil infil-
tration [22]. LPS also induces significant increases in pul-
monary microvascular permeability, leading to increases
in extravascular lung water, as well as protein-rich fluid
leakage from the intravascular space into the interstitium
and air spaces [23–25].We observed similar histopathological
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Figure 3: Effect of NBD on inflammatory cell infiltration in the BALF of mice with ALI. BALF (a) total cell and (b) neutrophil levels were
assessed to evaluate inflammatory infiltration. Data are expressed as the mean ± SD (n = 6). A represents versus control group, A𝑃 < 0.05; B
represents versus model group, B𝑃 < 0.05; C represents versus N-NBD group, C𝑃 < 0.05; D represents versus NBD-2 group, D𝑃 < 0.05.
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Figure 4: Effect of NBD on serum cytokine concentrations inmice with ALI. Values are expressed as the mean ± SD (n = 6). Increased serum
TNF-𝛼, IL-1𝛽, IL-6, and IL-10 levels were detected in mice in response to LPS or N-NBD + LPS treatment. NBD decreased serum cytokine
levels in ALI mice in a dose-dependent manner. A represents versus control group, A𝑃 < 0.05; B represents versus model group, B𝑃 < 0.05; C
represents versus N-NBD group, C𝑃 < 0.05; D represents versus NBD-2 group, D𝑃 < 0.05; E represents versus NBD-6 group, E𝑃 < 0.05.
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Figure 5: Effect ofNBDon SODandT-AOCactivity andMDAconcentrations in the lung tissues ofmicewithALI. LPS challenge significantly
increased MDA levels and decreased SOD and T-AOC activity compared with sham controls; however, treatment with the middle and large
NBD concentrations exerted effects contrasting with those described above. Data are expressed as the mean ± SD (n = 6). A represents versus
control group, A𝑃 < 0.05; B represents versus model group, B𝑃 < 0.05; C represents versus N-NBD group, C𝑃 < 0.05; D represents versus
NBD-2 group, D𝑃 < 0.05.
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Figure 6: Effect of NBD on IKK, I𝜅Β-𝛼, and NF-𝜅Bp65 activation in the lung tissues of mice with ALI. (a) Relative gray scale quantitation of
total I𝜅B-𝛼, NF-𝜅B, and 𝛽-actin phosphorylation. (b) Statistical results. IKK, I𝜅Β-𝛼, and NF-𝜅Bp65 phosphorylation levels were increased by
LPS administration, and these changes were inhibited by NBD pretreatment in a concentration-dependent manner. Data are expressed as the
mean ± SD (n = 6). A represents versus control group, A𝑃 < 0.05; B represents versus model group, B𝑃 < 0.05; C represents versus N-NBD
group, C𝑃 < 0.05; D represents versus NBD-2 group, D𝑃 < 0.05; E represents versus NBD-6 group, E𝑃 < 0.05.
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Figure 7: Effect of NBD on pNF-𝜅Bp65 expression, as determined via immunohistochemistry, in the lung tissues of mice with ALI. (a)
Representative photographs of pNF-𝜅B P65 expression in the lung (original magnification ×200). (A) Control group; (B) model group; (C)
N-NBD group; (D) NBD-2 group; (E) NBD-6 group; (F) NBD-10 group. Black arrows indicate the immunohistochemically positive pNF-
𝜅Bp65. (b) IHC staining scores pertaining to pNF-𝜅B P65 expression. pNF-𝜅Bp65 expression levels were increased by LPS administration,
and these changes were inhibited by NBD pretreatment in a concentration-dependent manner. Data are expressed as the mean ± SD (n = 6).
A represents versus control group, A𝑃 < 0.05; B represents versus model group, B𝑃 < 0.05; C represents versus N-NBD group, C𝑃 < 0.05; D
represents versus NBD-2 group, D𝑃 < 0.05.

changes in this study. Moreover, in this study, NBD pre-
treatment reversed the lung histopathological damage caused
by LPS administration and attenuated protein leakage and
activated PMN recruitment to the lung parenchyma. Thus,
we speculated that the protective effects exerted by NBD
are associated with NADPH oxidases, which contribute to
the oxidative stress response in all types of inflammatory
disorders. As we expected, NBD pretreatment reduced TNF-
𝛼 and IL-1𝛽 release via NADPH oxidase suppression.

LPS activates alveolar macrophages and endothelial cells,
increasing the levels of proinflammatory mediators, such as
TNF-𝛼, IL-6, and IL-8, which play major roles in inducing
ALI by recruiting PMNs to the lungs and enhancing PMN
activity [26]. IL-1𝛽 is another important proinflammatory
cytokine that is generated mainly by macrophages and is
involved in inflammatory and immunomodulatory processes
[27]. IL-1𝛽 is a major extracellular proinflammatory cytokine
that usually exerts synergistic effects with TNF-𝛼 [28]. Most

studies have reported that TNF-𝛼 and IL-1𝛽 levels are
increased in LPS-treated mice [29, 30]. These increases were
suppressed by NBD in a concentration-dependent manner,
demonstrating that NBD has significant anti-inflammatory
properties, whichmay explain howNBD can inhibit cytokine
production by inhibiting the NF-𝜅B signaling pathway. Pre-
vious studies showed that NF-𝜅B signaling pathway overacti-
vation is closely related to ALI development [31, 32]. NF-𝜅B
signaling is upregulated to induce the transcription of some
inflammatory factors in LPS-induced ALI [12, 33]. Under
resting conditions, NF-𝜅B is bound by I𝜅B and maintained
in a deactivated state in the cytoplasm. LPS administration
induces toll-like receptors to stimulate a series of NF-𝜅B
cascades, resulting in I𝜅B depolymerization and degradation
by proteasomes. The liberated NF-𝜅B translocates into the
nucleus and binds to specific gene sequences, including gene
promoter sequences or enhancer regions, suggesting that
NBD-mediated NF-𝜅B inhibition may be caused by I𝜅B-𝛼
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Figure 8: Effect of NBD on NOX1, NOX2, and NOX4 expression in the lung tissues of mice with ALI. (a) Relative NOX1, NOX2, NOX4,
and 𝛽-actin immunointensity levels were calculated. (b) Statistical results. NOX1, NOX2, and NOX4 expression levels were increased by LPS
administration, and these changes were inhibited by the middle and large NBD concentrations. Data are expressed as the mean ± SD (n = 6).
A represents versus control group, A𝑃 < 0.05; B represents versus model group, B𝑃 < 0.05; C represents versus N-NBD group, C𝑃 < 0.05; D
represents versus NBD-2 group, D𝑃 < 0.05; E represents versus NBD-6 group, E𝑃 < 0.05.

inhibition. This mechanism entails the binding of NBD to
IKK𝛾 to block IKK assembly, which reduces IKK activity and
inhibits NF-𝜅B activation [34].

Inflammation-induced oxidative stress plays an impor-
tant role in acute lung injury.The respiratory burst is an early
symptom of LPS-induced acute lung injury that depends on
PMNs producing reactive oxygen species (ROS), including
O
2

− and hydrogen peroxide.The respiratory burst can protect
organs from pathogens. However, excessive ROS can damage
tissues and cause inflammation [35]. ROS attack polyunsat-
urated fatty acids, producing lipid peroxidation products,
such as MDA, causing tissue damage [36]. In our study,
pretreatment with the middle and large NBD concentrations
prevented MDA generation in the lung tissues of mice
with LPS-induced ALI. ROS elimination requires antioxidant
enzymes, such as SOD and T-AOC, which convert O

2

− into
H
2
O
2
, and catalase, which metabolizes H

2
O
2
into hydrogen

oxide and oxygen [37]. The present study revealed that LPS
significantly reduced SOD and T-AOC activity in the lung.
This finding is consistent with those pertaining to the effects
exerted by inflammatory responses in ALI patients [37].
However, our study demonstrated that NBD treatment before
LPS administration can reverse the decreases in SOD and T-
AOC activity caused by LPS.Therefore, we hypothesized that
NBD can reduce the inflammatory response by attenuating
oxyradical formation in mice with LPS-induced ALI.

In conclusion, NBD treatment attenuates ALI by inhibit-
ing LPS-induced NF-𝜅B signaling pathway overactivation,
thereby suppressing LPS-induced inflammation and oxida-
tive stress. Our findings suggest that NBD has potential as

a therapeutic target in the treatment of acute inflammatory
diseases, including ALI, ARDS, and infectious diseases.
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Figure 9: Effect of NBD on NOX1 expression, as determined via immunohistochemistry, in the lung tissues of mice with ALI. (a)
Representative photographs of NOX1 expression in the lung (original magnification ×200). (A) Control group; (B) model group; (C) N-
NBD group; (D) NBD-2 group; (E) NBD-6 group; (F) NBD-10 group. Black arrows indicate the immunohistochemically positive NOX1. (b)
IHC staining scores pertaining to NOX1 expression. NOX1 expression levels were increased by LPS administration, and these changes were
inhibited by NBD pretreatment in a concentration-dependent manner. Data are expressed as the mean ± SD (n = 6). A represents versus
control group, A𝑃 < 0.05; B represents versus model group, B𝑃 < 0.05; C represents versus N-NBD group, C𝑃 < 0.05; D represents versus
NBD-2 group, D𝑃 < 0.05; E represents versus NBD-6 group, E𝑃 < 0.05.
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Histoplasma capsulatum is a dimorphic fungus that develops a yeast-likemorphology in host’s tissue, responsible for the pulmonary
disease histoplasmosis.The recent increase in the incidence of histoplasmosis in immunocompromised patients highlights the need
of understanding immunological controls of fungal infections. Here, we describe our discovery of the role of endogenous galectin-1
(Gal-1) in the immune pathophysiology of experimental histoplasmosis. All infected wild-type (WT) mice survived while only 1/3
of Lgals1−/− mice genetically deficient in Gal-1 survived 30 days after infection. Although infected Lgals1−/− mice had increased
proinflammatory cytokines, nitric oxide (NO), and elevations in neutrophil pulmonary infiltration, they presented higher fungal
load in lungs and spleen. Infected lung and infected macrophages from Lgals1−/− mice exhibited elevated levels of prostaglandin E

2

(PGE
2
, a prostanoid regulator of macrophage activation) and prostaglandin E synthase 2 (Ptgs2) mRNA. Gal-1 did not bind to cell

surface of yeast phase of H. capsulatum, in vitro, suggesting that Gal-1 contributed to phagocytes response to infection rather than
directly killing the yeast.The data provides the first demonstration of endogenous Gal-1 in the protective immune response against
H. capsulatum associated with NO and PGE

2
as an important lipid mediator in the pathogenesis of histoplasmosis.

1. Introduction

Histoplasmosis is a worldwide known disease caused by
the fungus Histoplasma capsulatum. The real geographic
distribution of this mycosis could be more widespread than
what was previously thought [1, 2]. The incidence of this
fungal disease is higher in the Mid- and Southeast USA,
Latin America, China, and other world areas [2]. Addition-
ally, asymptomatic cases are escalating and are reported to
predominately affect immunocompromised individuals as an

acute pulmonary infection similar to mild flu-like symptoms
[1, 3, 4]. Likewise, the most severe symptomatic form of the
disease, referred to as disseminated histoplasmosis, develops
most commonly in immunosuppressed patients. However,
unlike the mild form, disseminated histoplasmosis can lead
to death [4]. Although antifungal therapies have been used
against the fungus, there are no current alternative therapies
to treat or protect against H. capsulatum infection.

H. capsulatum is a dimorphic, facultative, intracellular
pathogen found as a yeast phase when in host tissue [5].
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In the early stages of infection, the fungus is phagocytosed
by resident alveolar macrophages, dendritic cells, and neu-
trophils [6]. Once phagocytosed, the fungus survives in the
phagosome and consequently transforms into a yeast. In
immunocompromised individuals or when left untreated,
the reservoir phagocytes can travel to lymphatic tissue and
spread infection. However, induction of a strong cellular
immune response can contain or clear the infected phago-
cytes, therefore preventing the spread of the infection. An
effective host defense toH. capsulatum infection is dependent
on adequate activation of T cells and phagocytes [6, 7].
Appropriately, the balance between theTh1 andTh2 response
is fundamental for solving H. capsulatum infection [6, 7],
with Th1 proinflammatory cytokines IFN-𝛾 (interferon-𝛾),
interleukin-12 (IL-12), TNF-𝛼 (tumor necrosis factor-𝛼),
and GM-CSF (granulocyte macrophage colony-stimulating)
being essential to elicit macrophage activation and clearance
of H. capsulatum. In addition, a balanced production of lipid
mediators, such as prostaglandin E

2
(PGE
2
) and leukotriene

B
4
(LTB
4
), is critical for the host defense in histoplasmosis,

since high levels of PGE
2
and low levels of LTB

4
impair

the yeast clearance and increase the severity of this fungal
disease [8, 9]. Nitric oxide also participates in the host defense
against H. capsulatum [10, 11]; however, overproduction of
this mediator increases the susceptibility of the host to yeast
infection [8, 12].

In addition to cytokines and lipid mediators, a member
of the galectin family, known as galectin-3 (Gal-3), has
been suggested to be involved in the immune response
against H. capsulatum infection [13]. Galectins belong to an
endogenous lectin family that recognizes glycans present in
microorganisms and participates in the pathophysiology of
inflammatory responses, infectious diseases, autoimmunity,
and cancer [14–18].

Interestingly, galectin-1 (Gal-1) has been shown to partic-
ipate in an innate and adaptive immune response to different
models of experimental infections such as in Trypanosoma
cruzi (T. cruzi) [19], situation in which a dual role for this
lectin was described. These authors showed that, in a low
concentration, Gal-1 was able to decrease proinflammatory
interleukin-12 (IL-12) and nitric oxide (NO), while in a high
concentration, it has induced infectedmacrophage apoptosis.
Gal-1 was also found to promote Human Immunodeficiency
Virus-1 (HIV-1) infectivity [20]; in dengue virus infection,
it could cause an inhibitory effect on virus replication [21].
Thus, several Gal-1 exogenous properties have been related to
CRD binding to cell surface receptors, modulating immune
cell functions, migration, differentiation, activation, and cell
survival [22–27]. Nevertheless, the interactions of this lectin
with the intracellular ligands can also occur independently to
carbohydrates [28, 29].

Although Gal-1 can participate in various pathophysio-
logical processes, there is little information about the role
of Gal-1 in fungal infections. Therefore, the present study
evaluated the biological impact of the absence of Gal-1 on
a murine model of histoplasmosis. While mice genetically
deficient inGal-3 (Lgals3−/−) were able to clearH. capsulatum
infection more efficiently than wild-type (WT) mice [13], it
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Figure 1: Gal-1 knockout mice are sensitive to H. capsulatum
infection. WT and Lgals1−/− mice were infected i.t. with 5 × 105
viable H. capsulatum yeast (sublethal inoculum) and survival was
monitored for 30 days. Controlmice (uninfected) received i.t. 100 𝜇L
PBS (data not shown). Data are representative of one of the two
experiments performed independently (𝑛 = 10 per group) and
Mantel-Cox log-rank (𝜒2 “chi-squared”) was used. #𝑝 < 0.05 WT
versus Lgals1−/−, both infected.

was reported for the first time that Gal-1 (Lgals1−/−) mice are
more susceptible toH. capsulatum infection compared toWT
group. This unique immune phenotype suppresses the host
response against the fungus and is followed by high levels
of neutrophil infiltration and proinflammatory cytokines in
the lungs which causes a strong anti-inflammatory response
with high levels of PGE

2
and NO. These findings indicate a

novel contribution of endogenous Gal-1 to the development
of a protective immune response to H. capsulatum.

2. Results

2.1. Lgals1−/−-Infected Mice Fail to Control H. capsulatum
Infection. WT and Lgals1−/− mice were injected with 5 ×
105 H. capsulatum yeasts cells directly into the lungs and
survival was monitored up to 30 days. 14 days after infection,
Lgals1−/−-infected mice began to die. 33% of Lgals1−/−-
infected mice survived 30 days after infection, whereas 100%
of the infectedWTmice survived over that period (Figure 1).

2.2. Lgals1−/−-Infected Mice Have a Higher Yeast Load and
Infiltration of Neutrophils in the Lung. To determine if the
high mortality rate in Lgals1−/− mice is correlated with
impaired fungal clearance, the H. capsulatum load was
quantified in the lung and spleen. Considering that Lgals1−/−
mice began to die day 14 after infection and that day 15
after infection is a critical point on the evolution of exper-
imental histoplasmosis using mutant mice and a sublethal
fungus dose [9], on day 15 after infection, lung parenchy-
mal histopathological analysis and quantification of fungal
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Figure 2: Lgals1−/− mice have a higher yeast burden in the lung and spleen day 15 after infection. On day 15 after infection withH. capsulatum
(5 × 105 viable yeasts), animals were sacrificed and tissue samples were harvested. (a) Lung sections (5𝜇m) from WT and Lgals1−/− mice
were stained with silver (Grocott’s methanamine silver (GMS); bar: 50 𝜇m; insert bar: 25 𝜇m) and (b) yeast cells were quantified (yeast/mm2
lung) using magnifications ×400. Fungal burden was quantified from tissue homogenates and expressed as the number of colony-forming
units (CFU) per gram of tissue CFU/g in lung (c) and CFU per spleen (d). Data are representative of one of the two experiments performed
independently (𝑛 = 10 per group). Values are mean ± SEM. #𝑝 < 0.05WT versus Lgals1−/−, both infected.

burden in the lung and spleen were performed. Lgals1−/−-
infected mice presented a higher number of yeast cells in
pulmonary parenchyma (Figures 2(a) and 2(b)) and higher
fungal load in lung (Figure 2(c)) and spleen (Figure 2(d)).
Even though infected Lgals1−/− mice presented a higher
fungal burden in the lung, an increased neutrophil influx was
detected in their pulmonary tissue (Figures 3(a) and 3(b)).
It is known that an efficient immune response against H.
capsulatum is associated with fungicidal/fungistatic effects
of pulmonary infiltrated phagocytes [6, 30]. Thus, these
findings suggest that endogenous Gal-1 is required to develop
a protective immune response against H. capsulatum and
that Gal-1 could be associated with the control of fungal
replication as an efficient anti-H. capsulatum activity along

with effectors functions and regulation of tissue accumulation
of neutrophils.

2.3. Lgals1−/−-Infected Mice Show Increased Proinflammatory
Cytokines in the Lung. It is well known that increased
expression of inflammatory cytokines, including IL-12, IFN-
𝛾, and TNF-𝛼, is critical for the immune-protective response
in H. capsulatum-infected mice [31–34]. Thus, to analyze
the pattern of inflammatory cytokines in WT and Lgals1−/−
mice day 15 after H. capsulatum infection, the levels of IL-
12p40, TNF-𝛼, IL-1𝛼, IL-10, IL-4, and IL-6 in the pulmonary
homogenates were measured. There were higher levels of
IL-12p40 (Figure 4(a)) and IL-1𝛼 (Figure 4(c)) and similar
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Figure 3: Lgals1−/− mice have increased neutrophil infiltration in the lung parenchyma.H. capsulatum-infected mice were euthanized on day
15 after infection and lung sections (5𝜇m) were embedded in paraffin blocks. Lung sections from WT + H. capsulatum (I, bar: 100 𝜇m; III,
bar: 25 𝜇m) and Lgals1−/− +H. capsulatum (II, bar: 100𝜇m; IV, bar: 25 𝜇m)were stained with hematoxylin (a) and neutrophils were quantified
(neutrophils/mm2) using magnifications ×400 (b). Data are representative of one of the two experiments performed independently (𝑛 = 10
per group). Values are mean ± SEM. #𝑝 < 0.05WT versus Lgals1−/−, both infected.

concentrations of TNF-𝛼 (Figure 4(b)) in homogenized lungs
of Lgals1−/−-infected mice, when compared to WT infected
mice. Furthermore, no statistically significant differences in
TNF-𝛼 (Figure 4(b)) were observed, and IL-10, IL-4, and IL-
6 (data not shown) were not produced in detectable levels.

2.4. Lgals1−/−-InfectedMiceDemonstrate Prostaglandin E2 and
Nitric Oxide Overproduction. Based on the aforementioned
results, it was also analyzedwhether inflammatorymediators,
such as NO and PGE

2
, are associated with increased levels of

proinflammatory cytokines and consequently immunosup-
pression in the absence of endogenous Gal-1 in experimental
histoplasmosis. It has been reported that the inhibition of
COX-2 improves the host defense against H. capsulatum [8].
Therefore, PGE

2
was quantified from homogenized lungs

derived from infected WT and Lgals1−/− mice on day 15 after
H. capsulatum infection.The lungs of infected Lgals1−/− mice
exhibited higher levels of PGE

2
(Figure 5(a)) when compared

to infected WT mice. Thus, consistent with other published
results [8, 35], these findings suggest that higher levels of
PGE
2
may contribute to susceptibility of infected Lgals1−/−

mice. Interestingly, not only PGE
2
but also NO levels in the

lung of this group were increased when compared to WT
(Figure 4(d)).

2.5. Uninfected Lgals1−/− Macrophages Express High Levels
of Prostaglandin E Synthase 2 after Fungal Infection. The
immune response against H. capsulatum is mediated by
Th1 cells, which requires macrophages activation [6, 7]. The
pathogenic yeast fungus replicates inside these cells and
results in metabolites of arachidonic acids production, such
as prostaglandins and leukotrienes [35]. To assess the role

of endogenous Gal-1 in PGE
2
production, prostaglandin E

synthase 2 (Ptges2) mRNA expression in peritoneal macro-
phages from Lgals1−/− and WT mice infected or not with
H. capsulatum in vitro was evaluated. Interestingly, 24 hours
after H. capsulatum infection, Lgals1−/− macrophages had
increased Ptges2 mRNA expression when compared to
infected WT macrophages. In addition, higher levels of
PGE
2
were detected in the supernatants 24 hours after the

infection of Lgals1−/− macrophages when compared to WT
macrophages (Figure 5(c)).Thus, the in vitro results correlate
with overproduction of prostaglandins in vivo (Figure 5(a)).

2.6. Galectin-1 Does Not Bind to and Kill the Yeast Form of
H. capsulatum. Recently, it was reported that galectins can
bind glycans not only on the host cell surface, but also on
molecules on pathogens, which has been found to result
in pathogen killing and modulation of immune responses
against bacterial infections [36, 37]. To assess the binding
capacity of Gal-1 on H. capsulatum surface, biotinylated-
human recombinant Gal-1 (hrGal-1 : 1 𝜇M and 4 𝜇M) was
incubated with the yeast form ofH. capsulatum. Gal-1 did not
bind to the yeast form of this fungus (Figure 6(a)) although
the hrGal-1 was active, since it did bind to glycans on HL-
60 cells (Figure 6(b)). As expected, different concentrations
of hrGal-1 (0.5, 1.0, 2.5, 4.0, and 10.0 𝜇M) did not alter
the viability of H. capsulatum after 24 and 48 h of in vitro
incubation (Figure 6(c)).This result suggests that the binding
effect can be related to killing activity as Stowell et al. [36]
described for E. coli strains in the presence of Gal-4 and Gal-
8.Thus, the yeast form ofH. capsulatum seems not to express
ligands forGal-1 and indicates that the protectivemechanistic
effects of Gal-1 toH. capsulatum infection do not involve Gal-
1 binding to the yeast.
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Figure 4: Lgals1−/− mice exhibit increased inflammatory response day 15 after infection with H. capsulatum. Cytokines IL-12p40 (a), TNF-
𝛼 (b), IL-1-𝛼 (c), and NO

2

− (d) were quantified from homogenized lungs on day 15 after infection with H. capsulatum. Cytokines levels
(pg/mL) were determined in the supernatants by ELISA and NO

2

− (𝜇M) by using a Griess reaction. Data are representative of one of the two
experiments performed independently (𝑛 = 10 per group). Values are mean ± SEM. ∗𝑝 < 0.05 infected mice versus control (uninfected),
#𝑝 < 0.05WT versus Lgals1−/−, both infected.

3. Discussion

Galectins have been described as regulators of immune
response in models of inflammatory and infectious diseases
and host pathogen recognition [14, 25, 27, 36, 38–41]. Gal-1
and Gal-3 are the best studiedmembers of the galectin family
and the expression of these proteins is increased or decreased
in distinct cell types following infections caused by different
pathogens [42, 43]. Previous reports demonstrate that Gal-
3 participates in yeast infections [13, 39, 44]; however, the
role of Gal-1 in fungal diseases has not yet been explored.
Although the expression of Gal-3 in dendritic cells is not
upregulated in WT mice infected with H. capsulatum, mice
genetically deficient in Gal-3 clear this fungal infection more
efficiently than WT mice [13], showing that high Gal-3
expression inWTmice is not required for the participation in
the immune response againstH. capsulatum andmay actually
contribute to pathogenesis [13].

Unexpectedly, Gal-3 knockout mice are more suscepti-
ble to Candida albicans infection than WT mice and the
susceptibility is associated with high fungal burden in the
brain. Additionally, Gal-3, but not Gal-1, can induce yeast
cell death upon binding to 𝛽-1,2-linked oligomannosides
on the surface of pathogenic fungus Candida albicans [44].
Thus, Gal-3 and Gal-1 appear to be differentially involved in
host defense mechanisms against fungal infections, and this
featuremay arise from the specific pathogen. In disseminated
candidiasis model, the absence of Gal-3 is responsible for
increased susceptibility [39]. In the present study, in contrast
to Gal-3-deficient mice [13], the novel observation that
the absence of endogenous Gal-1 increased susceptibility
to H. capsulatum accompanied by higher fungal loads in
the lung and spleen was made. Recently, it was reported
that Lgals1−/− mice infected intradermally with T. cruzi are
resistant to this parasitic infection compared to their WT
counterparts and this resistant phenotype could be associated
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Figure 5: Absence of endogenous Gal-1 increases prostaglandin PGE
2
production and Ptges2 expression in peritoneal macrophages. (a)

In vivo prostaglandin E
2
was quantified in supernatants from homogenized lungs on day 15 after infection with H. capsulatum (5 × 105

yeasts/mice) by ELISA. (b) 5 × 105 peritoneal macrophages were incubated in vitro withH. capsulatum (MOI 1 : 1) during 2 and 24 hours and
mRNA levels for Ptges2 were quantified and plotted as Fold Regulation by Log

2
. In addition, PGE

2
was assessed in vitro in the supernatants

by ELISA 24 hours after infection (c). In vivo data are representative of one of the two experiments performed independently (𝑛 = 10 per
group). Values are mean ± SEM. ∗𝑝 < 0.05 infected mice versus control (uninfected), #𝑝 < 0.05WT versus Lgals1−/−, both infected.

with a dysfunction in the regulatory properties of Gal-1 fol-
lowed by high production of Th1 proinflammatory cytokines
and improvement of Th1 and CD8+ T cells responses [25].
However, another report from the same group described
that Lgals1−/− mice infected intraperitoneally with T. cruzi
showed elevated parasitemia, less tissue inflammation, and
higher mortality rates as compared to infected WT mice
[45]. These authors suggest that this discrepancy could be

associated with the presence of different phagocytes at sites
of infection and distinct local immune response induced by
T. cruzi. Based on these reports and the present data, it is
suggested that the infection of Lgals1−/−mice, intratracheally,
with H. capsulatum promotes a unique immunophenotype
that suppresses the host response against the fungus. This
special immunological scenario is characterized by an imbal-
anced inflammation associated with high levels of neutrophil
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Figure 6: Gal-1 does not bind and kill the yeast form of H. capsulatum. (a) Yeasts were incubated for 1 hour at 4∘C with 1.0 𝜇M and 4.0 𝜇M
biotinylated-hrGal-1, in the presence or absence of 20mM lactose (Gal-1 inhibitor) or sucrose (control, noninhibitor). After that, yeasts were
incubated with streptavidin-FITC and labeled cells were acquired on a FACS Canto (Becton Dickinson, Mountain View, CA, USA) and
analyzed in the DIVA software (Becton Dickinson). (b) As a control, HL-60 cells (1 × 106) were incubated with 1 𝜇M biotinylated-hrGal-1
for 1 hour at 4∘C, in presence or absence of 20mM lactose or sucrose. (c) Several hrGal-1 concentrations (0.5, 1.0, 2.5, 4.0, and 10𝜇M) were
incubated with 1 × 106 H. capsulatum cells during 24 and 48 h. After each time, relative fluorescent units (RFU) (560–590 nm) were measured
and represent yeast cells metabolically active through the dye resazurin reagent. Data are representative of two independent experiments and
expressed as the mean ± SEM.

infiltration and proinflammatory cytokines in the lungs
that causes a strong anti-inflammatory response induced by
high levels of PGE

2
and nitric oxide that could modulate

phagocyte and T cell functions.
Based on evidence that Gal-4 and Gal-8 can bind and kill

bacteria that express a human blood group B-like antigen and
a common mammalian antigen 𝛼-Gal [36, 46], it is hypothe-
sized that Gal-1 might have the same effect on the yeast form
of H. capsulatum. However, in contrast to Gal-4 and Gal-8
killing activities toward bacteria, Gal-1 neither bound to nor
killed the yeast form (Figure 6). This data suggests that the

ability of Gal-1 to contribute to proper control of the fungal
infection arises from an indirect contribution, since Gal-1
is clearly involved in the modulation of immune response
against H. capsulatum.

Next, it was evaluated whether the absence of Gal-1 could
interfere with the recruitment of neutrophils to the lungs dur-
ing the infection, since this lectin could modulate the inflam-
matory response [24, 47]. It is known that neutrophil migra-
tion to sites of infection helps the clearance of pathogens
[48]. Human neutrophils are able to impair the growth of
H. capsulatum yeast form, and this microbiostatic effect is
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mediated mostly by compounds present in the azurophil
granules [49]. Moreover, in experimental histoplasmosis,
depletion of GR-1+ cells, primarily neutrophils, promotes the
increase in fungal load in the lungs and spleens and decreases
the survival of animals even in the presence of high levels
of TNF-𝛼 and NO [50]. Previous reports demonstrate that
mice genetically deficient in Gal-1 have enhanced neutrophil
emigration in response to IL-1𝛽 compared to their wild-
type counterparts [51]. Furthermore, in an animal model of
zymosan-induced peritonitis, exogenous Gal-1 was shown to
cause decreased production of proinflammatory cytokines
and expression of adhesion molecules on the surface of neu-
trophils, thus diminishing their rates of migration [47]. The
present results are consistent with those of others, indicating
that H. capsulatum promotes intense neutrophil recruitment
in the lung of Lgals1−/−mice (Figure 3); however, these phago-
cytes were not able to clear the fungus in the lung pulmonary
parenchyma. Other authors have demonstrated that upreg-
ulation of proinflammatory cytokines/chemokines resulted
in higher numbers of lung neutrophils and also reduced the
capacity of the host defense to eliminate the fungus [9]. Since
Gal-1 canmodulate the adhesionmolecules expression aswell
as releasing mediators of immune response [22–24, 47], it
was evaluated whether the increase of neutrophil infiltration
into the lung was associated with exacerbation of cytokines
during the inflammatory response against H. capsulatum
infection. The intense neutrophil accumulation in the lung
of Lgals1−/− mice could be explained by high levels of IL-
1𝛼 (Figure 4(c)), since this cytokine is a chemoattractant
for neutrophils [52, 53]. Moreover, the presence of high
number of neutrophils may be a major source of IL-12
detected in the lung from infected-Lgals1−/− mice, as neu-
trophils have been reported to produce IL-12 [54]. Curiously,
inhibition of dectin-1 expression, a host receptor for fungal
beta-glucan, reduces the severity of fungus infection and
its effect was associated with decrease of proinflammatory
cytokines, including IL-12, and neutrophil infiltration [55].
Furthermore, it is known that proinflammatory cytokines,
including IL-12 [32, 34, 56, 57], are essential for host defense
against H. capsulatum. Conversely, on the present model,
the increase of IL-12 did not promote fungal clearance in
the lungs of Lgals1−/− mice. Based on these results, it may
be hypothesized that the excessive production of IL-12p40
and IL-1𝛼 in Lgals1−/−-infected mice is deleterious to the
animals. Interestingly, Lgals1−/− mice are more resistant to
Trypanosoma cruzi infection than wild-type mice and this
phenotype is associated with upregulation of IFN-𝛾 and no
significant production of IL17A [25]. However, the HSV-1
infection in Lgals1−/− mice promotes a severe disease, com-
pare to wild-type, that is correlated with the elevated number
of neutrophil infiltrations and IFN-𝛾-producing CD4 T cells
and no significant change of IL-17-producing T cell in the
ocular [58]. Then, considering that (i) immunoregulatory
properties of Gal-1 are associated with regulation of TH 1
and TH 17 responses [59], (ii) IL-12 and IL-23 share p40
subunit [60], and (iii) IL-17/IL-23-axis cytokines participate
in immune response against H. capsulatum infection [33],
further investigation should be done in order to elucidate

the impact of IL17/IL23 in experimental histoplasmosis in
the absence of endogenous Gal-1. In addition to cytokine
production, it was analyzed whether microbicidal factors,
such as NO, could be modulated by the deficiency of Gal-1,
which could underlie the suppression of host defense against
H. capsulatum. It was found that the deficiency of Gal-1
promotes the increase of NO concentration in the lung of
infected mice when compared with infectedWTmice. These
results are in concordance with other studies that show that
Gal-1 negatively modulates the NO production by activating
macrophage or microglia-like cells [23, 61] and activated
microglia from Lgals1−/− mice produce high concentration
of NO [62]. Moreover, the high levels of NO produced
(Figure 4(d)) in the lung have no microbicidal effect on H.
capsulatum, since lungs fromGal-1 Lgals1−/−mice had higher
CFU (Figure 2). Thus, NO appears to be important for the
host defense against primary infection by H. capsulatum
[11]; nonetheless, the overproduction of NO has also been
shown to suppress phagocytic activities of macrophage in H.
capsulatum infection and inhibit the CD4T cells proliferation
response to T. cruzi infection [12, 34, 50].

Alveolar macrophages are the first line of host defense in
the lung against respiratory pathogens, and this phagocyte
is an important source of lipid mediators, such as PGE

2
in

infected lung [63]. PGE2 has an important role in suppression
of host defense involvedmodulation of alveolar macrophages
functions in different pulmonary infection models, such as
Streptococcus pneumoniae [64], Klebsiella pneumoniae [65],
Pseudomonas aeruginosa [66], and recently H. capsulatum
[8]. Lung and macrophages from Lgals1−/−-infected mice
produced higher levels of PGE

2
when compared to WT

mice. Then, it is hypothesized that high levels of NO and
PGE
2
in the lungs of Lgals1−/−-infected mice inhibit the

effector functions of macrophages and neutrophils against
H. capsulatum. Whether the absence of endogenous Gal-1
can inhibit the effector functions of neutrophils against H.
capsulatum remains unknown, though.

PGE
2
is able to inhibit IL-12 production by macrophage

and dendritic cells [67], although lung parenchyma from
infected Lgals1−/− mice contained higher levels of IL-12 than
those from infected WT mice even in the presence of high
levels of PGE

2
. This finding is in agreement with other

studies reporting that the inhibition of prostaglandin has no
effects on the production of IL-12 in H. capsulatum-infected
mice [8]. In addition, the present data is similar to others,
demonstrating that the immunoregulatory effects of Gal-1
(endogenous or exogenous) are associated with suppression
of Th1 cytokines, including the negative modulation of IL-12
production by activated macrophage or tolerogenic dendritic
cells [19, 68–71].

Because of the low yield of murine alveolar macrophages,
peritoneal macrophages from Lgals1−/− mice were used to
examine the ability of endogenous Gal-1 to modulate the
expression of mRNA Ptges2 and PGE

2
after H. capsulatum

infection (Figure 5(b)). The high fungus burden in lungs and
spleen in infected Lgals1−/−mice could be associated with the
downregulation effects of PGE

2
in antimicrobial functions of

phagocytes [8, 72].
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Exaggerated inflammatory response could be responsible
for higher production of PGE

2
in lungs of H. capsulatum-

infected Lgals1−/− mice that inhibited fungal clearance, since
the PGE

2
biosynthesis is increased under inflammatory

conditions, and this prostanoid has been described to impair
phagocytosis and kill by alveolar macrophages [73]. In
addition, the effector functions of phagocytes from Lgals1−/−
could be altered, since Gal-1 is a multifunctional molecule
with intra- and extracellular effects [28, 29]. This immune
suppressive effect is in line with current results, demon-
strating the positive impact on mRNA Ptgs2 expression
and PGE

2
secretion of the Gal-1 deficiency in macrophages

from Lgals1−/− mice after fungal infection. This data is in
agreement with the results described by Rabinovich and
colleagues, since this lectin can reduce arachidonic acid
release and PGE

2
secretion from activated macrophage [27].

Besides that, celecoxib treatment, a selective cyclooxygenase
2 inhibitor, improved the immune response against H. cap-
sulatum infection through the inhibition of prostaglandin
production [8]. Curiously, celecoxib induces expression of
Gal-1 in activated macrophage and Gal-1 could be involved
in the anti-inflammatory mechanisms of this drug [74].
Furthermore, Gal-1 inhibited the expression of activating
transcription factor 3, a negative regulator of mRNA Ptgs2
in macrophage [75]. Despite that, further investigations
are needed to elucidate the mechanism by which Gal-
1 inhibits Ptgs2 expression. It has now been shown that
PGE
2
is a DAMP (damage-associated molecular patterns)

and is induced and released by dying cells, which leads to
suppressed expression of genes associated with inflammation
and thereby limits immunostimulatory activities [76]. Also,
PGE
2
is downregulated in human systemic inflammatory dis-

eases and mice with reduced PGE
2
exhibit systemic inflam-

mation [77]. In summary, the present results demonstrate
that the endogenous Gal-1 plays an important role in host
defense againstHistoplasma capsulatummodulating of PGE

2
,

IL-12, and NO production, as well as pulmonary neutrophil
accumulation. Future studies are needed to better understand
the cellular andmolecular mechanisms in which endogenous
galectin-1 could participate in host defense against fungus
infection.

4. Materials and Methods

4.1. Animals. Six-to-eight-week-old wild-type (WT) male
mice and mice genetically deficient in Gal-1 (Lgals1−/−), both
in a C57BL/6J background, were housed and bred at the
animal facility of the School of Pharmaceutical Sciences of
Ribeirão Preto (University of São Paulo, Brazil). Wild-type
mice were originally purchased fromThe Jackson Laboratory
(Bar Harbor, ME, USA) and Lgals1−/− mice were provided
by Dr. Richard D. Cummings (Department of Surgery,
Beth Israel Deaconess Medical Center and Harvard Medical
School, Boston, MA, USA). The experimental protocol was
approved and conducted in accordance with guidelines of the
Institutional Animal Care Committee. To check the depletion
of Lgals1, Gal-1 expression (mRNA and protein) analysis
on WT and Lgals1−/− cells were performed as previously

described [21] using conventional RT-PCR and western blot,
respectively (data not shown). We used C57BL/6J mice as
wild-type counterparts in our experiments.

4.2. H. capsulatum Strain and Infection of Mice. H. cap-
sulatum strain was isolated from a patient at the Clinical
Hospital, School of Medicine of Ribeirão Preto, University of
São Paulo, and the characterization andpreparation ofH. cap-
sulatum yeast cells were performed as previously described
[9, 78, 79]. The yeast cultures were used at ≥90% viability
according to fluorescein diacetate (Sigma-Aldrich, St. Louis,
MO) and ethidium bromide (Sigma-Aldrich) staining [80].
Mice were given intratracheally (i.t.) dispersion containing
100 𝜇L phosphate buffered saline (PBS, vehicle control) or a
sublethal dose in PBS (5× 105 yeasts/animal).The appropriate
inoculum size was chosen based on procedure described
by Sá-Nunes and colleagues [78]. On day 15 after infection,
both uninfected and infected mice were euthanized in a CO

2

chamber, and lungs and spleens were collected for analyses.

4.3. Fungal Load andHistopathology. H. capsulatum-infected
mice were euthanized on day 15 after infection and tis-
sue samples were harvested. Lung sections (5 𝜇M) were
embedded in paraffin blocks and stained with Grocott’s
methanamine silver (GMS) and quantification of yeasts was
expressed as yeast/mm2 (original magnification: 400x). Also,
fungal burden was determined from homogenized lung and
spleen (Mixer Homogenizer; Labortechnik, Staufen, Ger-
many) as previously described [7, 9]. Serial dilutions of these
tissue homogenates were plated onto BHI blood agar and
incubated at 37∘C for 21 days. The results were expressed as
mean colony-forming units (CFU) per gram of lung ± SEM
(CFU/g) or CFU per whole spleen ± SEM (CFU/spleen).
Lungswere collected, fixed in 10% formaldehyde, and embed-
ded in paraffin blocks. For neutrophils analyses, lung sections
(5 𝜇m) were stained with hematoxylin and eosin (H&E) and
the cells were quantified in the ocular lens containing 10 ×
10 graticules (0.0624mm2 each in magnifications: 400x).The
results are expressed as neutrophils/mm2.

4.4. Measurement of Cytokines, PGE
2
, and Nitric Oxide.

Lungs were collected 15 days after infection, weighed and
homogenized (Mixer Homogenizer; Labortechnik, Staufen,
Germany) in 2mL of RPMI1640 (Sigma) and the super-
natants were stored at −70∘C until being assayed. Commer-
cially available ELISA antibodies were used to measure TNF-
𝛼, IL-1𝛼, IL-12p40, IL-10, IL-4, and IL-6 (BD OptEIA ELISA
sets; BD Pharmingen) according to the instructions of the
manufacturer. PGE

2
from lung homogenate and from in vitro

assay (in vitro assay is described below) were purified by Sep-
Pak C18 cartridges according to the manufacturer’s instruc-
tions (Waters Corp., Milford, MA). Quantification of PGE

2

was assessed also by ELISA (Cayman Chemical, Ann Arbor,
MI) and the results for cytokines and PGE

2
are expressed in

ng/mL. The sensitivity of the assay was <10 pg/mL. Nitrite
(NO
2

−) concentrations (𝜇M) in lung homogenates was mea-
sured by Griess reaction using a standard curve with serial
dilutions ofNaNO

2
(Sigma-Aldrich). Griess reagent was used
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in order to measure NO levels indirectly from nitrite as
described previously [10].

4.5. Gene Expression by Real-Time Polymerase
Chain Reaction (qRT-PCR)

4.5.1. In Vitro Assay. WT or Lgals1−/− peritoneal macro-
phages (5 × 105 cells/well) were incubated withH. capsulatum
(MOI 1 : 1) during 2 and 24 hours. PGE

2
was assessed in

the supernatants 24 hours after infection and expression of
mRNAwas performed in plated macrophages 2 and 24 hours
after H. capsulatum exposure.

4.5.2. Gene Expression. Total mRNA was isolated using the
RNeasyMini kit (Qiagen Inc., Valencia, CA), according to the
manufacturer’s instructions. cDNA (complementary DNA)
was synthesized from 600 ng of total RNA using random
primers (High Capacity cDNA Reverse Transcription Kit,
Applied Biosystems, Temecula, CA). Aliquots of 2 𝜇L of
the total cDNA were amplified by qRT-PCR (StepOne Plus,
Applied Biosystems, Singapore) using the primers (IDT�,
Integrated DNA Technologies, California, USA) for Ptges2
(the gene encoding prostaglandin E synthase 2, Mm.PT.
58.7480753) and probe (TaqMan� Gene Expression Assay,
Applied Biosystems, Foster City, USA). Actb (Mm00607939)
was used as reference gene. Amplification was performed
in duplicate under the following conditions: denaturation at
95∘C for 10min, followed by 40 cycles of 95∘C for 15 s and
60∘C for 1 minute. Relative quantification was performed
using the ΔΔCt method and plotted as Fold Increase or Fold
Regulation by Log

2
.

4.6. Human Recombinant Galectin-1 (hrGal-1) Purification.
hrGal-1 was prepared as previously described [26, 81]. Briefly,
purified hrGal-1 was treated with 100mM iodoacetamide
(Sigma-Aldrich) in 100mM lactose/PBS overnight at 4∘C
[82]. To ensure that hrGal-1 samples were endotoxin-free,
Detoxi-Gel Endotoxin removing gel (Pierce Biotechnology,
Rockford, IL) was used and hrGal-1 activity was assessed by
haemagglutination (data not shown).

4.7. Binding by Flow Cytometry and Resazurin Cell Viability
Assays. To measure the capacity of Gal-1 to bind on yeast
form of H. capsulatum, 1 𝜇M and 4 𝜇M biotinylated-hrGal-
1 were incubated for 1 hour at 4∘C, in presence or absence
of 20mM lactose or sucrose (Sigma-Aldrich). After washing,
yeasts were incubated with streptavidin-FITC (Jackson IR)
for 30 minutes at 4∘C, washed, and formalin-fixed (1% in
PBS). Labeled cells were acquired on a FACS Canto (Becton
Dickinson, Mountain View, CA, USA) and analyzed in
the DIVA software (Becton Dickinson). As a control, we
used HL-60 cells obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and maintained in RPMI
medium supplemented with 10% fetal bovine serum. To test
H. capsulatum viability in a presence of Gal-1, we incubated,
in vitro, several hrGal-1 concentrations (10, 4, 2.4, 1, and
0.5 𝜇M)with 1× 106 yeast cells during 24 and 48 h.The relative
fluorescent units (RFU) using a plate reader were detected

(560–590 nm) in order to analyze the number of yeast cells
metabolically active using the dye resazurin reagent (Sigma-
Aldrich).

4.8. Statistical Analysis. The data are presented as the mean
± SEM. Comparisons were performed using an ANOVA
followed by a Bonferroni posttest by the Prism 4.0 statistical
program (GraphPad Software, San Diego, CA). Survival
analyses were performed using the Mantel-Cox log-rank (𝜒2
“chi-squared”) test. Differences in survival were analyzed
by the log-rank test. Values of 𝑝 < 0.05 were considered
statistically significant.
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