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Abstract

Previous studies have reported that lipoxin A4 (LXA4) and the angiotensin I-converting enzyme 2 (ACE2), angio-
tensin-(1-7) [Ang-(1-7)], and its receptor Mas [ACE2-Ang-(1-7)-Mas] axis play important protective roles in acute
lung injury (ALI). However, there is still no direct evidence of LXA4-mediated protection via the ACE2-Ang-(I-7)-
Mas axis during ALI. This work was performed using an LPS-induced ALl mouse model and the data indicated the
following. First, the animal model was established successfully and LXA4 ameliorated LPS-induced ALI. Second, LXA4
could increase the concentration and activity of ACE2 and the levels of Ang-(1-7) and Mas markedly. Third,
LXA4 decreased the levels of TNF-o, IL-1f, and reactive oxygen species while increasing IL-10 levels. Fourth,
LXA4 inhibited the activation of the NF-kB signal pathway and repressed the degradation of inhibitor of NF-xB,
the phosphorylation of NF-kB, and the translocation of NF-kB. Finally, and more importantly, BOC-2 (LXA4
receptor inhibitor), MLN-4760 (ACE2 inhibitor), and A779 (Mas receptor antagonist) were found to reverse all
of the effects of LXA4. Our data provide evidence that LXA4 protects the lung from ALl through regulation of the
ACE2-Ang-(1-7)-Mas axis.
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reactive oxygen species (ROS), and activation of the
NF-kB signaling pathway.* >

Lipoxins (LXs) are products of arachidonic acid
metabolism secreted mainly through cell-to-cell inter-
actions during lipoxygenase-dependent processes.®’
The interaction of lipoxin A4 (LXA4) and its receptor
has a direct anti-inflammatory effect and other activ-
ities that promote inflammation resolution in several
inflammatory models.*'* Several studies have sug-
gested that LXs and their analogs display protective
effects in ALL'"'® However, the mechanisms that
mediate the beneficial effect of LXs in ALI have not
been elucidated fully.

The renin—angiotensin—aldosterone system (RAAS),
which comprises the angiotensin I-converting enzyme
(ACE)-AnglI-ATIR axis and the angiotensin
I-converting enzyme 2 (ACE2)-Ang-(1-7)-Mas axis, is
well known for its vital and bidirectional roles in the
urinary and cardiovascular systems. Recent reports
indicate that ACE2, angiotensin-(1-7) [Ang-(1-7)], and
its receptor Mas are detectable in normal lung tissue
and, upon lung injury, their expressions change and
are positively correlated with the degree of lung
injury.'*'> Furthermore, some studies have suggested
that the ACE2-Ang-(1-7)-Mas axis has a protective
effect in ALI, so ACE2 and Ang-(1-7) are considered
some of the most promising new targets for interven-
tion during ALL'® '8

In our previous study, we observed that BML-111,
the agonist of the LXA, receptor, could up-regulate
and activate the ACE2-Ang-(1-7)-Mas axis in the
liver."” However, whether the ACE2-Ang-(1-7)-Mas
axis is involved in the LXA -mediated protective pro-
cess against ALI is still unclear. Here, we used a LPS-
induced ALI mouse model to explore the role and inter-
action of LXA,4 and the ACE2-Ang-(1-7)-Mas axis in
ALI. Finally, to gain a better understanding of the
mechanisms that underlie the action of LXA,, we also
investigated whether BOC-2 (LXA, receptor inhibitor),
MLN-4760 (ACE2 inhibitor), and A779 (Mas receptor
antagonist) attenuated the protective effects of LXA4.

Materials and methods
Reagents

LPS (Escherichia coli 055:B5) was from Sigma-Aldrich
(St. Louis, MO, USA). Lipoxin A4 (LXAy) (5S, 6R,
15S-trihydroxy-7E, 9E, 11Z, 13E-eicosa-tetraenoic
acid) was from Cayman Chemical (Ann Arbor, MI,
USA), BOC-2 (LXA, receptor antagonist) was from
GenScript (Piscataway, NJ, USA), A779 (selective
inhibitor of the Mas receptor) was from Abcam
(Cambridge, MA, USA), and MLN-4760 (ACE2 antag-
onist) was from Merck Millipore (Cambridge, UK). The
myeloperoxidase (MPO) kit was from Nanjing

Jiancheng Bioengineering Institute (Nanjing, China).
The ACE2 activity assay kit was from Genmed
Scientifics (Arlington, VA, USA). ELISA kits for
ACE2, Ang-(1-7), inflammatory factors (TNF-a, IL-
1B, and IL-10), and ROS were from Cloud-Clone
(Houston, TX, USA). Nuclear Transfer Assay Kit of
NF-kB Activation was from Beyotime Biotechnology
(Shanghai, China). The primary Abs against Ang-(1-
7), Mas, and B-actin were from Cloud-Clone. Primary
Abs against NF-kB p65, p-p65, and inhibitor of NF-xB
(IxB-o) were from Cell Signaling Technology (Danvers,
MA, USA). The Eastep Super Total RNA Extraction
Kit, Easy Script First-Strand cDNA Synthesis Super
Mix Kit, and TransStarat Tip Green qPCR Super Mix
Kit were all from Promega (Madison, WI, USA).

Animals

All experimental procedures were performed according
to institutional animal guidelines. The experimental
protocols were approved by the institutional animal
care and use committee and appropriate measures
were taken to minimize pain and stress to the animals.
Sixty adult male Kun Ming (KM) mice (4-6 wk old,
20-30g) were obtained from the Animal Center of
Nanchang University (Nanchang, China), raised in an
environmentally controlled room with a 12/12h light/
dark cycle, and allowed free access to food and water in
temperature-controlled rooms (25+ 1°C).

Experimental groups

Sixty mice were randomly divided into six groups
(n=10) as follows: (1) in the control group, animals
received 10 ml/kg saline by intraperitoneal (i.p.) injec-
tion; (2) in the LPS group, animals received 10 mg/kg
LPS by i.p. injection; in the (3) LPS + LXA, group, ani-
mals received 100 pg/kg LXA, by tail vein injection
30 min prior to receiving 10 mg/kg LPS i.p.; (4) in the
LPS + LXA,+ BOC-2 group, animals received 50 pg/kg
BOC-2 by tail vein injection prior to receiving 100 pg/kg
LXA4 by tail vein injection, followed by 10 mg/kg LPS
after 30min after LXA,4 administration; (5) in the
LPS + LXA4+ A779 group, animals received 10 pg/kg
A779 by tail vein injection prior to receiving 100 pg/kg
LXA, by tail vein injection, followed by 10 mg/kg LPS
after 30 min after LXA4 administration; and (6) in the
LPS+LXA4+MLN-4760 group, animals received
1 mg/kg MLN-4760 by tail vein injection prior to receiv-
ing 100 pg/kg LXA, by tail vein injection, followed by
10 mg/kg LPS 30 min after LXA, administration.

Morphological evaluation

Lung tissues that were not subjected to bronchoalveo-
lar lavage fluid (BALF) collection were selected and
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washed with cold PBS, fixed with 10% paraformalde-
hyde, dehydrated in a series of graded ethanols,
embedded in paraffin wax, cut into 5Spm slices, and
stained with hematoxylin and eosin. Histopathological
features of the samples were assessed using light
miCroscopy.

Estimation of wet/dry ratio of the lungs

The inferior lobe of the right lung was excised immedi-
ately upon sacrifice, rinsed in PBS, and weighed to
determine the wet mass. The lung was then desiccated
for 72 h at 60°C in an oven. Subsequently, the lung was
weighed and the procedure was repeated several times
until the stable mass value was considered the dry mass.
The ratio of the wet-to-dry mass of lung was calculated
to quantify the extent of pulmonary edema.

Measurement of pulmonary MPO activity

Tissue-associated MPO activity was determined as an
indicator of neutrophil infiltration. Briefly, liver tissues
were homogenized and then centrifuged at 30,000 g for
30 min. The pellet was re-suspended in another potas-
sium phosphate buffer (50 mmol/l, pH 6.0) with 0.5%
hexadecyltrimethyl ammonium bromide. Samples were
centrifuged at 20,000¢ for 15min at 4°C and super-
natants were collected. The activities of MPO in the
livers were assayed by measuring absorbance at
460 nm. Results were expressed as units of MPO per
gram of wet tissue.

ACE2 activity detection

Lung tissues were prepared to determine extent of
ACE2 activation according to manufacturer’s instruc-
tions (Genmed Scientifics, Wilmington, DE, USA).
First, 50mg of frozen lung tissue was washed with
I ml of reagent A and the lung tissue samples were
homogenized in 500 pl of reagent B. Then, the super-
natant of the samples was obtained by centrifugation at
1500 g for 10min at 4°C and the concentration of pro-
tein was measured using a bicinchoninic acid (BCA) kit.
Next, the supernatant of the samples was mixed thor-
oughly with 80 pl of reagent B. Subsequently, 180 ul of
reagent C and 50 pul of reagent E were added to the
tubes and samples were incubated at 37°C for 15min
in the dark. Finally, 20 ul of reagent D or 100 pg of
protein was added to the tubes and mixed for 10s
and the optical density was measured at 340 nm using
a microplate reader.

ELISA

BALF and serum samples were collected for measure-
ment of TNF-a, IL-1B, and IL-10 levels using ELISA

kits. In addition, the concentrations of ACE2 and Ang-
(1-7) and the level of ROS in the lung tissues were also
assessed using ELISA kits. Serum was acquired by cen-
trifugation of blood samples at 550g for 10 min.
After preparation of the standard reagents by serial
dilution, 50 ul of standard solution or sample and
50 ul of detection reagent A were added to the tubes,
mixed thoroughly, and incubated for 1h at 37°C.
Thereafter, the microplates were washed three times.
Next, 100 pl of detection reagent B was added, samples
were mixed thoroughly, incubated for 0.5h at 37°C,
and washed five times. Soon afterward, 90 ul of tetra-
methylbenzidine substrate was added to the samples,
mixed, and incubated for 10 min in the dark. Finally,
50 ul of stopping buffer was added and the optical dens-
ity was measured at 450nm. The concentration was
assessed in reference to the standard curve.

Immunofluorescence analysis

Immunofluorescence was used to assess the activation
of NF-kB in optimal cutting temperature compound-
embedded tissue sections (6 wm thickness). The samples
were prepared according to the instructions included
in the nuclear transfer assay kit (Beyotime
Biotechnology). The lung sections were incubated
with primary Abs against NF-kB and then with
biotin secondary Abs. Finally, the handled slices were
observed under a confocal microscope.

Western blot analysis

Lung tissue samples (100 mg) were lysed and homoge-
nized in 1 ml of radioimmunoprecipitation assay buffer
with phenylmethanesulfonyl fluoride to obtain the total
protein [to assay the expression of Ang-(1-7), p65,
p-p635, and IkBa] and the membrane protein (to assay
the expression of Mas). The protein concentrations
were measured using a BCA protein assay kit and pro-
teins (30 pug) were transferred electrophoretically onto
polyvinylidene fluoride membranes (200 mA for 2h at
4°C) following separation on a 10% sodium dodecyl
sulfate-polyacrylamide gel. The membranes were
blocked in Tris-buffered saline plus Tween 20 (TBST)
containing 5% nonfat dry milk at 254 1°C (room tem-
perature) for 2h, followed by an overnight (>12h)
incubation at 4°C with specific primary Abs [Ang-(1-
7), Mas, p65, p-p65, or IkBa]. The following day, the
membranes were washed thoroughly with TBST three
times and then incubated for an additional 1.5h with
horseradish peroxidase-conjugated secondary Abs
(1:5000 dilution) at room temperature. Subsequently,
membranes were washed three times with TBST and
bands were visualized with enhanced chemilumines-
cence according to the manufacturer’s protocol
(Pierce, Rockford, IL, USA).
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Figure 1. LXA4 protects against LPS-induced ALI effectively. Shown are: (a) Histological changes of lung tissue (hematoxylin and
eosin, 200x), (b) wet/dry ratio, (c), total protein concentration in BALF, (d) white cell count in the blood, and (e) MPO activity. Data
are presented as means & SEM. *P < 0.05 and **P < 0.0 compared with control group, #P < 0.05 and ##P < 0.0 compared with LPS
group, AP <0.05 and AAP <0.01 compared with LPS + LXA4 group.
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Figure 2. LXA4 up-regulate and activates the ACE2-Ang-(1-7)-Mas axis in LPS-induced ALI. (a) The activities of ACE2 in lung tissue
were observed via kits. (b and c) The contents of ACE2 (b) and Ang-(1-7) (b) in the lung tissue were examined via ELISA. (d and e) The
expression levels of Ang-(1-7) and Mas in lung tissue were examined via Western blot. (f) Mas mRNA expression levels were
determined via quantitative PCR. Data are presented as means & SEM. *P < 0.05 and **P < 0.0 compared with control group,
##P < 0.01 compared with LPS group, AP <0.05 and AAP <0.01 compared with LPS 4+ LXA4 group.
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Figure 3. LXA4 regulates LPS-induced inflammation via the ACE2-Ang-(1-7)-Mas axis in ALI. (a and b) The concentrations of TNF-o.
in the BALF (a) and serum (b). (c and d) The concentrations of IL-1 in the BALF (c) and serum (d). (e and f) The concentrations of IL-
10 in the BALF (e) and serum (f). Data are presented as means + SEM. *P < 0.05 and **P < 0.0] compared with control group,
#P < 0.05 and ##P < 0.01 compared with LPS group, AP <0.05 and AAP <0.0] compared with LPS 4+ LXA4 group.
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T3 E_ :::: Mas axis on ALI, histopathological changes, wet/dry
= fé)’ 2004 __ B= X2 ratio, total protein in BALF, white cell count in the
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\3% > (Figure 1d) were observed with LPS stimulation com-

Figure 4. LXA4 regulates LPS-induced ROS via the ACE2-Ang-
(1-7)-Mas axis in ALl The expression of ROS in the lung tissue
was determined via assay kits according to the manufacturer’s
instructions. Data are presented as means & SEM. *P < 0.01
compared with control group, ##P < 0.01 compared with LPS
group, AAP < 0.0l compared with LPS + LXA4 group.

RNA isolation and real-time PCR analysis

For PCR analysis, lung tissues were prepared for RNA
isolation using an Eastep Super Total RNA Extraction
Kit and then cDNAs were synthesized by reverse
transcription of 1pg total RNA using an Easy Script
First-Strand cDNA Synthesis SuperMix Kit Transgen.
Subsequently, the mRNA level of Mas was quantified
using the Bio-Rad iCyCler real-time PCR7500 machine
with SYBR Green technology. Transgen and the
primers for Mas and internal control GAPDH were
synthesized by Kingsbury Biological Technology
Company. Gene expression was measured using
the AACT method and was normalized to
internal control GAPDH mRNA levels. The primer
sequences were as follows: GAPDH forward pri-
mer: 5-AGAGGGATGCTGCCCTTACC-3; GAP
DH reverse primer: 5-ATCCGTTCACACCGACC
TTC-3; Mas forward primer: 5-CCATGAGG
AACTGGGAGGAG-3; and Mas reverse primer: 5'-
GACAGAGGGCTAGAGGCTTG-3'.

Statistical analysis

The data are presented as the means+SEM from
three or more independent experiments unless
specified otherwise. The differences between groups
were evaluated using one-way ANOVA with SPSS
version 17.0 (IBM, Armonk, NY, USA). In all ana-
lyses, P values <0.05 were considered statistically
significant.

pared with controls. However, treatment with LXA,
inhibited the inflammatory response (Figure la, d, and
e), reduced the degree of lung edema (Figure la and
b), and attenuated vascular damage (Figure 1d).
Conversely, treatment with BOC-2 (a specific inhibitor
of the receptor of LXAy), A779 (a selective Mas recep-
tor inhibitor), and MLN-4760 (ACE2 antagonist)
could abolish all of the protective effects of LXA4
(Figure 1). These data indicated that LXA, protected
lungs from LPS-induced ALI effectively and the
ACE2-Ang-(1-7)-Mas axis may play an important
role in this process.

LXA4 up-regulates and activates the
ACE2-Ang-(1-7)-Mas axis in LPS-induced ALI

To determine whether the ACE2-Ang-(1-7)-Mas axis
was involved in the LXAj-mediated protection during
LPS-induced ALI, we evaluated the concentrations and
activities of ACE2 and gene and protein expression
levels of Ang-(1-7) and its receptor Mas in lung tissues
through Western blot, ELISA, and quantitative PCR.
Compared with the control group, LPS stimulation
decreased ACE2 activities and contents in lung tissues
significantly (Figure 2a and b), whereas the changes of
Ang-(1-7) and Mas were negligible except for the results
of Western blot (Figure 2¢—f). Additionally, administra-
tion of LXA, up-regulated and activated the ACE2-
Ang-(1-7)-Mas axis significantly, including increasing
the content and activity of ACE2 and up-regulating
the mRNA and protein expression levels of Ang-(1-7)
and Mas in lung tissues (Figure 2). However, BOC-2,
A779, and MLN-4760 counteracted all of the effects of
LXA, (Figure 2).

LXA4 regulates LPS-induced inflammation via the
ACE2-Ang-(1-7)-Mas axis in ALI

Inflammation is known to play critical roles in
LPS-induced ALI. To determine whether the mechan-
ism by which LXA, exerts its protective effect on
LPS-induced lung injury was related to the ACE2-
Ang-(1-7)-Mas axis, we examined the concentrations
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Figure 5. LXA4 inhibits NF-kB pathways via the ACE2-Ang-(1-7)-Mas axis in LPS-induced ALI. (a and b) The expression levels of
IkBa in lung tissues were examined by Western blot (a) and optical density (b) analysis. (c and d) The expression levels of p65 and p-
p65 in lung tissues were examined by Western blot (c) and optical density (d) analysis. Data are presented as means + SEM. *P < 0.05
and **P < 0.0] compared with control group, ##P < 0.01 compared with LPS group, AP <0.05 and AAP <0.01 compared with

LPS + LXA4 group.

of pro-inflammatory factors, including TNF-o and IL-
1B, and the levels of anti-inflammatory cytokine IL-10
in the serum and BALF. The data indicated that LXA4
decreased LPS-induced TNF-o and IL-1p (Figure 3a—d)
while increasing the level of expression of IL-10 (Figure
3e and f) in the serum and BALF. We also evaluated the
levels of ROS in the lungs. LPS stimulation rendered
ROS expression significantly more abundant than in
the control group, but the ROS levels were reduced
upon treatment with LXA, (Figure 4). Nevertheless,
A779 and MLN-4760, inhibitors of the ACE2-Ang-(1-
7)-Mas axis, offset the protective effects of LXAy4
(Figures 3 and 4). Expectedly, BOC-2, an inhibitor of
the LXA, receptor, also blocked the effect of LXA4
(Figures 3 and 4). Collectively, these data indicated

that LXA4 could protect lungs from LPS-induced ALI
through the ACE2-Ang-(1-7)-Mas axis.

LXA, inhibits NF-kB pathway via the
ACE2-Ang-(1-7)-Mas axis in LPS-induced ALI

The NF-kB pathway controls the initiation and devel-
opment of inflammation, so we examined pathway acti-
vation, including the levels of IxB, NF-kB p65, and
p-p63, via Western blot and immunofluorescence ana-
lysis. The results indicated that LPS administration
could activate the NF-kB pathway, including inducing
the degradation of IxB (Figure 5a and b), the phos-
phorylation of NF-kB p65 (Figure 5c and d), and the
transposition of p65 (Figure 6). However, treatment
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Figure 6. LXA4 inhibits NF-kB translocation via the ACE2-Ang-(1-7)-Mas axis in LPS-induced ALI. Shown is immunofluorescence
analysis of NF-kB translocation. Immunostaining was performed with P65 (in red) and nuclei were stained with DAPI (in blue). The
images were observed under a magnification of 630x.
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with LXA, repressed the effects of LPS (Figures 5
and 6). Nevertheless, treatment with A779 and
MLN4760, inhibitors of the ACE2-Ang-(1-7)-Mas
axis, and BOC-2, an inhibitor of the LXA, receptor,
could all abolish the effects of LXA,4 (Figures 5 and 6).

Discussion

LXA, was the first lipid mediator identified and has
dual effects of anti-inflammation and pro-resolution
of inflammation.”®?' LXA, is produced at sites of
lung inflammation in the upper and lower airways
and the vasculature.”>?® In response to inflammation,
in airway epithelial cells, 15-LOX-derived 15-S-hydro-
xyeicosatetraenoic acid can be transformed by neutro-
phil 5-LOX to an unstable epoxytetraene intermediate,
which is converted to LXA4 and LXB4 by enzymatic
hydrolysis.>* LXA, works by binding specifically and
reversibly to ALX/FPR2, a G-protein-coupled
receptor.”ﬁ26

Our data demonstrated clearly that LXA, exerts
potent protective effects in lung after LPS challenge,
which was consistent with the changes observed in his-
topathologic evaluation (Figure 1a), pulmonary edema
(Figure 1b), and microvascular permeability (Figure
Ic), in addition to neutrophil infiltration, including
white blood cells in BALF and lung MPO activity
(Figure 1d and e). We also found that treatment of
mice with LXA, could increase the activity and concen-
tration of ACE2 (Figure 2) and the expression levels of
Ang-(1-7) and its receptor Mas (Figure 2) markedly.
Third, LXA, was found capable of increasing the
expression of anti-inflammatory IL-10 (Figure 3), but
decreased the levels of pro-inflammatory TNF-o,
IL-1B, and ROS (Figures 3 and 4) and inhibited the
NF-kB signal pathway, including repressing the deg-
radation of I-kB, the phosphorylation of NF-xB, and
the translocation of NF-kB (Figures 5 and 6). Finally,

our data provided evidence that A779 and MLN4760,
inhibitors of the ACE2-Ang-(1-7)-Mas axis, and BOC-
2, an inhibitor of the LXA, receptor, could abolish the
effects of LXA, (Figures 1-6), suggesting that the
ACE2-Ang-(1-7)-Mas axis played an essential role in
the protective effects of LXA4 on ALI in mice and
this was ALX/FPR2 dependent.

ACE2 is a major member of the renin—angiotensin
system.?’ Renin induces the production of angiotensin I
(Ang 1), and (Ang I) can transfer to angiotensin Il (Ang
II) through ACE [27]. ACE2 is the homolog of ACE,
but it negates the activity of ACE via induction of Ang
IT degradation to Ang-(1-7), which binds to its receptor,
Mas, and counteracts the effects of Ang I1.?7 The pro-
tective roles of ACE2 and Ang-(1-7) in lung disease
have been confirmed in previous works and have been
reported to occur mainly via anti-inflammation and
anti-oxidation effects.'®'®2*3% Tt is well known that
inflammatory cytokines, oxidative stress, and the
upstream NF-xB signal pathway activation are vital
aspects of ALI. It has been reported recently that the
ACE2-Ang-(1-7)-Mas axis could repress inflammation,
reduce the production of ROS, and inhibit NF-kB
signal pathway.*>*° Further, various studies have
demonstrated that LXA,4 can repress the inflammatory
response, ***? decrease the production of ROS,**** and
control the NF-«B signal pathway.***® Consistent with
other reports, our results demonstrate that LXA, was
capable of increasing the amount of IL-10 (Figure 3),
but decreased TNF-a, IL-1p, and ROS levels (Figures 3
and 4) and inhibited the degradation of IxB, the phos-
phorylation of NF-kB, and the translocation of NF-kB
(Figures 5 and 6). Furthermore, the data demonstrated
that LXA,4 could up-regulate and activate the ACE2-
Ang-(1-7)-Mas axis (Figure 2). More importantly,
A779 and MLN4760, inhibitors of the ACE2-Ang-(1-
7)-Mas axis, abolished all effects of LXA,, including
protection against ALI, regulation of inflammation,
and inhibition of the NF-«B signal pathway. These
results suggested that LXA, protected lungs from
ALI through regulating the ACE2-Ang-(1-7)-Mas axis
and the ACE2-Ang-(1-7)-Mas axis might be upstream
of the NF-kB signal pathway. The possible underlying
mechanisms of LXA, in controlling ALI are depicted in
Figure 7. We posit that the ACE2-Ang-(1-7)-Mas axis
may be a novel and key target of LXs.

In summary, the present study provides evidence
that LXA,4 can promote the resolution of ALI in mice
through the ACE2-Ang-(1-7)-Mas axis in part via
FPR2/ALX. This research increases our understanding
of the functions and mechanisms of LXs, which is bene-
ficial because it supports the early application of LXs in
clinical treatment in ALI and other inflammatory dis-
eases. In addition to LXs themselves, the pro-resolving
mediators ACE/Ang-(1-7)/Mas have potential as new
therapeutic approaches for patients with ALI and
ARDS.
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