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Abstract
C16 peptide and angiopoietin-1 (Ang-1) have been found to have anti-inflammatory activity

in various inflammation-related diseases. However, their combined role in acute respiratory

distress syndrome (ARDS) has not been investigated yet. The objective of this study was to

investigate the effects of C16 peptide and Ang-1 in combination with lipopolysaccharide

(LPS)-induced inflammatory insult in vitro and in vivo. Human pulmonary microvascular

endothelial cells and human pulmonary alveolar epithelial cells were used as cell culture

systems, and an ARDS rodent model was used for in vivo studies. Our results demonstrated

that C16 and Ang-1 in combination significantly suppressed inflammatory cell transmigra-

tion by 33% in comparison with the vehicle alone, and decreased the lung tissue wet-to-dry

lung weight ratio to a maximum of 1.53, compared to 3.55 in the vehicle group in ARDS rats.

Moreover, C þ A treatment reduced the histology injury score to 60% of the vehicle control,

enhanced arterial oxygen saturation (SO2), decreased arterial carbon dioxide partial pressure (PCO2), and increased oxygen

partial pressure (PO2) in ARDS rats, while also improving the survival rate from 47% (7/15) to 80% (12/15) and diminishing fibrosis,

necrosis, and apoptosis in lung tissue. Furthermore, when C þ A therapy was administered 4 h following LPS injection, the

treatment showed significant alleviating effects on pulmonary inflammatory cell infiltration 24h postinsult. In conclusion, our in

vitro and in vivo studies show that C16 and Ang-1 exert protective effects against LPS-induced inflammatory insult. C16 and Ang-

1 hold promise as a novel agent against LPS-induced ARDS. Further studies are needed to determine the potential for C16 and

Ang-1 in combination in treating inflammatory lung diseases.
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Introduction

Acute respiratory distress syndrome (ARDS) is a rapidly
progressive disease occurring in patients suffering from
significant injuries or critical illness, and it poses a severe
threat to human health. ARDS appears as sudden onset of
respiratory failure characterized by acute hypoxemia,

pulmonary infiltrates and edema, decreased pulmonary
compliance, inflammatory cell infiltration, and gas-
exchange abnormality.1 Despite recent advances in the
development of ARDS therapies like anti-inflammatory
treatment, ARDS is still one of the leading causes of death
in patients who die early. There is an urgent need to identify
novel therapeutic strategies against ARDS. Evidence has
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shown that ARDS involves major, diffuse injury in the
alveolo-capillary wall and increased pulmonary vascular
permeability.2 Therefore, a potential therapy for ARDS
may be achieved by restoring the integrity of the pulmo-
nary endothelial barrier and thus minimizing protein/leu-
kocyte infiltration under ARDS conditions.

Previous studies have demonstrated that the vessel leak-
age in pulmonary infection and ARDS might be attributed
to deregulation of a non-redundant endothelial control
pathway triggered by the Tie2 receptor and its ligands,
the angiopoietins.3 Therefore, Tie2-activating drugs or
agents could play a potential role in leaky vessel repair in
ARDS. Our previous studies showed that angiopoietin-1
(Ang-1) promotes angiogenesis and alleviates ischemic
injury in the central nervous system (CNS) by interacting
with Tie2 predominantly expressed on the endothelial cells
(ECs) of blood vessels.4,5 In addition, Ang-1 reduces vascu-
lar permeability, which is likely due to its ability to main-
tain the integrity of EC tight junctions under pathological
conditions.5

On the other hand, C16 peptide (KAFDITYVRLKF), just
like Ang-1, can also repair blood vessels by binding to
integrins avb3 and a5b1, which promotes EC survival.6–
8 The individual roles of C16 and Ang-1 have been well
defined in animal models of CNS inflammation in our pre-
vious studies.4,6–8 In general, the individual application of
synthetic C16 peptide inhibits transmigration and infiltra-
tion of leukocytes,6,7 whereas Ang-1 significantly reduces
the blood vessel leakage and diminishes vascular perme-
ability.4 Because these two factors act differentially, and
their actions are not tissue- or organ-specific, we sought
to investigate the combined effects of C16 and Ang-1,
rather than their individual effects, on lipopolysaccharide
(LPS)-induced pulmonary injury in this study. We hypoth-
esize that C16 and Ang-1 have synergistic effects in sup-
pressing leukocyte/lymphocyte infiltration, protecting ECs
from hyperpermeability, and improving the inflammatory
microenvironment within the respiratory system.

In the present study, we established a LPS insult injury
model in cultured human pulmonary microvascular endo-
thelial cells (HPMECs) and human pulmonary alveolar
epithelial cells (HPAEpiCs) as well as a rat model of LPS-
induced ADRS, the most commonly used model for induc-
ing acute lung injury. The assumed protective effects of C16
plus Ang-1 were examined in vitro and in vivo.

Materials and methods

Cell culture

HPMECs and HPAEpiCs and the humanmonocyte cell line
THP-1 were all purchased from American Type Culture
Collection (Wesel, Germany). THP-1 cells were maintained
in RPMI-1640 (Sigma-Aldrich, St Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS; PAA
Laboratories, Linz, Austria) and 20mM HEPES (Sigma-
Aldrich). HPMECs and HPAEpiCs were maintained in
Dulbecco’s Modified Eagle Medium (Sigma-Aldrich) sup-
plemented with 10% FBS. All cells were grown in a 5% CO2

humidified atmosphere at 37�C. The medium was
refreshed every 2–3days.

Cell viability assay

HPMECs were plated in 96-well plates at a density of
2� 104 cells/well and maintained for 24 h at 37�C. Cells
were then serum-starved for an additional 24 h, followed
by treatment with vehicle (culture medium), LPS
(L, 10 mg/mL) only, or LPSþC16 (C, 600 mM) þAng-1
(A, 100 ng/mL) for 24 h.5 Then 20 mL of MTT solution
(Sigma-Aldrich, 5mg/mL in phosphate-buffered saline)
was added to the medium at 37�C. Four hours later, the
supernatant was replaced with 100 mL of dimethyl sulfox-
ide. Optical absorbance was measured at 570 nm in amicro-
plate reader (Multiskan MK3, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Cell viability was quantified as the
ratio of the absorbance for L- or L þ CþA-treated cells to
that of the vehicle-treated cells.

Quantification of cell necrosis

Briefly, HPMECs and HPAEpiCs were treated with vehicle
or C þ A for 24 h, followed by stimulation with 200 ng/mL
LPS (Sigma-Aldrich) for 4 h. Hoechst 33342/propidium
iodide (PI) double staining was performed as described
previously,9 and imaged using a Nikon CCD camera
E600. The total number of cells and necrotic cells (red)
was counted in six randomly selected fields at 400� mag-
nification in triplicate. The percentage of necrotic cells was
calculated as the number of necrotic cells/the total number
of cells �100%.

Immunofluorescent staining of apoptotic cells

HPMECs and HPAEpiCs were stimulated with 200 ng/mL
LPS for 24 h and then fixed in 4% paraformaldehyde for
30min followed by incubation with primary mouse poly-
clonal anti-caspase-3 (cleaved caspase, 1:800; Cayman
Chemical, Ann Arbor, MI, USA). Coverslips were rinsed
with PBS and incubated with tetramethylrhodamine
(TRITC)-conjugated secondary antibodies (1:200;
Invitrogen) for 1 h at 37�C, followed by mounting with anti-
fade aqueous mounting media (Southern Biotech,
Birmingham, AL, USA) containing 1% Hoechst 33342
nuclear dye (Sigma-Aldrich). Control group were incubat-
ed in PBS instead of primary antibodies. The staining was
imaged, and the total number of cells and the numbers of
doubly positive cells were counted in six randomly selected
fields at 400� magnification in triplicate. The percentage of
apoptotic cells was calculated as the number of doubly
stained cells/the total number of cells� 100%.

Transendothelial migration assay

A leukocyte transmigration assay was performed as
described previously.5 Briefly, HPMECs were cultured on
permeable filters in Transwell culture plates (VR -96 perme-
able supports, Costar, Cambridge, MA, USA) at a density of
2� 104 cells/well, and the HPAEpiCs were added to poly-
D-lysine-coated slides in the lower compartments of the
Transwells. Cells reached 100% confluency after 72–96 h
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of culture. Then 2� 105 monocytic THP-1 cells were plated
onto HPMECs in the inner chamber of the Transwell plates.
In vehicle control group, THP-1 cells were allowed to
migrate for 6 h at 37�C. In the LPS insult and L þ CþA-
treated groups, 200 ng/mL LPS was added to the culture
medium in the inner chamber. In the C þ A- and
L þ CþA-treated groups, C16 peptide (600 mM) and
Ang-1 (100 ng/mL) were added to the medium in the
inner chamber to preincubate overnight prior to addition
of THP-1 cells. The cells that had transmigrated across the
EC layer were counted.

Enzyme-linked immunosorbent assay (ELISA)

In the LPS insult and L þ CþA-treated groups, 200 ng/mL
LPS were added to the culture medium in the inner cham-
ber; in L þ CþA-treated groups, C16 peptide (600mM) and
Ang-1 (100 ng/mL) were also added to the medium in the
inner chamber to incubate overnight. The vehicle control
was only incubated with culture medium. The inner com-
partments were removed, and cell culture medium was
collected to determine the levels of tumor necrosis factor
alpha (TNF-a), interleukin (IL)-1b, IL-8, and IL-10 using
ELISA kits (R&D Systems, Minneapolis, MN, USA) in a
microplate reader at 450 nm.

In vivo experiments

Animals. A total of 285 adult Wistar rats (male, 250–300 g)
were purchased from the Laboratory Animal Center of
Zhejiang University and randomly divided into three
groups: normal control group (n¼ 15, no LPS insult), LPS
insult (4mg/kg, iv) only (120 in total, n¼ 15 at each time
point), and L þ CþA group (150 in total, n¼ 15 at 1 and 2h
time points; n¼ 20 at 4, 6, 12, 24, 72 h, and 1 w time points).
ARDS was induced with LPS (L4391, Sigma-Aldrich) by
intravenous injection (4mg/kg) in LPS insult and
L þ CþA groups, while the LPS group received injection
of PBS only. Animal experiments were carried out follow-
ing the Guide for the Care and Use of Laboratory Animals
issued by the National Institutes of Health and approved
by the animal ethics committee of Zhejiang University.

Drug administration. The doses of C16 and Ang-1 used in
this study were based on the findings of our previous stud-
ies on experimental autoimmune encephalomyelitis,
an animal model of multiple sclerosis.4,8 C16 peptide
(KAFDITYVRLKF) was synthesized as previously
described10,11 and dissolved in PBS at a final concentration
of 4mg/mL. Ang-1 peptide (Shanghai Science Peptide
Biological Technology Co., Ltd, Shanghai, China) was dis-
solved in distilled water at a final concentration of 800 mg/
mL.12 For the rats receiving Ang-1þC16, 0.5mL Ang-1
solution and 0.5mL C16 solution7,8 were injected intrave-
nously via the caudal vein. For subgroups treated for 1, 2, 4,
6, 12, and 24 h, the injection was administered immediately
following LPS insult. In the 72 h and 1 w subgroups, the
injection was administered once daily. Rats in the LPS
group received intravenous injections of PBS.

In addition, C16 and Ang-1 treatment was given at 6 h
postinsult (pi) in 30 rats. The 6 h period was chosen mainly

because this is the time within which diagnosis was made
and intravenous treatments could be started.

Arterial blood gas analysis. Arterial blood was collected
via the abdominal aorta. The pH value, arterial carbon diox-
ide tension (paCO2), partial pressure of oxygen (PaO2), and
oxygen saturation (SO2) were measured automatically
using a blood gas analyzer (GEM Premier3000, MA).

Bronchoalveolar lavage fluid (BALF) preparation and cell
counting. The lungs were lavaged three times with a total
volume of 1.5mL cold PBS followed by centrifugation at
700 g for 10min at 4�C. The cell pellets were re-suspended
in 1mL PBS, and cell counting was performed using a
hemocytometer in a double-blind manner. Differential cell
counting was performed by Wright-Giemsa staining
(KeyGen Biotech, Nanjing, China).

ELISAs

Peripheral blood samples were collected after 1, 2, 4, 6, 12,
24, and 72h as well as one week of treatment (n¼ 5 per
group at each time point). The concentrations of TNF-a,
IL-1b, IL-8, IL-10, IL-17 and transforming growth factor
(TGF)-b were determined using ELISA kits (Abcam,
Cambridge, UK). The concentrations of Ang-2, VEGF, and
ET-1 were determined using an ELISA kit from BioLegend,
Inc. (San Diego, CA, USA). The optical density at 450 nm
was measured, and the data were tabulated using
GraphPad Prism 4.0 (GraphPad Software, Inc., San Diego,
CA, USA).

Tissue processing

In the immediately treated group, both LPS- and
L þ CþA-treated rats were sacrificed at 1, 2, 4, 6, 12, 24,
and 72h as well as one week after LPS insult (n¼ 5 per
group at each time point) under anesthesia with 0.75%
intraperitoneal sodium pentobarbital (75mg/g). While in
the later treated group, L þ CþA-treated rats were sacri-
ficed at 6, 12, 24, 72 h and one week after LPS insult (n¼ 5
per time point). For histopathological examination, the tra-
chea was cannulated with an indwelling needle and then
perfused with saline followed by instillation with 4% para-
formaldehyde in PBS for in situ fixation. Half of the lungs
were incised and fixed in 4% paraformaldehyde for 4 h,
followed by equilibrium in 30% sucrose solution in PBS.
Frozen sections (20 mm thick) were prepared using a Leica
cryostat and mounted on glass slides coated with 0.02%
poly-L-lysine for histological analysis and immunofluores-
cent staining. The other half of lungs were fixed in 10%
glutaraldehyde solution for transmission electron micros-
copy (EM) imaging.

Assessment of pulmonary vascular permeability by
Evans blue extravasation

In each group, vascular permeability was assessed using a
modified Evans blue extravasation method in 3 out of 15
rats. Briefly, anesthetized rats were infused with 2% Evans
blue dye (in 0.9% normal saline, 4mL/kg) at 37�C via the
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right femoral vein over 5min. The rats were then perfused
with 300mL saline to wash out any remaining dye in the
blood vessels.

Wet-to-dry lung weight ratio (W/D ratio)

The rat lungs were dissected and weighed (wet weight)
immediately following sacrifice (n¼ 5). Then the tissues
were dried in an 80�C incubator for 48 h and weighed
(dry weight). The ratio of the wet lung weight to dry lung
weight was calculated for assessment of lung edema.10

Histopathologic assessment of lung tissues

The lung tissue sections were prepared, stained with hema-
toxylin and eosin (H&E), and then observed under a light
microscope by an experienced pathologist blinded to the
experimental condition. The degree of lung injury was
assessed by two independent pathologists blinded to the
experimental conditions and scored as follows: 0, no injury;
1, edema/fibrin, hemorrhage (subpleural); 2, edema/fibrin,
hemorrhage (interlobular); 3, edema/fibrin, hemorrhage
(alveolar); 4, congestion of alveolar septa; and 5, hyaline
membrane changes of alveolar septa. The score was aver-
aged for each animal and compared among groups, result-
ing in a relative average score ranging from 0 to 1.12

Immunofluorescence and immunohistochemical
staining

For immunofluorescence and immunohistochemical stain-
ing, slides were incubated with the following primary anti-
bodies SP-C (1:500, AbCam, Cambridge, MA), CD68 and
CD45 (1:100; Santa Cruz Biotechnology), CD31 (1:100; Santa
Cruz Biotechnology), TNF-a (1:1000, ProSci Inc., Poway,
CA, USA), avb3 (clone LM609, Chemicon, Euromedex,
Souffelweyersheim, France), MPO (1:100; Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4�C. For
immunofluorescent staining of MPO, CD31/avb3, MPO,
CD45, SP-C/CD68 and TNF-a staining, sections were
rinsed with PBS three times followed by incubation with
FITC/TRITC-conjugated secondary goat anti-rabbit/
mouse IgG antibodies (1:200; Invitrogen, Carlsbad, CA)
for 1 h at 37�C and mounted with Antifade Gel/Mount
aqueous mounting media (Southern Biotech). Primary anti-
body controls were used to confirm IHC labeling specificity.
The CD68þ , TNF-a, and MPO þ cells were counted in
randomly selected fields at 400� magnification (field radi-
us¼ 225mm), and Image Pro Plus acquisition software
(Media Cybernetics, Silver Spring, MD) was used to eval-
uate labeled cells in three visual fields per section.

EM

Fresh tissues were fixed in 10% glutaraldehyde andwashed
with 0.1M PBS, followed by overnight postfixation in 1%
osmium tetroxide at 4�C. Postfixed tissues were dehy-
drated by an ethanol gradient (30, 50, 70, 80, 90, 95%) for
5min each, followed by three changes of 100% ethanol for
10min each and then by two changes in 1,2-propylene
oxide (PO) for 15min each. Tissues were immersed in a
PO:Epon mixture (1:1) for 1 h followed by embedding in

pure Epon, and then they were kept at 60�C for three
days. Next, 90-nm-thick sections were prepared with a dia-
mond knife on an ultracut microtome and collected on 200
mesh copper grids. The section-loaded grids were stained
with lead citrate droplets and 8% uranyl acetate droplets
for 20min each in a Petri dish, followed by washing
three times with distilled water. Finally, the grids were
used for EM.

Western blotting

Rats were sacrificed by decapitation at 1, 2, 4, 6, 12, 24, and
72h as well as one week (n¼ 4). The tissue lysates were
prepared as described previously.13 The protein was sepa-
rated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, followed by transfer to a polyvinylidene
difluoride membrane. The membrane was blocked in 5%
nonfat milk in Tris-buffered saline (TBST), followed by
overnight incubation with rabbit antisera against TNF-a
(1:1000; ProSci Inc.); TGF-b (1:800; Thermo Fisher
Scientific), caspase-3 (1:1000; Cayman Chemical), CD68
(1:500; Santa Cruz Biotechnology), MPO (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA), and rabbit antiserum
against b-actin (1:5000; Abcam) at 4�C. Then the membrane
was washed with TBST, followed by incubation with
peroxidase-conjugated secondary antibody for 1 h at room
temperature. Protein bands were detected using a chemi-
luminescence (ECL) detection kit (GE Healthcare,
Waltham, MA).

Statistical analyses

The data were analyzed using SPSS 13.0 software for
Windows (SPSS, Inc., Chicago, IL, USA). Comparisons
among the groups were performed using Student’s t-test
and one-way analysis of variance. A p value <0.05 was
considered statistically significant.

Results

C16 and Ang-1 promote EC proliferation while

suppressing monocyte migration across ECs in

response to LPS in vitro

Since increased pulmonary vascular permeability is a
prominent feature of ARDS, we sought to determine
whether C16 and Ang-1 have a protective effect on endo-
thelial barrier under inflammatory condition. As shown in
Figure 1(a) and (b), LPS markedly inhibited HPMEC via-
bility and proliferation, and dramatically promoted THP-1
cell transmigration across HPMECs, suggesting that LPS
induces endothelial hyperpermeability. However, a combi-
nation of C16 and Ang-1 effectively reversed the effects of
LPS on HPMECs and THP-1 cells (Figure 1(a) and (b)). The
data show that treatment with C16 and Ang-1 decreases
endothelial permeability in response to LPS in vitro, sug-
gesting that C16 and Ang-1 may protect against vascular
leakage in ARDS.
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C16 and Ang-1 inhibit LPS-induced death of HPMECs
and HPAEpiCs in vitro

ARDS leads to pulmonary cell loss.We next sought to deter-
mine whether C16 and Ang-1 could protect cells from death
in response to LPS. As shown in Figure 2, C16 and Ang-1
significantly inhibited LPS-induced necrosis in HPMECs
and HPAEpiCs, as evidenced by the decreased percentage
of number of necrotic marker PI-positive cells to total cells
in LPSþC16þAng-1-treated HPMECs and HPAEpiCs,
compared with LPS group (Figure 2(g) and (h)). These
results indicate that C16 and Ang-1 inhibit LPS-induced
necrosis in the pulmonary inflammatory response.
Similarly, we also found that C16 and Ang-1 had a suppres-
sive effect on LPS-induced apoptosis in HPMECs and
HPAEpiCs (Figure 3), as evidenced by the decreased per-
centage of number of apoptotic marker caspase-3 positive
cells to total cells in LPSþC16þAng-1-treated cells, respec-
tively (Figure 3(g) and (h)). Collectively, our data demon-
strate that C16 and Ang-1 inhibit LPS-induced death in
HPMECs and HPAEpiCs, suggesting the possible role of
C16 and Ang-1 in preventing tissue or cell loss in ARDS.

C16 and Ang-1 suppress LPS-induced inflammatory
response in vitro

Because inflammatory response contributes to pathogene-
sis of LPS-induced ARDS, we investigated the role of C16
and Ang-1 in inhibition of LPS-induced inflammatory
response. As shown in Figure 4(a) to (c), C16 and Ang-1
significantly suppressed LPS-induced secretion of
pro-inflammatory cytokines IL-1b, IL-8, and TNF-a from

Figure 2. The inhibitory effects of C16 and Ang-1 on LPS-induced endothelial and epithelial necrosis. (a–f) Hoechst 33342 (blue)/PI (red) double staining was

performed on HPMECs and HPAEpiCs for assessment of necrosis. Hoechst 33342 (blue) was used to stain nuclei and PI (red) was used to stain necrotic cells. In the

vehicle group, necrotic cells were rarely found among either HPMECs or HPAEpiCs (a, d). LPS insult induced necrosis in endothelial (b) and epithelial (e) cells, and this

effect was attenuated by C16 and Ang-1 treatment (c, f). The total numbers of cells and necrotic cells were counted in six randomly selected fields under 400�
magnification in triplicate. The necrosis rate was calculated as the number of PI positive cells (red)/the number of total cells (blue) (g, h). Scale bar¼ 100 mm. *P< 0.05

versus vehicle group, #P< 0.05 versus LPS group. (Power calculation for differences between groups¼ 1, group sizes per measurement¼ 5). (A color version of this

figure is available in the online journal.)

HPAEpiC: human pulmonary alveolar epithelial cell; HPMEC: human pulmonary microvascular endothelial cell; LPS: lipopolysaccharide.

Figure 1. The effects of C16 and Ang-1 on endothelial permeability in response

to LPS. LPS insult markedly inhibited HPMEC viability and proliferation as shown

by MTT assay and dramatically promoted THP-1 cell transmigration across a

HPMEC layer, suggesting LPS-induced endothelial hyperpermeability. However,

a combination of C16 and Ang-1 effectively reversed the effects of LPS on the

behavior of HPMECs and THP-1 cells. (a) MTT assay was performed to examine

the effect of C16 and Ang-1 on HMPEC proliferation. (b) Transwell assay was

performed to examine the effect of C16þAng-1 on THP-1 cell transmigration.

The THP-1 cells within low chamber were counted. *P< 0.05 versus vehicle

group, #P< 0.05 versus C þ A group, & P< 0.05 versus LPS group. (Power

calculation for differences between groups¼ 1 with group sizes per

measurement¼ 5.)

HPMECs: human pulmonary microvascular endothelial cells; LPS:

lipopolysaccharide; MTT: 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-diphenytetrazo-

liumromide; THP1: Human acute monocytic leukemia cell line.
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THP-1 cells, compared with LPS group (Figure 4(a) to (c)).
Consistently, C16 and Ang-1 enhanced the secretion of anti-
inflammatory cytokine IL-10 (Figure 4(d)). These results
show that C16 and Ang-1 antagonize LPS-induced inflam-
matory response in vitro.

C16 and Ang-1 suppress LPS-induced pulmonary
inflammatory response, inhibit pulmonary vascular
permeability, and attenuate pulmonary edema in vivo

Inflammation plays a key role in the pathogenesis of ARDS.
Notably, we found that administration of C16 and Ang-1
effectively reduced serum levels of IL-1b, IL-8, and TNF-a
as well as pro-inflammatory hormone ET-1 while elevating
the serum level of IL-10 in LPS-induced ARDS rats for up to
one week of treatment (Fig. 4E, F-Fig. 5A-C). In addition,
C16 and Ang-1 also suppressed accumulation of inflamma-
tory cells in BALF, as evidenced by reduced number of
inflammatory cells including neutrophils and macrophages
in BALF from C16 and Ang-1-treated ARDS rats (Fig. 5D
and Supplementary Fig. 1). Taken together, the data indi-
cate that C16 and Ang-1 have significant anti-inflammatory
effects in response to LPS.

Moreover, C16 and Ang-1 treatment led to reductions in
the serum levels of Ang-2 and VEGF, both of which are
largely involved in the regulation of vascular permeability
and pulmonary edema in ARDS (Fig. 5E and 5F).

The anti-inflammatory effects of C16 and Ang-1 were fur-
ther confirmed by the decreased number of TNF-a-positive

cells (Fig. 6A, Supplementary Fig. 2); and downregulation of
expression of TNF-a in lung tissues of C16 plus Ang-1-
adminstered ARDS rats (Fig. 7a and 7b), especially in the
early stage of treatment (1–12h after the treatment). We sub-
sequently investigated the role of C16 and Ang-1 in regulat-
ing pulmonary vascular permeability in ARDS rats. As
shown in Fig. 6(b), C16 and Ang-1 significantly decreased
the lung wet-to-dry lung weight ratio (W/D ratio) in LPS-
induced ARDS rats. The protective effects of C16 and Ang-1
on pulmonary histology were further confirmed by a signif-
icantly decreased lung injury score following treatment with
C16 and Ang-1 (Fig. 6c). Consistent with these findings, C16
and Ang-1 also effectively improved pulmonary ultrastruc-
tural features in ARDS rats, such as alveolar septal edema,
inflammatory cells infiltration, and apoptotic/necrotic signs
in type II alveolar epithelial cells (AECs) and blood vessels’
ECs (Supplementary Fig. 3).

As shown in Supplementary Fig. 4, treatment with C16
and Ang-1 effectively decreased the number of MPO-
positive cells in the alveolar space, suggesting an inhibition
of neutrophil activity by C16 and Ang-1 (Fig. 6d; Fig. 7c, d;
Supplementary Fig. 4). In addition, C16 and Ang-1 sup-
pressed CD68-positive macrophage infiltration in alveolar
space and septum in ARDS rats (Figures 6E and 7E–F).
Collectively, our results demonstrate that treatment with
C16 and Ang-1 can inhibit inflammatory cell infiltration
in lung tissues of ARDS rats, suggesting an important
role of C16 and Ang-1 in anti-inflammation in ARDS.

Figure 3. The inhibitory effects of C16 and Ang-1 on LPS-induced endothelial and epithelial apoptosis. (a–f) HPMECs and HPAEpiCs were double-immunostained

with Hoechst 33342 (a fluorescent DNA dye, blue) and for cleaved caspase-3 (apoptotic cell marker, red). The Hoechst staining of nuclei showed that both HPMECs

and HPAEpiCs formed monolayers, and the cleaved caspase-3-positive cells (indicated by arrows) in the partially magnified images in panels b and f, specifically

depicted individual apoptotic cells. In the vehicle control, apoptotic cells were rarely found among HPMECs (a) or HPAEpiCs (d). LPS insult-induced apoptosis in

endothelial (b) and epithelial (e) cells was suppressed by C16 and Ang-1 treatment (c, f). Scale bar¼ 100 mm. (g, h): The total number of cells (blue staining) and the

number of apoptotic cells (red staining in cytoplasm) were counted in six randomly selected fields under 400�magnification. *P< 0.05 versus vehicle group, #P< 0.05

versus LPS group. (Power calculation for differences between groups¼ 1, group sizes per measurement¼ 5.) (A color version of this figure is available in the online

journal.)

HPAEpiCs: human pulmonary alveolar epithelial cells; HPMECs: human pulmonary microvascular endothelial cells; LPS: lipopolysaccharide.
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C16 and Ang-1 diminish pulmonary fibrosis and

apoptosis in LPS-induced ARDS rats

TGF-b is a multipotent cytokine closely associated
with pulmonary fibrosis in ARDS. Our results revealed
that treatment with C16 and Ang-1 effectively inhibited
TGF-b expression in pulmonary parenchyma in
LPS-induced ARDS rats (Figure 8A and 8B). Because pul-
monary fibrosis correlates with apoptotic cell death in
ARDS, we also investigated the effect of C16 and Ang-1
on pulmonary apoptosis. As shown in Fig. 8C and 8D,
C16 and Ang-1 noticeably suppressed apoptotic
marker caspase-3 expression in pulmonary interstitial and
alveolar space in LPS-induced ARDS rats. Collectively, the
data suggest that administration of C16 and Ang-1 may
play a protective role in pulmonary fibrosis and apoptosis
in ARDS.

C16 and Ang-1 increase survival and promote

pulmonary gas exchange in LPS-induced ARDS rats

ARDS is a frequently lethal respiratory disease in which
pulmonary gas exchange between alveoli and capillaries
is severely impaired. We next sought to determine whether

C16 and Ang-1 treatment could protect ARDS rats from
death and impaired pulmonary gas exchange. As shown
in Fig. 9A, administration of C16 and Ang-1 led to a signif-
icant increase in survival rates in LPS-induced ARDS rats,
especially in the late stage of the treatment. After one week
of the C16 and Ang-1 treatment, the survival rate increased
from 47% (7/15) to 80% (12/15) (Figure 9A). In addition,
treatment with C16 and Ang-1 markedly decreased arterial
carbon dioxide partial pressure (PCO2) while increasing
oxygen partial pressure (PO2) in ARDS rats (Fig. 9B and
9C), thus enhancing arterial oxygen saturation (SO2) (Fig.
9D). These data indicate that C16 and Ang-1 effectively pro-
mote pulmonary gas exchange and increase survival rates in
LPS-induced ARDS rats.

C16 and Ang-1 attenuate lung injury in
LPS-induced ARDS rats

We next sought to examine the effects of C16 and Ang-1 on
pulmonary histology in ARDS rats. Given that enhance-
ment in pulmonary vascular permeability allows the
release of excess fluid into the interstitial space, leading to
pulmonary edema, we also examined the effect of C16 and
Ang-1 on pulmonary edema. The results indicated that C16

Figure 4. The suppressive effects of C16 and Ang-1 on the inflammatory factors and anti-inflammatory cytokine. (A-D) Levels of inflammatory mediators IL-1b (A), IL-

8 (B), TNF-aa (C) and IL-10 (D) in THP-1 cell culture medium were measured using ELISA. *P<0.05 vs. vehicle group, #P<0.05 vs. LPS group (The results power

calculation between each group¼ 1, group sizes per measurement¼ 5). (E-F) Serum levels of IL-1b (E), IL-8 (F) in ARDS rats were measured using ELISA.(Panel E: The

results power calculation of serum levels of IL-1b between LPS and L+C+A group at 72 h post-insult¼ 0.357; at 1 week post-insult¼ 0.971. Panel F: The results power

calculation of serum levels of IL-8 between LPS and L+C+A group at 12 h post-insult¼ 0.999; at 24 h post-insult¼ 0.989. Power calculation between other groups¼ 1,

group sizes per measurement¼ 5).

IL: interleukin; LPS: lipopolysaccharide; TNF-a: tumor necrosis factor alpha.
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and Ang-1 significantly suppressed pulmonary vascular
permeability, as evidenced by a reduction in the intensity
of Evans blue staining of pulmonary arteries in LPS-treated
ARDS rats (Figure 10). Collectively, our results suggest that
C16 and Ang-1 contribute to the maintenance of pulmonary
vascular endothelial barrier integrity and alleviation of pul-
monary edema in ARDS.

The results showed that treatment with C16 and Ang-1
greatly improved the pulmonary morphology in rats with
LPS-induced ARDS, as evidenced by the marked reduction
of pulmonary morphological abnormalities including
vascular congestion, intravascular coagulation, alveolar
edema and hemorrhage, and alveolar wall disruption
(Supplementary Fig. 3). The MPO leckocytes infiltration,
which can exert disastrous effects on pulmonary morphol-
ogy, was also alleviated in C16 and Ang-1-treated ARDS
rats (Supplementary Fig. 4). Moreover, even when initiated
6 h after LPS insult, C þ A treatment still showed signifi-
cant alleviating effects on pulmonary inflammatory cell
infiltration at time points later than 6h following LPS
insult compared with the vehicle group, although the
CD45þ leucocyte numbers also increased over time
(Figure 11). Taken together, our data show that C16 and
Ang-1 alleviated pulmonary structural and morphological
injuries in rats with LPS-induced ARDS.

Discussion

ARDS, which is characterized by acute and progressive hyp-
oxemic respiratory failure with bilateral pulmonary infil-
trates, can be caused by multiple factors, such as severe
sepsis, trauma, shock, burns, and inhaling harmful gas.14

Despite recent progress in pathophysiology,
anesthesia, ventilatory support, antibiotic therapy, and
critical care, the mortality rate of ARDS after pulmonary
resections remains high at 40–60%. Early support of
gas exchange with mechanical ventilation (MV) has been
shown to be vital in the management of patients
with ARDS. Moreover, respiratory distress syndrome is usu-
ally identified by changes in oxygenation, respiratory com-
pliance, and lung water in clinical practice.15–16 In fact,
arterial carbon dioxide tension (paCO2), partial pressure
of oxygen (PaO2), and oxygen saturation (SaO2)
measured by a blood gas analyzer are important indexes in
the diagnosis of ARDS and assessment of treatment efficacy.

In the clinical treatment of ARDS, ventilatory support
has been shown to play a very important role in improving
the PaO2 and SaO2 in the intensive care unit, and pharma-
cological interventions play accessory roles in increasing
oxygenation. A plateau pressure <30 cmH2O is recom-
mended in all ARDS patients. Patients with moderate or

Figure 5. The effects of C16 and Ang-1 on the LPS-induced inflammatory response and corresponding promotion of anti-inflammatory cytokine IL-10 expression in

vivo. (A-C) Serum levels of TNF-a(A), ET-1 (B) and IL-10 (C), in ARDS rats were measured using ELISA. (D) Inflammatory cell counting was performed in BALF showed

C16 and Ang-1 treatment decreased inflammatory cell accumulation. (E-F) Moreover, C16 and Ang-1 treatment decreased the serum levels of Ang-2 (Fig. 5E) and

VEGF in ARDS rats (Fig. 5F). *P< 0.05 vs. normal group, #P< 0.05 vs. LPS group (Panel A: The results power calculation of serum levels of TNF-a between normal

control and LþCþA group at 1 h post-insult¼0.956; at 2 h post-insult¼ 0.946. Panel B: The results power calculation of serum levels of ET-1 between LPS and LþCþA

group at 4 h post-insult¼ 0.414; at 6 h post-insult¼ 0.607; at 12 h post-insult¼0.463. Pan C: The results power calculation of serum levels of IL-10 between LPS and

LþCþA group at 1 week post-insult¼0.527. Panel F: The results power calculation of serum levels of VEGF between LPS and LþCþA group at 1 week post-

insult¼ 0.413. Power calculation between other groups¼ 1, group sizes per measurement¼ 5).

Ang-1: angiopoietin-1; BALF: bronchoalveolar lavage fluid; ET-1: endothelin-1; IL: interleukin; LPS: lipopolysaccharide; TNF-a: tumor necrosis factor alpha; VEGF:

vascular endothlial growth factor.
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severe ARDS should receive higher levels of positive end-
expiratory pressure.17

In the present study, PaO2 and SaO2 were significantly
higher in the LPSþC þ A group than in the LPS group.
However, although statistically different, it has to be point-
ed out that these differences are too low to make a clinically
relevant difference. In addition, bronchodilators, glucocor-
ticosteroids (or drugs with similar effects), antibiotics, and
oxygen in combination may be used in the treatment
of ARDS.18 In fact, glucocorticosteroid therapy alone
showed a minimal effect on reducing PaO2 in treatment
of ARDS, although it has been shown to reduce the infiltra-
tion of inflammatory cells and inhibit the formation of hya-
line membranes.19

In ARDS, direct or indirect pulmonary insults cause
alveolar and capillary endothelial damage, leading to the
disruption of the vascular integrity, pulmonary leukocyte
accumulation, edema, severe inflammation, and even
death.20 To facilitate the study of themolecular mechanisms

underlying ARDS, animal models of ARDS have been
established including LPS administration, hyperoxia, and
MV. Among them, LPS administration is themost common-
ly used approach to mimicking ARDS by inducing sepsis,
a major cause of ARDS.13

Like ARDS, sepsis-induced lung injury is characterized
by activation of vascular ECs and increased leukocyte–EC
adhesion, migration and infiltration of neutrophils to the
lungs, as well as enhanced secretion of pro-inflammatory
mediators.13,21

Previous studies have shown LPS dose-dependently
induces leukocyte–vascular EC adhesion both in vivo and
in vitro, thus initiating an early inflammatory response.21–23

LPS also promotes apoptosis in the AECs.24

In this study, our results showed that LPS treatment dis-
rupted the blood–alveolar barrier, leading to pulmonary
edema. A combination of C16 and Ang-1 preserved the
relatively normal structure and function in spite of the
destructive effects of LPS on ECs and AECs in vitro, as

Figure 6. C16 and Ang-1 treatment had inhibitory effects on protein expression of inflammation-associated factors (A), lung edema (B), lung injury score (C), leukocyte

infiltration (D-E). (A) TNF-a+ cell numbers were significantly increased in LPS treated group, which was evidently reversed in C+A treatment (P<0.05). (B) The lung wet-

to-dry weight ratio was compared among the normal control, LPS, and LPS+C16+Ang-1 groups. C16 and Ang-1 treatment reduced edema in lung tissue. *P<0.05 vs.

normal group, #P<0.05 vs. LPS group. The lung wet-to-dry lung weight ratio was calculated as (Wet Weight - DryWeight)/Wet Weight�100. (C) The degree of lung

injury was assessed in two slides per animal by two independent blinded pathologists and scored as follows: 0, no injury; 1, edema/fibrin, hemorrhage (subpleural); 2,

edema/fibrin, hemorrhage (interlobular); 3, edema/fibrin, hemorrhage (alveolar); 4, congestion of alveolar septa; and 5, hyaline membrane changes of alveolar septa.

(D) MPO+ cell numbers were increased 4–12 h after LPS insult, while the C+A treatment evidently inhibited MPO expression (P<0.05). (E) CD68+ cell numbers were

remarkably increased in the LPS group, especially at 3–7 days after LPS insult, while the C+A treatment still led to reduced CD68+ cell numbers (P<0.05). Five sections

were randomly selected, and images were photographed under 400�magnification in three fields per section. Images of the staining for TNF-a (A), MPO (D), CD68 (E)

were scanned and analyzed using NIH imaging software. *P<0.05 vs. normal group, #P<0.05 vs. LPS group. (Panel B: The results power calculation of W/D ratio

between normal control and L+C+A group at 1 h post-insult¼ 0.95; at 4 h post-insult¼ 0.998; at 12 h post-insult¼ 0.999; at 24 h post-insult¼ 0.998; at 72 h post-

insult¼ 0.910; at 1 week post-insult¼ 0.993.The results power calculation of W/D ratio between LPS and L+C+A group at 2 h post-insult¼ 0.856; at 24 h post-

insult¼ 0.998; at 1 week post-insult¼ 0.998. Panel D: At 1 week post-insult, the results power calculation of MPO+ cell numbers between ormal controln and LPS

group¼ 0.735; between normal control and L+C+A group¼ 0.658; between LPS and L+C+A group¼ 0.874. Panel E: The results power calculation of CD68+ cell

numbers between LPS and L+C+A group at 1 h post-insult¼0.997; at 72 h post-insult¼ 0.998. Power calculation between other groups¼ 1, group sizes per

measurement¼ 5) (A color version of this figure is available in the online journal.)

LPS: lipopolysaccharide; MPOþ; myeloperoxidase: TNF-a: tumor necrosis factor alpha; W/D ratio: wet-to-dry lung weight ratio.
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well as prevented ARDS by decreasing the blood vessel
leakage, suggesting the protective role of C16 and Ang-1
in the blood–alveolar barrier, which was further confirmed
by the in vivo data in the study.

LPS induced expression and secretion of pro-
inflammatory mediators including TNF-a, IL-1b, and IL-8,
as shown by their elevated levels in the serum and BALF of
LPS-induced ARDS rats. These inflammatory mediators are
strongly involved in the pathogenesis of ARDS, contribut-
ing to the severity of lung injury.25–28 TNF-a and IL-1b are
early response cytokines produced by activated alveolar
macrophages and play a central role in developing pulmo-
nary edema and mediating alveolar epithelial dysfunc-
tion,25–28 whereas upregulation of IL-8 is usually
correlated with poor prognosis in sepsis patients.27 The
pathophysiology of ARDS includes an overlap between
acute “inflammatory” and delayed “repair/fibrotic”
phases. TGF-b contributes to the pathogenesis of ARDS by
stimulating fibroblast proliferation, thus leading to the
development of pulmonary fibrosis.29,30 Our results
showed that C16 and Ang-1 significantly inhibited the
production and secretion of TNF-a, IL-1b, and IL-8 and
TGF-b in vitro and in vivo, suggesting that the anti-

inflammatory effect of C16 and Ang-1 is associated with
their inhibition of cytokine production and fibrotic process.
As an anti-inflammatory cytokine, IL-10 has been reported
to inhibit LPS- mediated production of TNF-a and IL-1b in
myeloid lineage cells.31,32 In our study, C16 andAng-1 treat-
ment significantly upregulated IL-10 levels. The inhibition
of IL-1b, IL-8, and TNF-a expression by C16 and Ang-1 may
be at least partially attributed to the upregulation of IL-10.

An increased number of leukocytes in the blood are a
prominent feature of bacterial sepsis. As we demonstrated,
MPO-positive neutrophil infiltration appears initially after
LPS insult, followed by CD68-positive macrophage accu-
mulation in the lesion. When circulating neutrophils
become primed, they migrate across the endothelium,
interstitium, and epithelium into the air spaces where
they release oxidants, proteases, and neutrophil extracellu-
lar traps to kill invading pathogens.33 In ARDS, neutrophils
and their toxic mediators increase lung endothelial and epi-
thelial permeability, resulting in alveolar edema and arteri-
al hypoxemia.33 Therefore, targeting neutrophils, which
can reduce pulmonary vascular endothelial permeability
and promote alveolar epithelial integrity, may be a poten-
tial therapeutic strategy against ARDS.

Figure 7. The suppressive effects of C16 and Ang-1 on protein expression of inflammation-associated factors in vivo.Western blot assays were performed to examine

the expression of inflammation-associated factors and leukocyte infiltration as indicated in lung tissues of ARDS rats. b-actin was used as an internal control.

Treatment with C16 and Ang-1 suppressed the expression of the inflammatory cytokine TNF-a (A, B), neutrophil specific marker MPO (at early stage following insult, C,

D) and the expression levels of leukocyte marker CD68 (at late stage following insult, E, F) as well as were all significantly increased after LPS insult, whereas C+A

treatment obviously inhibited these increases in protein expression.Quantification of Western blot data by normalization to b-actin expression. *P<0.05 vs. normal

group, #P<0.05 vs. LPS group (Panel B: The results power calculation of TNF-a expression between normal control and L+C+A group at 1 h post-insult¼ 0.051; at 4

h post-insult¼ 0.999. Panel D:The results power calculation of MPO expression between Normal control and L+C+A group at 1 h post-insult¼ 0.943.Panel F: The

results power calculation of CD68 expression between normal control and L+C+A group at 1 h post-insult¼ 0.408. Power calculation between other groups¼ 1, group

sizes per measurement¼ 5).
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C16 peptide has integrin-mediated anti-inflammatory
activity, which has been confirmed in animal models of
neuromyelitis optica34 and autoimmune encephalomyeli-
tis.4,6–8 It is known that integrins avb3 and a5b1 are the
surface receptors of C16. The avb3 integrin plays a key

role in leukocyte migration since it provides an interaction
site for both leukocyte directional locomotion and forma-
tion of the leukocyte–endothelial synapse. In this study,
avb3 was substantially expressed on cultured HPMECs
(Supplementary Fig. 4S). C16 could competitively interfere

Figure 8. The suppressive effects of C16 and Ang-1 on protein expression of pulmonary fibrotic factor TGF-b and apoptotic marker cleaved caspase-3. Quantification

of Western blot data by normalization to b-actin expression. *P<0.05 vs. normal group, #P<0.05 vs. LPS group (Panel B: The results power calculation of TGF-b
expression between normal control and L+C+A group at 2 h post-insult¼ 0.831. Panel J: The results power calculation of activated Caspase-3 expression between

normal control and L+C+A group at 24 h post-insult¼ 0.062; at 72 h post-insult¼ 0.987. Power calculation between other groups¼ 1, group sizes per

measurement¼ 5).

LPS: lipopolysaccharide; TGF-b: Transforming growth factor.

Figure 9. Improved survival and pulmonary gas exchange in ARDS rats after C16 and Ang-1 treatment. (A) Survival data in LPS-induced ARDS rats of each group.

*P< 0.05 vs. normal group, #P< 0.05 vs. LPS group (n=15). (B-D) Arterial carbon dioxide and oxygen partial pressure as well as arterial oxygen saturation were

measured using a blood gas analyzer. *P< 0.05 vs. normal group, #P< 0.05 vs. LPS group. (Power calculation between other each group¼ 1, group sizes per

measurement¼ 15).
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with the binding of a leukocyte ligand to the endothelium
and thus competitively prevent leukocyte transmigration
via high affinity binding to avb3.

Ang-1 is a ligand of the endothelial receptor Tie2 and
protects the vasculature from plasma leakage induced by
inflammatory stimuli.5Ang-1 and Ang-2 exert opposite
effects on edema and inflammation35 through binding to
a common receptor Tie2, and thus, they antagonize each
other to control blood vessel maturation and stabilization.
Ang-1 stabilizes blood vessel formation, whereas Ang-2
destabilizes the blood vessel structure and increases vascu-
lar permeability in lung injury.36 Previous studies have
showed that in ARDS, plasma Ang-2 outperforms other
markers and the elevated plasma level of Ang-2 between
days 1 and 3 is strongly associated with mortality.37Ang-2
can lead to endothelial dysregulation and endothelial
damage, exacerbating lung edema.35 In a previous study,
Ang-1 treatment generated an antagonistic effect on the
Ang-2 level via the PI3K/Akt pathway.38 Furthermore, the

treatment also downregulated the tissue expression and
serum level of VEGF, a potential regulator of vascular per-
meability, in ARDS rats.39,40

Like TNF-a, IL-1b, and IL-8, ET-1 is also recognized as a
pro-inflammatory mediator in ARDS. Ang-1 has been
found to have a suppressive effect on ET-1 expression.41

A combination of C16 and Ang-1 thus may have a much
higher therapeutic value for ARDS than C16 or Ang-1 alone
due to synergistic action between them, although the pro-
tective effects of Ang-1 and C16 partially overlap.

The LPS-induced alterations were restored between 6
and 24h following LPS injection. Notably, the C þ A-
treated group continued to exhibit significant alleviation
compared with the vehicle control at the same time
point (P< 0.05), suggesting that the treatment was still
effective. Furthermore, C þ A treatment, when imple-
mented 6 h following LPS injection, showed significant
alleviating effects on pulmonary leukocyte infiltration at
time points later than 6 h following LPS insult.

Figure 10. The inhibitory effects of C16 and Ang-1 on pulmonary vascular permeability and edema in ARDS rats. (A-Q) Assessment of Evans blue (EB) extravasation in

LPS-induced ARDS rats (n¼ 3). EB extravasations assay was performed to observe the pulmonary vascular permeability. EB staining was visualized via red laser

excitation at 405nm. Without the EB leakage, the pulmonary tissue appeared light blue due to autofluorescence of the tissue, as shown in the normal control in Q. The

tissue color turned red (A, C, E, G, I, J, K, M, O) due to medium or high vascular permeability. However, if there is no or only low vascular permeability, only the small

amount of tissue that contacts EB will turn to red (B, D, F. H, L, N, P). The arrow in panel R points to where the EB was leaking from the blood vessel, and the arrow in

panel S shows that a great amount of EB (red color) has bled out from a blood vessel. However, at the same time point, the blood vessel in the C16 and Ang-1–treated

group did not exhibit clear EB leakage, as indicated by the arrow in panel T. Scale bar¼ 100 lm. (A color version of this figure is available in the online journal)
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Furthermore, the beneficial effects were sustainable,
remaining active after the termination of the treatment at
one week postinsult. These results also suggest that C16
and Ang-1, when combined, could have potential additive
and lasting effects.

Conclusions

In conclusion, our study has demonstrated functional and
morphological abnormalities in lung tissues of LPS-induced
ARDS rats, and that combined administration of C16 and
Ang-1 significantly protected lung tissue from abnormal
changes in structure and function after LPS insult. Based
on the novel findings in ARDS rats, the potential value of
C16 and Ang-1 in combination in the treatment of inflam-
matory lung diseases warrants further investigation.
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