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Activation of death-associated protein kinase 1 promotes neutrophil
apoptosis to accelerate inflammatory resolution in acute respiratory
distress syndrome
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Abstract

Acute respiratory distress syndrome (ARDS) is a uniform progression of overwhelming inflammation in lung tissue with
extensive infiltration of inflammatory cells. Neutrophil apoptosis is thought to be a significant process in the control of the
resolution phase of inflammation. It has been proved that 5-Aza-2’-deoxycytidine (Aza) can inhibit cancer by activating
death-associated protein kinase 1 (DAPK1) to promote apoptosis. However, the effect of DAPK1 on neutrophil apoptosis is
unclear, and research on the role of Aza in inflammation is lacking. Here, we investigated whether Aza can regulate DAPK1
expression to influence the fate of neutrophils in ARDS. In vitro, we stimulated neutrophil-like HL.-60 (dHL-60) cells with
different concentrations of Aza for different durations and used RNA interference to up- or downregulate DAPKI1
expression. We observed that culturing dHL-60 cells with Aza increased apoptosis by inhibiting NF-kB activation to
modulate the expression of Bcl-2 family proteins, which was closely related to the levels of DAPKI. In vivo, ARDS was
evoked by intratracheal instillation of lipopolysaccharide (LPS; 3 mg/kg). One hour after LPS administration, mice were
treated with Aza (1 mg/kg, i.p.). To inhibit DAPK1 expression, mice were intraperitoneally injected with a DAPKI1 inhibitor.
Aza treatment accelerated inflammatory resolution in LPS-induced ARDS by suppressing pulmonary edema, alleviating
lung injury and decreasing the infiltration of inflammatory cells in bronchoalveolar lavage fluid (BALF). Moreover, Aza
reduced the production of proinflammatory cytokines. However, administration of the DAPKI1 inhibitor attenuated the
protective effects of Aza. Similarly, the proapoptotic function of Aza was prevented when DAPK1 was inhibited either
in vivo or in vitro. In summary, Aza promotes neutrophil apoptosis by activating DAPK1 to accelerate inflammatory
resolution in LPS-induced ARDS. This study provides the first evidence that Aza prevents LPS-induced neutrophil survival
by modulating DAPK1 expression.

Introduction

Acute respiratory distress syndrome (ARDS) is a major
cause of acute respiratory failure, which may lead to mul-
tiple organ failure [1]. Lung injury is primarily caused by
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retention caused by protein-rich pulmonary edema [2].
Inflammatory cascades characterized by complicated pro-
cesses play significant roles in ARDS [3]. The first step of
the inflammatory cascades is the induction phase, which
then leads to the peak of inflammation [3]. In response to
exogenous or endogenous danger signals, the induction
phase of the acute inflammatory response causes rapid
immune activation, which is beneficial for host defense [4].
Such immune activation leads to tissue injury followed by
the migration of immune cells into the tissue [4]. In the
lung, acute inflammation is notable for its vascular response
involving hyperemia [5]. Although there are several
mechanisms to increase vascular permeability, neutrophil-
dependent lung injury is probably one of the most important
pathways [2, 6]. The next step is the resolution phase, which
is self-controlled. If the inflammation persists and fails to
resolve, it will lead to chronic inflammatory disease [5]. For
successful restoration of injured lung tissue, the excessive
neutrophils must be removed, and the subsequent neutrophil
influx must be stopped. When neutrophils suffer from
apoptosis, they are rapidly engulfed by macrophages; this
process is dependent on the expression of phosphati-
dylserine on apoptotic cells, which is recognized by the
macrophages [5, 7]. In addition, some polyunsaturated fatty
acid-derived proresolving lipid mediators can downregulate
chemokine receptors such as CXCR2 to block neutrophil
recruitment [4]. In short, inflammatory resolution is neces-
sary to limit inflammation and restore tissue homeostasis.

Clinical data analysis and animal studies have shown that
the excessive accumulation of neutrophils drives the
development of ARDS [6, 8]. Apoptosis is considered an
effective pathway to eliminate activated neutrophils in
inflammatory tissue. Under normal circumstances, clearance
of the invading pathogens encourages the rapid apoptosis of
neutrophils [9]. Many mediators, such as interleukin 8 (IL-
8), interleukin 1 (IL-1), and tumor necrosis factor (TNF),
can suppress neutrophil apoptosis, leading to the prolonged
survival of neutrophils [10]. The delay of neutrophil
apoptosis allows a large number of activated neutrophils to
accumulate in the lung microvasculature and interstitium
and persist for a long time; these neutrophils mainly release
several toxic factors, such as reactive oxygen species, pro-
teinases, and neutrophil extracellular traps, which can result
in the sustained disruption of the endothelial-epithelial
barrier [11]. As a result, the fate of neutrophils is one of the
significant factors determining negative or positive con-
sequences in lung tissue. Neutrophil apoptosis is thought to
be an important control point in the resolution of
inflammation.

5-Aza-2'-deoxycytidine (Aza), an inhibitor of DNA
methyltransferase (DNMT), is effective for the treatment of
acute myelogenous leukemia through the modulation of cell
growth or death and has the potential to be used for other
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antitumor therapies [12]. A close correlation between
inflammation and carcinogenesis has been shown in epi-
demiological studies; for example, it has been reported that
an estimated 20-25% of all cases of cancer worldwide are
related to inflammation induced by infection [13, 14].
Therefore, we suppose that Aza may have the capacity to
affect the process of inflammation. However, the actions of
Aza in regulating inflammatory resolution remain unclear.
Death-associated protein kinase 1 (DAPKI1), a serine—
threonine protein kinase, widely participates in various
modes of cell death triggered by interferon-gamma (IFN-y),
tumor necrosis factor-alpha (TNF-«), Fas, and transforming
growth factor-beta (TGF-p) [15-17]. Studies have shown
that demethylation with Aza can promote apoptosis in
osteosarcoma cells and colon cancer cells by restoring the
transcription of DAPKI1 to suppress tumor metastasis
[18, 19]. However, the role of DAPK1 in modulating neu-
trophil apoptosis is unclear. Recently, DAPKI1 has been
identified to modulate inflammation in various ways, but its
role in regulating inflammation is controversial. On the one
hand, DAPKI1 is involved in the composition of the NLRP3
inflammasome, which is required for the development of
inflammation [20, 21]. On the other hand, DAPKI1 inhibits
the secretion of interleukin 6 (IL-6) by inhibiting the acti-
vation of signal transducer and activator of transcription 3
(STAT?3), which is beneficial for alleviating the inflamma-
tory response [22]. Here, we investigated the ability of
DAPKI1 to regulate neutrophil apoptosis and further
explored whether Aza can accelerate inflammatory resolu-
tion in ARDS by modulating DAPK1 expression.

Materials and methods
Neutrophil-like cell culture

The neutrophil-like cells were differentiated from HL-60
cells (CCTCC, Wuhan, China) according to the methods in
previous studies [23-25]. Briefly, the cells were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin in a humidified environment
with 5% CO, at 37 °C. The HL-60 cells were cultured with
1 mM all-trans retinoic acid for 5 days, and neutrophil-like
HL-60 (dHL-60) cells were obtained. The cells were pas-
saged once every third day and were used for experiments
during the exponential growth phase.

RNA interference and cell transfection
DAPK1 small interfering RNA (siRNA) was purchased

from RiboBio (Guangzhou, China). The DAPK1 ACaM ™~
plasmid was obtained from the Pathology Laboratory of
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Tongji Medical College of Huazhong University of Science
and Technology. dHL-60 cells were cultured in six-well
plates at a concentration of 1.5 x 10° cells/ml for 24 h.
Before incubation with Aza (Sigma-Aldrich, St. Louis, MO,
USA), the cells were preincubated with the dissolved
DAPKI1 siRNA for 12h to reduce the level of DAPK1
expression. The same dose of a control siRNA (RiboBio)
was also preincubated with cells in parallel for 12h. To
increase the level of DAPKI1 expression in the cells, dHL-
60 cells were cultured in six-well plates (5 x 10° cells/well)
and then transfected with DAPK1 ACaM /" plasmid or
control plasmid using Lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

Assessment of apoptosis in vitro

Apoptosis was determined by flow cytometry. Cells were
cultured in six-well plates, harvested, and then counted and
resuspended in phosphate-buffered saline (PBS). To deter-
mine the proportion of apoptotic cells among all cells, an
annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis detection kit (KeyGen BioTech,
Jiangsu, China) was used according to the manufacturer’s
instructions. Cytoplasmic histone-associated DNA frag-
ments (Roche, Laval, Quebec, Canada) were detected to
assay DNA cleavage in apoptotic cells. Briefly, cytoplasmic
histone-associated DNA fragments from cells were extracted
and incubated in a microtiter plate coated with an antihistone
antibody. Subsequently, after color development, the sam-
ples were read at 405nm using a microplate reader. The
DNA strand breaks generated during apoptosis were ana-
lyzed by terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL; Roche, Mannheim, Ger-
many). Cells were harvested and washed 3 times in PBS.
Then, the cell density was adjusted to 2 x 10° cells/ml. A
100 ul aliquot of the cell suspension was transferred to a
slide, and the air-dried cell samples were incubated in the
TUNEL reaction mixture for 1h at 37 °C. Then, the cells
were stained with 4',6-diamidino-2-phenylindole (DAPI)
for ~5 min. Images were captured with an Olympus fluor-
escence microscope (Olympus, Tokyo, Japan) by an
investigator who was blinded to the group.

Western blotting analysis

Whole extracts from dHL-60 cells and mouse neutrophils
were obtained using a protein extraction reagent kit (Key-
Gen BioTech). Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on
a 10% SDS gel and then transferred to a polyvinylidene
fluoride membrane. The membranes were blocked with 5%
nonfat milk for 1 h. Next, the membranes were probed with

anti-DAPK1 (Sigma-Aldrich), anti-NF-xB p65, anti-
phospho-NF-kB p65, anti-Bcl-2, anti-Bax (Santa Cruz,
California, USA), anti-phospho-DAPK1 (Cell Signaling
Technology, Danvers, MA, USA), or GAPDH antibodies
(Antgene Biotechnology, Wuhan, China) overnight at 4 °C.
The membranes were then incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1:3000
dilution; Antgene Biotechnology) for 60 min at room tem-
perature. All proteins were detected by SuperSignal ECL.
The band intensities were analyzed by Image] (version
1.45s; National Institutes of Health, Bethesda, MD, USA).

Murine ARDS

Male C57BL/6J mice (aged 6-8 weeks; Hua Fu Kang Co,
Beijing, China) weighing 20-24 g were reared in a specific
pathogen-free environment with fixed temperature and
humidity. All animal experiments were approved by the
Animal Care and Use Committee of Tongji Medical College
of Huazhong University of Science and Technology.
The ARDS model was evoked by intratracheal instillation
of lipopolysaccharide (LPS; Sigma-Aldrich) at a dose of
3mg/kg. One hour after LPS administration, mice were
treated with Aza (1 mg/kg, i.p.) or normal saline (NS; 0.1 ml/
mouse, i.p.). On days 0, 1, 2, 4, and 7, the lungs were lavaged
or harvested without lavage. To investigate whether Aza
could regulate inflammatory resolution by modulating
DAPKI1 expression, a DAPK1 inhibitor (MCE, Deer Park,
NIJ, USA) was used in other animal experiments. Mice were
randomly assigned to a sham group (NS), a vehicle group
(LPS), an Aza group (LPS + Aza), a DAPKI1 inhibitor (DI)
group (DAPKI inhibitor +LPS) and an Aza+ DI group
(DAPK1 inhibitor 4+ LPS + Aza). Before intratracheal instil-
lation of LPS (3 mg/kg), the mice in the DI and Aza+ DI
groups were intraperitoneally injected with the DAPK1 inhi-
bitor (1 mg/kg/day) for 14 days, while the mice in the vehicle
and Aza groups were intraperitoneally injected with 10%
dimethyl sulfoxide (DMSO; 0.15 ml/mouse/day) for 14 days
before LPS-induced ARDS. One hour after LPS instillation,
the mice in the Aza + DI group and the Aza group received
Aza (1 mg/kg, i.p.). The mice were sacrificed 24 h after LPS
administration, and samples were collected for analysis.

Histopathological analysis and cell count

After anesthetization by intraperitoneal injection of 1% pento-
barbital (50 mg/kg), the mice were sacrificed at the indicated
times. The left lung tissues were fixed by inflation with 4%
paraformaldehyde and were embedded in paraffin for hema-
toxylin and eosin staining. The sections were examined for
pulmonary pathology under a microscope, and lung injury
scores were calculated according to the official criteria [26] by
an investigator blinded to the group.
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Total cell count and differential count

Bronchoalveolar lavage fluid (BALF) was collected and
centrifuged for 8 min at 1500 rpm to obtain cells. Then, total
cell counts were determined with a hematocytometer, and
differential counts were measured after Giemsa staining.
For the classification of leukocytes, at least three slides were
chosen, and more than 300 cells were counted per slide.

Assessment of protein concentration and cytokines
in BALF

The exudative protein in BALF was measured using a BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA). Enzyme-linked immunosorbent assays (ELISAs)
were performed on BALF using kits for TNF-a, IL-1f, IL-
6, MCP-1, and IL-10 (ELISA kit, RayBiotech, Inc. Nor-
cross, GA, USA).

Peripheral blood neutrophil isolation

A MACS system and a mouse neutrophil isolation kit
(Miltenyi Biotec, Teterow, Germany) were used to isolate
neutrophils by negative selection. Whole blood was col-
lected from eight mice from the same group and lysed with
red blood cell (RBC) lysis buffer (Miltenyi Biotec). The
cells were resuspended in buffer and then incubated with a
neutrophil biotin-antibody cocktail for 10 min at 4 °C. After
washing once in buffer, the cell pellets were incubated with
Anti-Biotin MicroBeads (Neutrophil Isolation Kit, Miltenyi
Biotec) for 15min at 4 °C. Then, the cell pellets were
washed at 300 x g for 10 min, and the suspension was passed
through an MS Column (Miltenyi Biotec). The unlabeled
cells representing enriched neutrophils were collected.

Assessment of neutrophil apoptosis in BALF

After the BALF was harvested, the total cells were washed
3 times. Then, the cell density was adjusted to 3 x 10° cells/
ml, and 200 pl of the suspension was added to a tube for
flow cytometric analysis. An APC anti-mouse Ly-6G anti-
body and a FITC anti-mouse annexin V antibody
(eBioscience, San Diego, CA, USA) were used to label
apoptotic neutrophils. Cytoplasmic histone-associated DNA
fragments (Roche) were detected to assay DNA cleavage in
the apoptotic cells.

Immunohistochemistry
Paraffin sections of lung tissues were dewaxed in xylene
and placed in citrate buffer (pH 6.0) for repair. Then, the

sections were incubated in a 3% hydrogen peroxide solution
for 25 min at room temperature. After blocking with 5%
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bovine serum albumin (BSA) for 20 min, 50 ul of Ly-6G
antibody dilution (1:100 dilution; BD Pharmingen, San
Diego, CA, USA) was added to each section, and the sec-
tions were incubated overnight at 4 °C. Then, a labeled
secondary antibody (HRP-goat anti-rat IgG) was added for
50 min at 4 °C. After washing, 50 ul of 3,3’-diaminobenzi-
dine chromogen (DAB; Sigma-Aldrich) was added for
staining, and hematoxylin solution (Sigma-Aldrich) was
used for counterstaining.

Statistical analysis

The data are expressed as mean values + standard error of
the mean (s.e.m.). Statistics were analyzed with GraphPad
Prism 5 for Windows (San Diego, CA, USA). Multiple
comparisons were analyzed using one-way ANOVA fol-
lowed by Newman—Keuls post hoc test. The results in mice
grouped by treatment and time were analyzed using two-
way ANOVA followed by Bonferroni post hoc test. A level
of P <0.05 was considered statistically significant.

Results

Effects of Aza on dHL-60 cell apoptosis and DAPK1
expression

To investigate the influence of Aza on apoptosis, we
performed flow cytometry to quantify the apoptotic cells.
To examine DNA fragmentation, cells were processed for
a TUNEL assay, and a cytoplasmic histone-associated
DNA fragment assay was also used. First, dHL-60 cells
were stimulated with different concentrations of Aza (0, 1,
2, or 4 uM) for 72 h. Our data showed that with increasing
Aza concentrations, apoptosis, as measured by flow
cytometry and DNA fragment and TUNEL assays,
increased gradually and reached a maximum at 4 uM Aza
(Fig. la, c and e). Then, we stimulated cells for different
durations. As shown in Fig. 1b, d and f, with increasing
time, the number of annexin V-labeled cells and the
amount of DNA fragments and TUNEL-positive cells
increased gradually. Furthermore, Aza promoted the
decline in dHL-60 cell viability in a dose- and time-
dependent manner, consistent with the results regarding
apoptosis (Supplementary Fig. 1A, B). To determine
whether Aza had an effect on DAPKI1 expression, we
performed western blotting analysis to assess changes in
protein levels. The data showed that within the same
duration of stimulation, DAPK1 expression increased in a
dose-dependent manner. By contrast, the levels of
phospho-DAPK1 (pDAPKI1) decreased significantly
(Fig. 1g). It has been reported that DAPK1 is negatively
regulated by phosphorylation and that dephosphorylation
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of Ser308 consequently promotes its catalytic activ-
ity [27]. Therefore, the data suggested that both the pro-
tein levels and the activity of DAPK1 were promoted by

Time (h)

different concentrations of Aza. With increasing stimula-
tion times, the protein levels and activity of DAPKI
increased gradually (Fig. 1h).
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Fig. 1 Effects of Aza on dHL-60 cell apoptosis and DAPKI expres-
sion. dHL-60 cells were incubated with Aza (0, 1, 2, or 4 uM) for 72 h.
a Cells were labeled with annexin V (FITC) and PI to assess apoptosis
using flow cytometry. ¢ Cytoplasmic histone-associated DNA frag-
ment assay. € TUNEL staining (scale bars: 20 um). Cells were sti-
mulated with Aza (4 uM) for different durations (0, 24, 48, or 72 h).
Apoptosis was detected by flow cytometry (b), a cytoplasmic histone-
associated DNA fragment assay (d), and TUNEL staining (scale bars:
20 um; f). The images shown are representative of three independent
experiments. The data represent means +s.e.m. (n =3 per group).
DAPKI1 and pDAPKI expression were analyzed by western blotting.
g With increasing concentrations of Aza, both the protein levels and
activity of DAPK1 increased gradually and reached a maximum at 4
uM Aza. h The protein levels and activity of DAPKI increased with
increasing stimulation time. GAPDH was used as a loading control,
and the ratio of pDAPK1 to DAPKI1 was also calculated. The images
shown are representative of three independent experiments. The data
represent the means + s.e.m. of three replicated experiments. “P < 0.01
vs. the 0 uM group and #P <0.01 vs. the 0'h group

DAPK1 is essential for the induction of apoptosis
by Aza

To maximize the effects of Aza, we used 4 UM Aza to
stimulate dHL-60 cells for 72 h in subsequent experiments.
We successfully transfected plasmid or siRNA into cells to
up- or downregulate DAPKI1 expression, respectively
(Fig. 2a, b). When the DAPK1 ACaM '~ plasmid was
transfected into cells, Aza further promoted DAPKI
expression. However, when DAPKI1 was inhibited by
transfection with siRNA, Aza lost the capacity to elevate
DAPKI levels (Fig. 2c). Similarly, Aza reduced cell via-
bility and promoted apoptosis dramatically in DAPKI-
overexpressing cells. However, the proapoptotic function of
Aza was attenuated when DAPK1 was silenced (Fig. 2d—f
and Supplementary Fig. 1C). All of these results indicated a
significant role of DAPK1 in Aza-induced apoptosis. It has
been reported that DAPKI1 can inhibit lipopolysaccharide
(LPS)-induced nuclear factor kappa B (NF-xB) activation
and the transcription of proinflammatory cytokines [28]. In
addition, the transcription factor NF-xB p65 plays an
important role in regulating genes that control many
responses in immunocytes, including proliferation, cytos-
keletal remodeling, and apoptosis [29]. Therefore, we
investigated the significance of NF-xB in Aza-regulated
mechanisms of apoptosis. When DAPKI was over-
expressed in cells, Aza further decreased the levels of p-NF-
kB p65. However, when DAPK1 was inhibited in cells by
siRNA, Aza had no effect on p-NF-kB p65 (Fig. 2g). Next,
we examined the expression of Bcl-2 family proteins: the
antiapoptotic protein B-cell lymphoma-2 (Bcl-2) and the
proapoptotic protein Bcl-2 associated X (Bax). Our findings
suggested that DAPK1 overexpression in cells enhanced the
Aza-mediated suppression of Bcl-2 expression and promo-
tion of Bax expression. However, inhibiting DAPK1 in cells
prevented Aza from modulating Bax and Bcl-2 (Fig. 2g).
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Aza accelerates inflammatory resolution in ARDS

Having shown a role of Aza in promoting apoptosis in vitro,
we next examined the ability of Aza to modulate inflam-
matory resolution in ARDS. An ARDS model was evoked
in C57BL/6J mice by intratracheal instillation of LPS at a
dose of 3mg/kg. After LPS administration, pulmonary
histopathological analysis showed important changes,
including alveolar congestion, hemorrhage, hyaline mem-
brane formation, increased thickness of the alveolar wall
and infiltration of inflammatory cells, which were most
noticeable on day 1 (Fig. 3a). In addition, the lung injury
scores also reached a maximum on day 1 (Fig. 3b). The
lung wet/dry weight and the amount of total protein in
BALF, which reflect the degree of pulmonary edema, were
dramatically increased on days 1 and 2 (Fig. 3c, d). The
number of inflammatory cells in BALF reflects the severity
of inflammation. As shown in Fig. 3e, f, after LPS instil-
lation, the number of total cells and neutrophils increased
dramatically, reaching a maximum at day 1 and then
declining until returning to normal at day 7. To investigate
the proresolving action of Aza, one hour after LPS
administration, mice were injected intraperitoneally with
Aza. Our data showed that Aza attenuated lung injury,
edema, and the infiltration of total inflammatory cells. The
histopathological changes in Aza-treated mice were alle-
viated more rapidly than those in LPS-treated mice. More-
over, Aza decreased neutrophil accumulation in airways on
day 1, and the number of neutrophils had returned to normal
on day 4 (Fig. 3f). On the other hand, Aza increased BALF
monocyte/macrophage numbers dramatically on day 2,
which was beneficial for reducing inflammation (Fig. 3g).
We also examined the levels of cytokines in BALF on days
0 and 1. The levels of proinflammatory cytokines, including
TNF-a, interleukin 1p (IL-1p), interleukin 6 (IL-6) and
monocyte chemotactic protein 1 (MCP-1), were increased
significantly after LPS administration on day 1. As shown
in Fig. 4a—d, the levels of these proinflammatory cytokines
were lower in Aza-treated mice than in LPS-treated mice.
Furthermore, Aza also promoted the production of the anti-
inflammatory cytokine interleukin 10 (IL-10) on day 1
(Fig. 4e). All these data indicated that Aza treatment sup-
pressed the inflammatory response and accelerated inflam-
matory resolution in LPS-induced ARDS.

Aza enhances DAPK1 expression to promote
neutrophil apoptosis in LPS-induced ARDS

The majority of neutrophils that accumulate in inflamed
tissues arise from peripheral blood in the acute inflamma-
tory response [30]. Because the number of neutrophils in
BALF was not sufficient for western blotting analysis, we
sorted peripheral neutrophils using magnetic beads to
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three independent experiments. The data are expressed as the means +
s.e.m. of three replicated experiments. d Cells were labeled with
annexin V (FITC) and PI to determine apoptosis using flow cytometry.

Relative expression

S
3

e
N

Cytoplasmic histone-associated ==
DNA framents (A OD405mm)
2

-4
o

q
%6\
o,

] control

D Aza

=1 oarki plasmid
DAPK1 plasmid+Aza
[ DAPK1 SiRNA

[E=3 DAPK1 siRNA+Aza

o
1

(o
o
1

VO

Bax/GAPDH

Bcl-2/GAPDH

p-NF-kB p65/NF-kB p65

The data represent means +s.e.m. (n =4 per group). The DNA frag-
ments in apoptotic cells were detected by TUNEL staining (scale bars:
20 um; e) and a cytoplasmic histone-associated DNA fragment assay
(f). g Western blotting analysis of the expression of p-NF-kB p65, Bcl-
2, and Bax. GAPDH and NF-kB p65 were used as loading controls.
The image shown is representative of three independent experiments.
The data are expressed as the means+s.e.m. of three replicated
experiments. “¢P<0.01 vs. the control group, $P<0.05 vs. the
DAPKI1 plasmid group, **P<0.01 vs. the DAPK1 plasmid group,
*P<0.05 vs. the Aza group, and TP <0.01 vs. the Aza group

SPRINGER NATURE



S.-N. Cui et al.

ot Sy

LPS+Aza 1d

LPS+Aza 7d
b 1o = LPS Cos = LPS ds = LPS
P O LPS+Aza £ O LPS+Aza g O LPStAza
gt 5e N H
w5 ‘S E 10
>2 06 3 £
s > 4 2
SE 2 3
£ 5 04 k4 5
oa ® it 0.5
522 52 E
-l = 0. o
g o
0.0 =y 0.0
0 1 2 4 7 0 1 2 4 7
Day Day Day
e f g
:200 - LPS €200 - LPS % -~ LPS
2 -= LPS+Aza < -= LPS+Aza %5 20 g -= LPS+Aza
X 150 = 150 £
2 2 e
° Hk £ o g 15
S 100 8 100 £ 5§29
r} ** ] £ £
g H w g1
; %%k c hr 2
< 50 w 50 25,
° < E
= o
] T T T 0 b d T T T T ] T T T T T
0 1 2 4 7 0 1 2 4 7 0 1 2 4 7
Day Day Day

Fig. 3 Aza accelerates inflammatory resolution in ARDS. The ARDS
model was evoked by intratracheal instillation of LPS (3 mg/kg). One
hour after LPS administration, the mice were treated with Aza (1 mg/
kg, i.p.) or NS (0.1 ml/mouse, i.p.). On days 0, 1, 2, 4, and 7, mice
were sacrificed, and the lungs were lavaged or harvested without

analyze DAPKI1 expression and thus evaluate the influence
of Aza on DAPKI expression in vivo, and we also indir-
ectly assessed the relationship between DAPK1 and neu-
trophil apoptosis in BALF. As shown in Fig. 5a, Aza
treatment distinctly enhanced DAPK1 expression compared
with that in the LPS group. To assess neutrophil apoptosis
in BALF, an APC anti-mouse Ly-6G antibody and FITC
anti-mouse annexin V antibody were used to label apoptotic
neutrophils. Cytoplasmic histone-associated DNA frag-
ments were also detected. The data showed that the changes
in apoptotic neutrophils were consistent with the changes in
DAPKI1 levels (Fig. 5b, c). Moreover, we also examined
neutrophil accumulation in lung tissue using immunohis-
tochemistry. The Ly-6G antibody-labeled cells in lung tis-
sue appeared dark brown in the LPS group. However, the
color was much lighter in the Aza-treated group (Fig. 5d).
These results revealed that Aza treatment reduced

SPRINGER NATURE

lavage. a Hematoxylin and eosin staining (scale bars: 100 um). b Lung
injury scores. ¢ Lung wet/dry ratios. d BALF protein. e Total BALF
cells. f BALF neutrophils. g BALF monocytes/macrophages. The data
are expressed as means +s.e.m. (n=6-8 mice per group). P <0.05
vs. the LPS group and “"P <0.01 vs. the LPS group

neutrophil accumulation in the lung and increased the
number of apoptotic neutrophils in airways. By contrast,
treatment with a  small-molecule  inhibitor  of
DAPK1 suppressed neutrophil apoptosis and enhanced
neutrophil accumulation in lung tissues. Our data demon-
strated that Aza promoted neutrophil apoptosis by mod-
ulating DAPK1 expression in LPS-induced ARDS.

A DAPK1 inhibitor attenuates the protective
functions of Aza in LPS-induced ARDS

To further confirm the relationship between Aza treatment
and DAPKI1 in LPS-induced ARDS, a small-molecule
inhibitor of DAPK1 (DI) was administered in subsequent
studies. Administration of DI attenuated the protective
functions of Aza in alleviating pulmonary histopathological
changes (Fig. 6a, b) and mitigating pulmonary edema
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Fig. 4 Aza inhibits the production of proinflammatory cytokines and
enhances the levels of anti-inflammatory cytokines in BALF. One hour
after intratracheal instillation of LPS, mice were treated with Aza
(1 mg/kg, i.p.) or NS (0.1 ml/mouse, i.p.). On days O and 1, the mice
were sacrificed, and BALF was harvested. ELISA was used to assess

(Fig. 6¢, d). We also observed an increase in the number
of total cells and neutrophils in BALF in the Aza+ DI-
treated group compared with that in the Aza-treated group
(Fig. 6e, f). Similarly, the number of monocytes/macro-
phages in BALF was reduced in the Aza+ DI group
(Fig. 6g). Furthermore, we also observed higher levels of
proinflammatory cytokines, such as TNF-a, IL-1f, IL-6,
and MCP-1, and lower levels of the anti-inflammatory
cytokine IL-10 in the Aza 4 DI-treated group than in the
Aza-treated group (Fig. 7).

Discussion

Our results indicate that Aza can effectively induce neu-
trophil apoptosis by elevating DAPK1 expression in vitro.
Furthermore, administration of Aza accelerated inflamma-
tory resolution in LPS-induced ARDS by promoting neu-
trophil apoptosis in BALF and driving the clearance of
neutrophils from lung tissue in vivo.

ARDS is a type of acute inflammatory injury leading to
increased pulmonary vascular permeability and a loss of
aerated lung tissue [31]. Improving gas exchange and pre-
venting hypoperfusion are considered the major manage-
ment strategies for ARDS [11]. Although supportive
treatments and lung-protective ventilation can decrease the
ARDS mortality rate to some extent, no statistically

the levels of inflammatory cytokines. a BALF TNF-a. b BALF IL-1f.
¢ BALF IL-6. d BALF MCP-1. e BALF IL-10. The data represent
means = s.e.m. (n = 6-8 mice per group). ‘P <0.05 vs. the LPS group
and “P<0.01 vs. the LPS group

effective therapies for ARDS have been reported [1, 32, 33].
DNA methylation is an important epigenetic modification of
the genome, and studies have shown that DNA methylation
is partially responsible for developmental processes such as
proliferation and differentiation [34] and may affect the
penetrance of several diseases, such as cancer, neurological
disorders [35, 36] and inflammatory diseases [37-39].
Therefore, we investigated an “epigenetic treatment”, Aza, a
kind of DNMT inhibitor, for LPS-induced ARDS. We
developed a model of ARDS through intratracheal instilla-
tion of LPS at a dose of 3 mg/kg, which produces self-
limiting resolution of ARDS in a time-course model [40].
One day after LPS administration, a serious inflammatory
response occurred that was characterized by the destruction
of alveolar structure, pulmonary edema, and the infiltration
of inflammatory cells. Treatment with Aza attenuated vas-
cular permeability, promoted the removal of emigrated
neutrophils, enhanced the accumulation of monocytes/
macrophages in airways and accelerated the recovery of
pulmonary tissue to a normal state. Furthermore, Aza sup-
pressed the production of some proinflammatory cytokines
in airways. These results are consistent with the findings of
previous studies that DNA methylation can regulate proin-
flammatory transcriptional factors along with the inflam-
matory genes that encode proinflammatory cytokines
[35, 41]. All of these data demonstrated that Aza could
facilitate inflammatory resolution in LPS-induced ARDS.
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Fig. 5 Aza promotes neutrophil apoptosis in LPS-induced ARDS.
Mice were intraperitoneally injected with a DAPKI1 inhibitor (1 mg/kg/
day) or 10% DMSO (0.15 ml/mouse/day) for 14 days. One hour after
intratracheal instillation of LPS, the mice were treated with Aza (1 mg/
kg, i.p.) or NS (0.1 ml/mouse, i.p.). After 24 h, the mice were sacri-
ficed, and both peripheral blood and BALF were collected. a Periph-
eral neutrophils were sorted using magnetic beads. Western blotting
revealed a significant increase in DAPKI protein in the Aza-treated
group, but DAPK1 expression was inhibited by the DAPK1 inhibitor
in the DI and Aza + DI groups. A representative western blotting is
shown. The data are shown as the means + s.e.m. of three independent

Based on the BALF cell counts and histopathological ana-
lyses, we speculate that neutrophils may have an effect on
the resolution of inflammation.

Neutrophil apoptosis is regulated by complicated signaling
pathways, such as those involving p38MAPK, Akt signals,
and the Bcl-2 family [42-44]. The Bcl-2 family consists of
protein members that either promote or inhibit apoptosis and
is thus notable for regulating apoptosis. However, the exact
mechanism by which the expression of the Bcl-2 family is
controlled in neutrophil apoptosis is still unclear. Death-
associated protein kinase 1 (DAPK1) has been recognized as
a tumor gene with the ability to increase the susceptibility of
tumor cells to cell death signals [45, 46]. Studies have shown
that Aza can induce apoptosis in multiple tumor cell types by
upregulating DAPK1 expression [18, 19, 47]. Persistent
inflammation resulting from infection or trauma may be
involved in the onset of carcinogenesis [13]. Thus, we
speculated that DAPK1 may participate in Aza-induced
neutrophil apoptosis. To examine the molecular mechanism

SPRINGER NATURE

experiments. b Flow cytometry was used to determine the number of
apoptotic neutrophils in BALF. Apoptotic cells were stained with both
FITC annexin V and APC Ly-6G antibodies. ¢ Cytoplasmic histone-
associated DNA fragments were assessed to further examine apoptotic
neutrophils in BALF. d Immunohistochemistry images showing the
Ly-6G antibody-stained total neutrophils that accumulated in lung
tissue (scale bars: 50 pum). The neutrophils appear dark brown in color.
The images shown are representative of three independent experi-
ments. The data are expressed as means +s.e.m. (n=6-8 mice per
group). #pP <0.01 vs. the sham group, P <0.05 vs. the vehicle group,
P <0.01 vs. the vehicle group, and ¢4P <0.01 vs. the Aza group

of neutrophil apoptosis in vitro, we used dHL-60 cells, which
have a longer lifetime than human neutrophils. dHL-60 cells
stimulated by Aza showed a significant increase in DAPK1
expression and a decrease in phosphorylated DAPK1. Fur-
thermore, Aza promoted dHL-60 apoptosis in a dose- and
time-dependent manner that was consistent with the effects on
DAPKI1 expression. These data demonstrated that Aza could
promote neutrophil apoptosis by modulating the expression
and activity of DAPKI1 in vitro. Recent data have indicated
that prolonged low expression of DAPKI in T cells and
monocytes is involved in NF-xB p65 activation [48, 49].
Thus, further studies should aim to elucidate the relationship
between DAPK1 and the NF-kB p65-mediated Bcl-2 family.
Our data showed that Aza suppressed phosphorylated NF-xB
p65 expression and ameliorated the production of the
downstream antiapoptotic protein Bcl-2. By contrast, the
production of the downstream proapoptotic protein Bax was
upregulated by Aza. However, when DAPK1 was inhibited,
the function of Aza was attenuated. All of these data indicated
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Fig. 6 A DAPKI inhibitor attenuates the protective functions of Aza in
LPS-induced ARDS. Mice were intraperitoneally injected with a
DAPKI1 inhibitor (1 mg/kg/day) or 10% DMSO (0.15 ml/mouse/day)
for 14 days. One hour after intratracheal instillation of LPS, the mice
were treated with Aza (1 mg/kg, i.p.) or NS (0.1 ml/mouse, i.p.). After
24 h, the mice were sacrificed, and the lungs were lavaged or harvested
without lavage. a Hematoxylin and eosin staining (scale bars: 100 pm).

that Aza promoted neutrophil apoptosis in vitro by regulating
the expression of the NF-xkB p65-mediated Bcl-2 family,
which was strongly linked with DAPK1 expression.

The influx of numerous neutrophils into inflamed tissue
may lead to chronic inflammation if unresolved [30, 50].
Studies have shown that control of neutrophil apoptosis is
essential for the successful resolution of inflammation
[40, 51]. Next, we explored the effect of Aza on neutrophil
apoptosis in vivo. The counts of both annexin V- and Ly-
6G-labeled cells and the analysis of cytoplasmic histone-
associated DNA fragments indicated that Aza could pro-
mote neutrophil apoptosis in BALF. Histological observa-
tion showed that the number of neutrophils that
accumulated in lung tissue was apparently reduced in Aza-
treated mice. In several animal studies, overexpression of
DAPKI1 has been found to attenuate inflammation in models
of different inflammatory diseases, such as pneumonia and
ulcerative colitis [48, 52]. DAPKI1 negatively regulates the

LPS LPS

b Lung injury scores. ¢ Lung wet/dry ratios. d BALF protein. e Total
BALF cells. f BALF neutrophils. g BALF monocytes/macrophages.
The data are expressed as means +s.e.m. (n = 6-8 mice per group).
#P <0.05 vs. the sham group, #P < 0.01 vs. the sham group, “P < 0.01
vs. the vehicle group, P <0.05 vs. the Aza group, and 4P <0.01 vs.
the Aza group

proinflammatory activation of innate immune cells by
inhibiting the production of proinflammatory cytokines and
chemokines [46]. Moreover, DAPK1 can reduce the
severity of chronic LPS-induced lung epithelial injury by
inhibiting NF-xB transcription in lung epithelial cells,
which might contribute to its tumor-suppressor functions in
epithelial carcinogenesis [48]. However, the role of DAPK1
in neutrophil apoptosis in the inflammatory resolution phase
is unclear. Thus, we further explored the protective function
of DAPKI1 in Aza-treated mice. To harvest sufficient neu-
trophils to analyze DAPK1 expression, we sorted peripheral
neutrophils from the different experimental groups using
magnetic beads. The results demonstrated that Aza promi-
nently increased DAPKI1 expression in peripheral neu-
trophils, an effect that was consistent with the increased
number of apoptotic neutrophils in BALF. By contrast,
when DAPKI1 expression was inhibited, the proapoptotic
function of Aza was attenuated. To further confirm the
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Fig. 7 Influence of DAPKI inhibition on the production of inflam-
matory cytokines. Mice were intraperitoneally injected with a DAPK1
inhibitor (1 mg/kg/day) or 10% DMSO (0.15 ml/mouse/day) for
14 days. One hour after intratracheal instillation of LPS, the mice were
treated with Aza (1 mg/kg, i.p.) or NS (0.1 ml/mouse, i.p.). After 24 h,
the mice were sacrificed, and BALF was collected. ELISA was used to

relationship between DAPK1 and Aza-mediated suppres-
sion of lung injury, a small-molecule inhibitor of DAPK1
was administered to inhibit DAPK1 expression in mice. Our
data showed that the DAPKI inhibitor partially attenuated
the protective functions of Aza, such as the mitigation of
histopathological changes, the reduction in lung edema, and
the modulation of pro- and anti-inflammatory cytokines.
These results provide more evidence for the positive role of
DAPKI in LPS-induced ARDS.

Taken together, our data demonstrate a novel mechanism
in neutrophil apoptosis. In vitro, Aza promoted apoptosis by
enhancing DAPK1 expression and activity. In vivo, Aza
treatment accelerated inflammatory resolution in LPS-
induced ARDS by upregulating DAPKI1 expression,
resulting in apoptosis of emigrated neutrophils. However,
the exact epigenetic modification that occurs in the DAPK1
promoter region after administration of Aza has not been
identified. Thus, more in-depth studies are needed to elu-
cidate this mechanism. Our findings indicate that Aza may
be a new agent for the treatment of ARDS. In addition, this
study presents the first evidence that Aza prevents LPS-
induced neutrophil survival by modulating DAPKI1
expression. We emphasize that promoting neutrophil
apoptosis to accelerate inflammatory resolution in ARDS is
a potential therapeutic strategy.
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LPS

assess the levels of inflammatory cytokines. a BALF TNF-a. b BALF
IL-1B. ¢ BALF IL-6. d BALF MCP-1. e BALF IL-10. The data are
expressed as means +s.e.m. (n = 6-8 mice per group). P <0.01 vs.
the sham group, ~“P <0.01 vs. the vehicle group, and ¥4P <0.01 vs.
the Aza group
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