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A B S T R A C T

The timely resolution of pulmonary inflammation coordinated by endogenous pro-resolving mediators helps
limit lung tissue injury, but few endogenous pro-resolving mediators that are normally operative during acute
inflammation. The protective effects of BML-111 (5(S)-6(R)-7-trihydroxyheptanoic acid methyl ester), a potent
commercially available anti-inflammatory and pro-resolving mediator, on ventilation-induced lung injury (VILI)
have been extensively studied, but its characteristics as a pro-resolving mediator have not. Here, anesthetized
Sprague-Dawley rats were ventilated with a high tidal volume (20mL/kg, HVT) for 1 h and randomly allocated
to recover for 6, 12, 24, 48, 72, 96 or 168 h; BML-111 was administered at the peak of inflammation to evaluate
its pro-resolving effect on VILI. The one-hour HVT induced a maximal pulmonary inflammatory response at 12 h
that was largely resolved by 72 h. BML-111 largely resolved the maximal inflammatory response at 48 h; the
resolution interval (Ri) was shortened by 26 h. Similarly, HVT elicited a time course of changes in histopathology
and pulmonary edema, and BML-111 alleviates these changes. Mechanistically, neutrophil apoptosis was sig-
nificantly increased in BML-111-treated rats subjected to HVT. The apoptosis inhibitor z-VAD-fmk partially re-
versed the proapoptotic actions of BML-111 on neutrophil and the resolving effects of BML-111 on VILI but had
no effect alone. Importantly, the HVT treatment activated the nuclear factor E2-related factor 2(Nrf2)/heme
oxygenase-1(HO-1) and NF-κB signaling pathways in the lung tissue, and BML-111 further induced Nrf2 and HO-
1 expression but inhibited the NF-κB pathway. Intriguingly, when we inhibited the Nrf2/HO-1 pathway with the
HO-1 inhibitor zinc protoporphyrin IX (ZnPPIX), Nrf2 expression was further increased, but the inhibitory effects
of BML-111 on the NF-κB pathway and on the subsequent inflammatory response, and the proapoptotic actions
on neutrophil were reversed. The results suggest that BML-111 promotes the resolution of HVT-induced in-
flammation to mitigate VILI in rats, perhaps by modulating the Nrf2/HO-1 and NF-κB pathways and subse-
quently increasing neutrophil apoptosis.

1. Introduction

Mechanical ventilation (MV) is a commonly used lifesaving therapy
for critically ill patients with respiratory failure. However, MV can
aggravate damage to already injured lungs and even initiate de novo
pulmonary injury in healthy lungs, an event known as ventilator-

induced lung injury (VILI) [1]. VILI is characterized by a series of in-
flammatory responses that are not confined to the lungs but extend to
the systemic circulation and even induce multiple organ failure [2,3].
Therefore, before initiation of the pathophysiological insults, timely
resolution of pulmonary inflammation is needed.

Inflammation resolution is an active, coordinated process that is
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regulated by various endogenous signaling pathways in the host, in-
cluding nuclear factor E2-related factor 2 (Nrf2)/heme oxygenase-1
(HO-1) and NF-κB signaling pathways. An inducer of HO-1 promotes
the resolution of inflammation, whereas an inhibitor exerts a proin-
flammatory effect [4]. Strategies enhancing Nrf2 activation may induce
HO-1 superinduction and in turn inhibit NF-κB activation in endotoxin-
activated macrophages [5]. Nrf2 deficiency exacerbates inflammatory
responses and subsequent proinflammatory processes by activating NF-
κB [6], and NF-κB blockers affect inflammatory resolution and enhance
neutrophil apoptosis, which is paramount to an efficient resolution of
inflammation [7]. Based on this evidence, crosstalk exists between the
Nrf2/HO-1 and NF-κB signaling pathways and neutrophil apoptosis and
thus plays an important role in modulating the resolution of in-
flammation.

Lipoxin A4 (LX4) is an endogenous pro-resolving mediator involved
in inflammation [8,9] and exerts a potent effect on various cell types by
binding to a G protein-coupled receptor, lipoxin A4 receptor (ALX) (also
termed FPRL1/FPR2) [10,11]. Activation of ALX inhibits neutrophil
activation, decreases inflammatory responses evoked by a wide range of
stimuli, increases anti-inflammatory macrophage cell populations and,
interestingly, can intervene in apoptosis [8,12]. Because LX4 is rapidly
inactivated in vivo, stable and powerful analogs have been synthesized
[10]. BML-111 (5(S)-6(R)-7-trihydroxyheptanoic acid methyl ester) is a
commercially available ALX analog that inhibits neutrophil recruitment
and reduces inflammatory responses in multiple inflammatory dis-
orders, including pulmonary inflammation, arthritis and neuroin-
flammation [12–14]. BML-111 ameliorates acute pancreatitis-asso-
ciated lung injury (APALI) by alleviating the inflammatory response
and upregulating HO-1 expression [15] or increasing Nrf2/HO-1 ac-
tivity in mice [16]. As shown in our previous study, BML-111 pre-
treatment inhibits NF-κB signaling in the lung tissue and reduces the
number of neutrophils in the bronchoalveolar lavage fluid (BALF) in
subjects with VILI [13]. Under inflammatory conditions, the number of
neutrophils is increased by several factors, including the inhibition of
neutrophil apoptosis [17]. Thus, the protective effect of BML-111 on
lung injury may involve the Nrf2/HO-1 and NF-κB signaling pathways
and neutrophil apoptosis, but whether these signaling pathways are the
possible mechanism by which BML-111 affects the resolution of VILI
remain unknown [18,19].

In the present study, we determined whether BML-111 promoted
inflammation resolution in subjects with VILI by adapting an in vivo rat
model of lung injury induced by high tidal volume (HVT) ventilation for
1 h that clearly displays a time course of inflammatory changes after
HVT [20]. Furthermore, we analyzed the inflammatory resolution in-
dices, the Nrf2/HO-1 and NF-κB signaling pathways and apoptotic
neutrophils to determine the role of BML-111 in inflammation resolu-
tion.

2. Materials and methods

2.1. Animals

Specific pathogen-free adult male Sprague-Dawley rats aged 6 to
8 weeks and weighing 200 to 250 g were used (Shi lai ke jing da
Company, Hunan, China). Animals were housed in a specific pathogen-
free room with a controlled temperature (22–24 °C) and humidity
(60–65%) on a 12-h light/dark cycle and fed a standard diet and water
ad libitum. All experiments were conducted according to the guidelines
of animal studies in China, and the study protocol was approved by the
Laboratory Study Review Board of Tongji Medical College, Huazhong
University of Science and Technology.

2.2. Animal model of VILI

Anesthesia was induced by an intraperitoneal injection of 120mg/
kg ketamine and 8mg/kg xylazine. After confirmation of the depth of

anesthesia with a paw clamp, animals were placed on a homeothermic
blanket and were intratracheally intubated with 14-gauge intravenous
catheters using previously described methods [13]. The animals were
ventilated with ambient air using the Model 683 Ventilator (Harvard,
Holliston, MA, USA). Anesthesia was maintained by supplementation
with approximately one-fourth of the initial dose of the anesthetic
agents. The animals were then allocated to ventilation at 20mL/kg with
80 breaths/min (HVT) for 1 h; a positive end-expiratory pressure of 0
was set for all animals subjected to ventilation to induce VILI.

2.3. Experimental protocol

BML-111 (Enzo Life Sciences, USA), z-VAD-fmk (InvivoGen, USA)
and zinc protoporphyrin IX (ZnPPIX, Sigma, USA) were dissolved in
dimethyl sulfoxide (DMSO, Sigma, USA) and then diluted in normal
saline; the placebo control solution was saline with the same con-
centration of DMSO. We randomly assigned 112 rats to the HVT group
or HVT plus BML-111 group (BML-111 group) to investigate the effects
of BML-111 on the resolution of inflammation caused by HVT. The HVT

rats were randomly allocated to assessment at eight time points (0, 6,
12, 24, 48, 72, 96 and 168 h), eight rats from each group were sacri-
ficed at each time point. BML-111 (1mg/kg, based on our previous
experiments [13]) and an identical volume of the placebo control so-
lution were intraperitoneally injected into the BML-111 group at 12 h
following HVT, and these rats were randomly allocated to assessment at
six time points (12, 24, 48, 72, 96 and 168 h), eight rats from each
group were sacrificed at each time point.

We randomly assigned rats to the sham group (rats underwent in-
tratracheal intubation but breathed spontaneously), HVT group, HVT

plus BML-111 group (BML-111), HVT plus pan-caspase inhibitor z-VAD-
fmk group (z-VAD), and HVT plus BML-111 and z-VAD-fmk group
(BML-111+ z-VAD-fmk) to study the role of neutrophil apoptosis in
BML-111-mediated resolution of HVT-induced VILI, eight rats for each
group. Rats were intraperitoneally administered BML-111 (1mg/kg) or
an identical volume of the placebo control solution 12 h after the end of
HVT. The animals in the BML-111 plus z-VAD-fmk group were in-
traperitoneally injected with z-VAD-fmk (10 μg/kg) at the end of HVT,
followed by injections with two additional doses of z-VAD-fmk 4 and
8 h later [21]. The rats in the other groups received injections of the
placebo control solution at the same volume. Twenty-four hours after
the end of HVT, approximately 1mL of arterial blood was withdrawn
from the left carotid artery into a heparinized syringe. The PaO2 levels
were determined immediately with a blood gas analyzer, and the lungs
were harvested or lavaged for further analysis.

Rats were randomly assigned to the sham group, HVT group, HVT

plus BML-111 group (BML-111), HVT plus HO-1 specific inhibitor
ZnPPIX group (ZnPPIX) and HVT plus BML-111 and ZnPPIX group
(BML-111+ZnPPIX) to investigate the role of the Nrf2/HO-1 signaling
pathway in the BML-111-mediated resolution of HVT-induced VILI, six
rats for each group. Rats were intraperitoneally administered ZnPPIX
(20mg/kg, Sigma, USA) or an identical volume of the placebo control
solution 1 h before HVT, as described in a previous study [22]. Rats in
the other groups received injections of the identical volume of the
placebo control solution. Twenty-four hours after the end of HVT, the
lungs were harvested or lavaged for further analysis.

2.4. Lung histological assays

At the indicated time points, rats were sacrificed by injecting three
times the normal dose of ketamine, the thorax was carefully dissected
by midline sternotomy, and the upper right lung was isolated, fixed
with 4% paraformaldehyde and embedded in paraffin wax. Sections
that were approximately 4-μm thick were stained with hematoxylin and
eosin. Lung injury scores were determined by an investigator who was
blinded to the treatment groups using recently published criteria [23].

J. Xu et al. International Immunopharmacology 69 (2019) 289–298

290



2.5. Measurements of the lung water content and total protein concentration
in the BALF

The lung water content related to lung injury was measured using
the lung wet-to-dry weight ratio as previously described [13]. The
middle lobe of the right lung was weighed immediately after removal
(wet weight) before bronchoalveolar lavage (BAL) collection, and the
lung was dried in an oven for 72 h at 60 °C before reweighing (dry
weight).

BALF was collected as previously described [13]. Briefly, the left
lungs were lavaged three times with 2.5mL of ice-cold lavage buffer
(phosphate-buffered saline containing 0.6 mM EDTA). The lavage was
centrifuged at 4 °C for 10min at 1500 rpm, and cells in the BALF were
resuspended in 1mL of phosphate-buffered saline for the analyses de-
scribed below. Total protein in cell-free BALF was assayed as an index
of lung injury and capillary leakage. Protein concentrations were
measured with the BCA Protein Assay Reagent Kit (Pierce Bio-
technology, Rockford, IL, USA).

2.6. Differential leukocyte counts and cytokine analysis

The total cell number per milliliter of BALF was determined with a
hematocytometer. Next, approximately 5× 104 cells from each BALF
sample were placed on a microscope slide and centrifuged at 800 rpm
for 10min at room temperature using Cytospin (Thermo Shandon,
Pittsburgh, PA, USA). Then, the slides were air-dried and stained with
Giemsa-Wright, and at least 300 cells were counted under a light mi-
croscope for the differential cell count analysis. Moreover, to quantify

the local kinetics of leukocyte infiltration, we determined the resolution
indices (Ri) using previously described methods [8,24,25]. The con-
centrations of interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor ne-
crosis factor-α, and interleukin-10 (IL-10) in the BALF were measured
using enzyme-linked immunosorbent assays (eBioscience Inc., San
Diego, CA, USA) according to the manufacturer's instructions.

2.7. Assessment of neutrophil apoptosis in the BALF

Cells were labeled with an APC-conjugated anti-annexin-V antibody
and FITC-conjugated Gr-1 antibody (Abcam, Cambridge, MA, USA) for
30min to evaluate neutrophil apoptosis in the BALF. The annexin-V+

Gr-1+ neutrophil population was enumerated using flow cytometry.

2.8. Measurement of HO-1 activity

The HO-1 activity in lung tissues was measured as reported in a
previous study [22,26]. Briefly, lung tissues were homogenized on ice
with homogenization buffer (1M Tris-HCl, 250mM sucrose) and cen-
trifuged at 4 °C for 30min (12,000×g). The supernatant (200 μL) was
collected and incubated with 100 μL of liver cytosol (a source of bili-
verdin reductase), 0.8 mM NADPH (Sigma, USA), and 20mM hemin.
The reaction was conducted at 37 °C in the dark for 40min and ter-
minated by placing the samples on ice for 10min. The absorbance was
measured at 464 and 530 nm. The amount of bilirubin formed was
calculated from the difference in absorbance at 464 and 530 nm. HO-1
activity was expressed as pmol bilirubinmg protein−1 h−1.

Fig. 1. Time course of the deterioration of indices of lung injury and effects of BML-111. Twelve hours after the end of HVT, rats were administered intraperitoneal
injections of NS or BML-111 (1mg/kg) and sacrificed at the indicated time points. Lung tissues from rats subjected to HVT (0 and 6 h following HVT) and rats
subjected to HVT treated with BML-111 or saline (12, 24, 48, 72, 96 and 168 h following HVT) were evaluated for histopathological changes and lavaged to analyze
the BALF. (A) Representative micrographs of hematoxylin-eosin staining of lung sections (magnification, 200×). (B) Lung injury scores. (C) Lung wet/dry weight
ratio. (D) BALF protein concentrations. Data are presented as the means ± SEM (n=8 animals per group). *P < 0.05 compared with the HVT group.
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2.9. Western blot analysis

The whole-cell lysates and the protein concentrations were observed
as previously described [13], the nuclear and cytoplasmic proteins were
extracted from the lung tissues using the NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Pierce Biotechnology) according to the
manufacturer's instruction. Equal volumes and amounts of protein were
separated by electrophoresis and subsequently transferred to PVDF
membranes (Millipore. Billerica, MA) by electroblotting using pre-
viously reported methods [27]. After blocking with 5% fat-free dry milk
in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST) for 1 h
at room temperature, membranes were incubated with primary anti-
bodies overnight at 4 °C. PVDF membranes were washed with TBST and
subsequently incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody at room temperature for 1 h, followed by ECL de-
tection and quantification using an image analysis program. Antibodies
against Nrf2 and HO-1 were purchased from Cell Signaling Technology

(Danvers, MA, USA). NF-κB, IκB, β-actin, and horseradish peroxidase-
conjugated anti-rabbit antibodies were purchased from Santa Cruz
Biotechnology. The lamin B1 antibody was purchased from Epitomics
(Burlingame, CA, USA).

2.10. Statistical analysis

Results are presented as means ± SEM. Data were analyzed using
SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). Data were
analyzed with one-way analysis of variance followed by the least sig-
nificant difference post hoc test or Tukey's post hoc multiple comparison
test, when appropriate. The criterion for significant differences was set
to P < 0.05 for all studies.

Fig. 2. Time course of inflammation resolution following HVT and effects of BML-111. Twelve hours after the end of HVT, rats were administered intraperitoneal
injections of NS or BML-111 (1mg/kg) and sacrificed at the indicated time points. The BALF and the cells in BALF from rats subjected to HVT (0 and 6 h following
HVT) and rats subjected to HVT and treated with BML-111 or saline (12, 24, 48, 72, 96 and 168 h following HVT) were collected at the indicated time points. The
inflammatory cells were enumerated under a light microscope, and cytokine levels were measured using ELISA kits. (A) Total leukocytes. (B) Neutrophil counts. (C)
Resolution indices of neutrophil infiltration: Ψmax (neutrophil infiltration maximum count), Tmax (time interval for neutrophils to reach the maximum count), T50

(time interval corresponding to a 50% neutrophil reduction), and Ri (interval betweenΨmax and T50). (D) Monocyte/macrophage counts. (E) TNF-α, (F) IL-1β, (G) IL-
6 and (H) IL-10 levels. Data are presented as means ± SEM (n=8 animals per group). *P < 0.05 compared with the HVT group.

Table 1
Changes in Resolution Indices by BML-111 treatment.

Group Tmax (h) Ψmax (PMN No.× 104 cells) T50 (h) Ψ50 (PMN No.× 104 cells) Ri (h)

HVT 16.20 ± 0.80 12.99 ± 0.84 58.80 ± 1.42 6.29 ± 0.72 42.60 ± 1.50
BML-111 13.61 ± 0.75 12.37 ± 0.95 29.95 ± 1.16⁎ 5.75 ± 0.69 16.35 ± 1.02⁎⁎

Data represent the mean ± SEM (n=6) and were analyzed with the two-tailed Student's t-test. Ψmax=maximal polymorphonuclear leucocyte (PMN) number;
Tmax= time point when the number of PMNs reached Ψmax; T50= time point when PMN numbers decreased to 50% Ψmax; Ri=time interval from the maximum
PMN point (Ψmax) to the 50% reduction point (R50).

⁎ P < 0.05 compared with the HVT group.
⁎⁎ P < 0.01 compared with the HVT group.
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3. Results

3.1. Effect of BML-111 on the resolution of VILI

Sprague-Dawley rats were subjected to HVT and underwent periods
of recovery of 6, 12, 24, 48, 72, 96 or 168 h to confirm whether the
protective effect of BML-111 on VILI was associated with its pro-re-
solving role. The progressive increase in lung injury histological indices
peaked at 24 h, with resolution up to 7 days later in HVT-treated rats.
Histopathological changes in BML-111-treated rats differed from those
in HVT-treated rats and included disturbed alveoli and neutrophil in-
filtration, which were alleviated and recovered to normal on day 4.
Representative images of lung histology at each time point following
HVT are shown in Fig. 1A. Lung injury scores that correlated with the
changes are shown in Fig. 1B. Pulmonary edema was indicated by the
lung wet/dry weight ratio and the amount of BALF proteins. The lung
wet/dry weight ratio peaked at 6 h and gradually decreased, ap-
proaching normal levels at 24 h, and the amount of BALF proteins
peaked at 12 h and gradually recovered up to 48 h later (Fig. 1C and D).
These changes were alleviated by BML-111 (Fig. 1C and D) and re-
covered to normal levels sooner than in HVT-treated rats. These time-

course data suggest that BML-111 propagates the resolution of VILI.

3.2. BML-111 propagates the resolution of inflammation caused by HVT

The timely resolution of lung inflammation is one of the major
factors contributing to the resolution of lung injury. Our results showed
that the number of leukocytes and neutrophils rapidly increased, pla-
teaued at 12 h and then gradually decreased to normal levels up to
4 days later (Fig. 2A and B), and the levels of TNF-a, IL-1β, IL-6 and IL-
10 in the BALF raised rapidly and plateaued at 12 h and then gradually
decreased, thus BML-111 was administered 12 h after HVT, and BML-
111 treatment resulted in significant decreases in exudate leukocytes
and neutrophil infiltration (from ~12×104 to ~8×104 at 24 h, re-
spectively); the counts returned to baseline levels after 3 days, and the
levels of proinflammatory cytokines TNF-a, IL-1β, and IL-6 in the BALF
was significantly reduced than that of the HVT model (Fig. 2E, F and G),
but the level of the anti-inflammatory cytokine IL-10 (Fig. 2H) was
maintained at a higher level in the BALF of the BML-111 group than in
the HVT group. To quantify the resolution speed and quantitatively
analyze the role of BML-111 in inflammation resolution, we used the
resolution interval (Ri), which is defined as the time period in which the

Fig. 3. Effects of inhibiting neutrophil apoptosis on the BML-111-induced resolution of inflammation caused by HVT. Animals in the BML-111+Z-VAD group were
intraperitoneally injected with the pan-caspase inhibitor z-VAD-fmk (10 μg/kg in 0.2 mL of saline) immediately at the end of HVT and with two additional doses of z-
VAD-fmk 4 and 8 h later. The other groups were intraperitoneally injected with NS or BML-111 (1mg/kg). BALF was collected by flushing the lungs of rats sacrificed
24 h after HVT. (A) Flow cytometry analysis of neutrophil apoptosis. Cells in BALF were labeled with APC-annexin-V and FITC-Gr-1 antibodies. Apoptotic neutrophils
(annexin-V+ Gr-1+) are indicated in the upper right quadrant. (B) Percentage of apoptotic neutrophils. (C) Neutrophils and (D) monocytes/macrophages were
enumerated under a light microscope, and the levels of TNF-α (E), IL-1β (F), IL-6 (G) and IL-10 (H) in BALF were measured using ELISA kits. Data are presented as the
means ± SEM (n=8 animals per group). *P < 0.05 compared with the sham group, #P < 0.05 compared with the HVT group, and &P < 0.05 compared with the
BML-111 group.
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neutrophil number is reduced from the maximum number to 50%,
[8,24,25]. The lungs of the HVT model had a Ri of ~43 h, ranging from
16 h (Tmax) to 59 h (T50) (Fig. 2C and Table 1), and the BML-111
treatment significantly shortened the Ri (from 14 to 30 h). Monocytes
and macrophages play critical roles in the initiation, maintenance and
resolution of inflammation. HVT caused a steady increase in the mac-
rophage/monocyte counts, followed by a rapid decrease, until these
cells became the predominant exudate leukocytes at 72 h. The counts
did not decrease to baseline levels at 168 h (Fig. 2D) in the HVT group.
BML-111 administration shifted the peak in the maximum number of
macrophages/monocytes to 48 h after HVT, with a subsequent rapid
decrease, and the counts also approached normal levels (Fig. 2D). Based
on these data, BML-111 accelerates inflammation resolution following
VILI.

3.3. Inhibition of neutrophil apoptosis with the caspase inhibitor z-VAD-fmk
attenuates the pro-resolving effects of BML-111 on inflammation and VILI

Neutrophil apoptosis plays a vital role in the resolution of in-
flammation and lung injury [17]. Based on the results described above,
the lung injury caused by neutrophil-mediated inflammation peaked at
24 h. Therefore, we detected neutrophil apoptosis 24 h after HVT ex-
posure and observed a low percentage of apoptotic neutrophils in the
sham and HVT groups. The BML-111 treatment significantly increased
the number of annexin-V+ Gr-1+ cells compared with the sham and

HVT groups (Fig. 3A and B). The activation of caspase family members
is crucial for the initiation, propagation, and execution of apoptosis. We
used the general caspase inhibitor z-VAD-fmk to further confirm the
role of the increased neutrophil apoptosis associated with BML-111 in
the resolution of VILI. The z-VAD-fmk treatment inhibited BML-111-
induced neutrophil apoptosis compared with the BML-111-treated rats
following HVT, whereas z-VAD-fmk alone did not markedly contribute
to neutrophil apoptosis. Moreover, the decreased numbers of neu-
trophils and macrophages, the decreased levels of proinflammatory
cytokines, including TNF-α, IL-1β, and IL-6, and the increased levels of
the anti-inflammatory cytokine IL-10 observed after BML-111 admin-
istration following HVT were partially reversed by the z-VAD-fmk
treatment (Fig. 3C–H). Additionally, z-VAD-fmk attenuated the pro-
tective effects of BML-111 on alleviating histopathological changes
(Fig. 4A and B), pulmonary edema (Fig. 4C and D) and PaO2 (Fig. 4E) in
rats with HVT-induced VILI. Similarly, z-VAD-fmk had no significant
effect on VILI or the inflammatory response induced by HVT

(Fig. 4A–F). Thus, the pro-resolving effect of BML-111 on VILI may
depend on neutrophil apoptosis.

3.4. The enhanced pro-resolving effects of BML-111 on VILI are partially
inhibited by the HO-1 inhibitor ZnPPIX

Neutrophil apoptosis is exquisitely sensitive to stimuli from the in-
flammatory microenvironment, and it is regulated by various

Fig. 4. Effects of the apoptosis inhibitor z-VAD-fmk on the pro-resolving effects of BML-111 on VILI in rats. Animals in the BML-111+Z-VAD group were in-
traperitoneally injected with the pan-caspase inhibitor z-VAD-fmk (10 μg/kg in 0.2 mL of saline) at the end of HVT, with two additional doses of z-VAD-fmk
administered 4 and 8 h later. The other groups were intraperitoneally injected with NS or BML-111 (1mg/kg). Lung tissues were evaluated for histopathological
changes and lavaged for an analysis of the BALF 24 h after HVT. Representative images of hematoxylin-eosin-stained lung tissue sections (magnification, 200×) (A),
lung injury scores (B), lung wet/dry weight ratio (C), BALF protein concentrations (D) and arterial oxygen pressures (E). Data are presented as the means ± SEM
(n=8 animals per group). *P < 0.05 compared with the sham group, #P < 0.05 compared with the HVT group, and &P < 0.05 compared with the BML-111 group.
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intracellular signaling pathways in the host, including Nrf2/HO-1 and
NF-κB signaling [4,7]. We detected Nrf2 and HO-1 expression to further
investigate the roles of these signaling pathways in the pro-resolving
effects of BML-111. The levels of the HO-1 proteins and HO-1 activity
were slightly increased in rats after mechanical ventilation than that of
sham group, but the Nrf2 expression has no significant change
(Fig. 5A–D). The BML-111 treatment further increased the activity of
the HO-1 and the levels of the HO-1 and Nrf2 protein compared with
the sham group and HVT alone (Fig. 5A–D). Moreover, one hour's HVT

significantly decreased the expression of IκB-α expression and caused
obvious translocation of NF-κB p65 from the cytoplasm into the nucleus
than those of sham group, and BML-111 obviously reversed the changes
(Fig. 5E–H). HO-1 expression is regulated by Nrf2, and HO-1 inhibits
the NF-κB-mediated inflammatory response [4,7,16]. We thus selected
ZnPPIX, a selective HO-1 inhibitor, to further verify the effect of BML-
111 on resolving VILI, and we found that Nrf2 expression was still
significantly increased in BML-111-treated rats subjected to HVT fol-
lowing ZnPPIX administration compared with the sham and BML-11
groups (Fig. 5C and D). However, the levels and activity of the HO-1
protein were decreased in rats treated with BML-111 and ZnPPIX
(Fig. 5A, B and C). Additionally, as shown in Fig. 5E–H, ZnPPIX sig-
nificantly abolished the restoration of IκB expression and NF-κB nuclear

translocation elicited by BML-111 after HVT compared with the HVT

group. Furthermore, the protective effect of BML-111 on HVT-induced
changes in the levels of inflammatory cytokines and chemokines were
reversed by ZnPPIX (Fig. 6A–G). Importantly, ZnPPIX reversed the ef-
fects of BML-111 on neutrophil counts, neutrophil apoptosis (Fig. 6H
and I), and VILI (Fig. 6J–K). However, significant changes in the in-
flammatory response, neutrophil apoptosis and VILI were not observed
in the ZnPPIX group compared with the HVT group (Fig. 6A–I). Based
on these results, BML-111-induced activation of the Nrf2/HO-1
pathway modulates its inhibition of the NF-κB signaling and plays an
important role in the protective effects of BML-111 on VILI.

4. Discussion

The MV-triggered inflammatory response may induce tissue injury
and subsequent multiple system organ dysfunction [2,25]. Timely re-
solution of the inflammatory response that is coordinated by en-
dogenous pro-resolving mediators is critical for limiting excessive tissue
injury [28], but few endogenous pro-resolving mediators that are nor-
mally operative during acute inflammation endogenous [29]. A syn-
thetic analog of a pro-resolution lipid mediator, BML-111, promotes the
resolution of neuroinflammation [12] and attenuates APALI by

Fig. 5. Effects of the increase in Nrf2/HO-1 expression induced by BML-111 on the NF-κB signaling pathway in the VILI model. Animals in the BML-111+ZnPPIX
group were intraperitoneally injected with ZnPPIX (20mg/kg in 0.2 mL of saline) before BML-111 administration. The other groups were intraperitoneally injected
with the identical volume of the placebo control solution. Lung tissues were collected to evaluate protein expression and activity 24 h after HVT. The activity of HO-1
(A), representative images and quantification of HO-1 expression (B and C), representative images and quantification of cytoplasmic Nrf2 levels (D and C), re-
presentative images and quantification of IκBα levels (E and F), representative images and quantification of cytoplasmic NF-κB p65 levels (G and F) representative
images and quantification of nuclear NF-κB p65 levels (H and F). Data are presented as the means ± SEM (n=6 animals per group). *P < 0.05 compared with the
sham group, #P < 0.05 compared with the HVT group, and &P < 0.05 compared with the BML-111 group.
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regulating the inflammatory response and HO-1 expression [15] or the
Nrf2/antioxidant responsive element (ARE) signaling pathway [16]. In
the present study, we selected an HVT model with low mortality over
time that is characterized by a temporal sequence of events, including
organ-specific leukocyte recruitment, proinflammatory cytokine pro-
duction and end-organ injury, allowing investigations into the resolu-
tion processes from this highly injured baseline. As shown in the present
study, BML-111 promoted the resolution of inflammation following
HVT by regulating the Nrf2/HO-1 and NF-κB pathways in rats.

MV-induced neutrophilic alveolitis is central to the resolution of the
inflammatory response [30,31]. Our results revealed the pro-resolving
effects of BML-111 on the inflammatory response, including decreased
the neutrophil amounts and levels of TNFα, IL-1β and IL-6. To quan-
titatively analyze the effect of BML-111 on inflammation resolution in
the VILI model, we used the resolution indices introduced by previous
studies [8,24,25]. These indices included Ψmax, the maximal neutrophil
number present during the inflammatory response; Tmax, the time point
when neutrophils reach Ψmax; and Ri, the time interval between Tmax

and T50 when neutrophil numbers reach half Ψmax. A quantitative
analysis of the resolution of inflammation showed that a posttreatment
with BML-111 shortened the Ri. Neutrophil-mediated inflammation
contributes to the initiation of monocyte recruitment, which plays a
critical role in the resolution of inflammation. Intravenous BML-111
injections increase the microglia/macrophage cell populations and
promote the resolution of neuroinflammation [12]. In the present

study, HVT significantly increased the numbers of macrophages/
monocytes. Interestingly, an increased peak macrophage/monocyte
count appeared following BML-111 administration. A main role of lung
macrophages in the resolution of pulmonary inflammation is to mod-
ulate anti-inflammatory cytokine secretion, including IL-10 secretion
[18]. The levels of the anti-inflammatory cytokine IL-10 were sig-
nificantly increased in BML-111-treated rats subjected to HVT.

The resolution of neutrophil-mediated inflammation occurs through
apoptosis [31,32]. BML-111 promoted neutrophil apoptosis in the
BALF, as evidenced by the increased annexin-V labeling in BML-111-
treated rats with ventilator injury. Intriguingly, we did not observe a
reduction in neutrophil apoptosis after HVT, likely because the cyto-
kines secreted following HVT exerted an anti-apoptosis effect. The
caspase cascade plays an important role in this process of apoptosis
[17,21]. In the present study, z-VAD-fmk, a broad-spectrum caspase
inhibitor, partially reversed the proapoptotic effects of BML-111 on
neutrophils apoptosis and the pro-resolving effects of BML-111 on the
VILI model. Although z-VAD-fmk was shown to influence cytokine se-
cretion from macrophages [33], in our present study, z-VAD-fmk alone
did not influence cytokine production, and neutrophil apoptosis or lung
injury, likely because the model was different. Thus, the resolution of
inflammation likely depends on neutrophil apoptosis.

Pulmonary neutrophil apoptosis is exquisitely sensitive to in-
flammatory mediators from the inflammatory microenvironment [34]
that are regulated by various intracellular signaling pathways in the

Fig. 6. The pro-resolving effects of BML-111 on VILI were partially reversed by the HO-1 inhibitor. Animals in the BML-111+ZnPPIX group were intraperitoneally
injected with ZnPPIX (20mg/kg in 0.2 mL of saline) before BML-111 administration. The other groups were intraperitoneally injected with the identical volume of
the placebo control solution. Lung tissue was lavaged for an analysis of the BALF and evaluated for histopathological changes 24 h after HVT. The levels of TNF-α (A),
IL-1β (B), IL-6 (C), IL-10 (D), MCP-1 (E), KC (F) and MIP-2 (G) in the BALF were measured using ELISA kits, and neutrophils were enumerated under a light
microscope (H). Neutrophil apoptosis was evaluated using flow cytometry analysis (I). Lung injury scores (J), lung wet/dry weight ratio (K), and BALF protein levels
(L) are shown. Data are presented as the means ± SEM (n=6 animals per group). *P < 0.05 compared with the sham group, #P < 0.05 compared with the HVT

group, and &P < 0.05 compared with the BML-111 group.
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host, including the Nrf2/HO-1 and NF-κB signaling pathways. HO-1 has
been implicated in modulating the inflammatory mediators and neu-
trophil apoptosis in lung injury, and it participates in the resolution of
acute respiratory distress syndrome [35,36]. In our study, levels of the
HO-1 activity, HO-1 and Nrf2 protein expression were increased fol-
lowing BML-111 administration in HVT-treated rats. The inhibitory ef-
fect of Nrf2/HO-1 on inflammation is achieved by modulating the ac-
tivation of the NF-κB signaling pathway, and increased HO-1 expression
inhibits NF-κB activation induced by endotoxin [5]. In the present
study, the NF-κB activation and translocation induced by the one-hour
HVT treatment were inhibited by BML-111 administration, whereas
ZnPPIX, a selective inhibitor of HO-1, partially reversed the inhibitory
effects of BML-111 on the NF-κB signaling pathway and inflammatory
mediators, in turn alleviating the proapoptotic actions of BML-111 on
neutrophils apoptosis and the pro-resolving effects of BML-111 on VILI.
Indeed, NF-κB inhibition accelerates the apoptosis of bovine neu-
trophils, whereas numerous inflammatory mediators from both mi-
crobes and the host origin inhibit this process [34,37]. Interestingly,
ZnPPIX did not inhibit Nrf2 expression following the BML-111 treat-
ment; in contrast, it upregulated Nrf2 expression. We speculate that the
involvement of HO-1 in BML-111-induced suppression of NF-κB sig-
naling is the downstream of Nrf2, but strategies inhibiting the function
of HO-1 will likely stimulate a negative feedback loop that subsequently
activates the Nrf2/HO-1 pathway. Therefore, the potential mechanism
underlying the effects BML-111 on VILI must be further elucidated.

In conclusion, our study provides a quantitative analysis of in-
flammation resolution in VILI with resolution indices and reveals the
moderate protection of a BML-111 posttreatment in experimental HVT-
induced VILI in terms of inflammation resolution. Based on our find-
ings, we concluded that BML-111 promotes the resolution of in-
flammation caused by HVT partially by modulating the Nrf2/HO-1 and
NF-κB pathways in the lung tissue and subsequently enhancing caspase-
mediated neutrophil apoptosis. Data from this study, together with data
from our previous studies, indicate that the protective effect of BML-
111 on VILI may be due to both the anti-inflammatory and pro-re-
solution properties of BML-111.
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