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A B S T R A C T

Aims: In the present study, we aimed to evaluate the role of aspirin-triggered resolvin D1 (AT-RvD1) in paraquat
(PQ)-induced acute lung injury (ALI) in mice.
Main methods: We used C57BL/6J mice as experimental subjects to establish mouse models of ALI via in-
traperitoneal (IP) injection of PQ (28mg/kg). The mice were then administered AT-RvD1 (10 or 100 ng) via the
tail vein 2 h after exposure to PQ and were sacrificed at 72 h post exposure to harvest bronchoalveolar lavage
fluid (BALF), blood and lung tissue samples. The samples were used to evaluate the histopathological changes,
inflammation reaction and oxidative stress in the lung tissues.
Key findings: Compared with those of the PQ group, the administration of AT-RvD1 significantly (1) alleviated
the histopathological changes in the lung tissues; (2) reduced the lung W/D weight ratio and the total protein
content in the BALF; (3) activated nuclear factor erythroid-2 related factor 2 (Nrf2) and up-regulated the ex-
pression of its downstream genes (NADPH: quinone oxidoreductase-1, NQO1 and heme oxygenase-1, HO-1); (4)
reduced the malondialdehyde(MDA) level in the lung tissues; (5) reduced the total cell, neutrophil, and mac-
rophage counts in the BALF; (6) reduced the myeloperoxidase (MPO) activity in the lung tissues; (7) reduced the
percent of Ly-6G+ CD41+ cells in the peripheral blood; (8) inhibited the activation of nuclear factor-κB (NF-κB)
and the expression of P-selectin; and (9) reduced interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α)
levels in the BALF.
Significance: Administration of AT-RvD1 can effectively inhibit PQ-induced oxidative stress injury, inflammatory
responses, and pulmonary edema, thereby alleviating PQ-induced ALI.

1. Introduction

Paraquat (PQ) is a highly efficient, non-selective, bipyridyl qua-
ternary ammonium herbicide (Fig.1A). Despite its high toxicity, PQ is
widely applied in> 120 countries, especially in Asian countries [1].
After entering the body, PQ enters the lung tissues by active transports
through the polyamine uptake system, and subsequently, accumulates
in types I and II alveolar epithelial cells, as well as Clara cells [2–4].
Thus, the concentration of PQ in the lung tissues is considerably higher
than that in the plasma by up to 6–10 folds [5]. Therefore, lungs are the
main target organ of PQ toxicity, and many patients die from PQ-in-
duced acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) or its consequent progressive pulmonary fibrosis. Recently,
there has been an increase in the incidence of PQ poisoning in China,
with reported mortality rate of> 90% due to the lack of effective an-
tidote [6]. Currently, the mechanism of toxicity of PQ has not been fully

elucidated, but it has been widely agreed that PQ-induced redox cycling
is a prerequisite for its toxic effects. Furthermore, PQ that enters the
human body acts as a catalyst for a series of redox reactions, promoting
the flow of electrons from NADPH to O2 and enhancing the generation
of superoxide anions (O2%

−) at the expense of NADPH. The generation
of superoxide anions in turn promotes the amplification cascade of
redox cycling and the production of other reactive oxygen species
(ROS), including hydrogen peroxide (H2O2) and hydroxyl radicals (%
OH), thereby leading to lipid peroxidation and cell damage [1]. In
addition, inflammation also plays an important role in PQ-induced ALI.
In our previous studies, we found that exposure to PQ for 6 h results in
the infiltration of inflammatory cells into the lung tissues, thus, ele-
vating the level of proinflammatory cytokines in the BALF. This ulti-
mately leads to acute alveolitis characterized by hemorrhage, edema,
and alveolar collapse [7]. Therefore, anti-inflammatory or anti-oxida-
tive treatment represents the main therapeutic approach against PQ
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poisoning. However, there might be multiple independent but not
mutually exclusive mechanisms that lead to irreversible cell damage
due to the complex mechanisms of PQ toxicity. Therefore, currently,
there is no approach that can be employed to reverse the toxic effects of
PQ.

During recent years, the important roles of polyunsaturated fatty
acids (PUFAs)-derived lipid mediators in anti-inflammation and re-
solution of inflammation have received increasing attention, along with
efforts to understand the endogenous factors promoting the resolution
of inflammation. The airway mucosa is rich in several omega-3 PUFAs
such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)
[8]. Among them, DHA can be converted by lipoxygenase into a strong
anti-inflammatory and pro-resolving mediator RvD1 [9]. RvD1 was
originally found in inflammatory secretions from mice [9]. It can ef-
fectively inhibit the activation of neutrophils [10,11], regulate the re-
lease of pro-inflammatory cytokines [12,13] and alleviate lipopoly-
saccharide(LPS)-induced ALI [14]. Eickmeier et al. [16] reported that
the conversion of endogenous DHA into RvD1 in the lung tissue in-
creases significantly during ALI, indicating that RvD1 is involved in the
physiological regulation of ALI. In the presence of aspirin, acetylated
cyclooxygenase-2 (COX-2) catalyzes the conversion of DHA into as-
pirin-triggered resolvin D1 (AT-RvD1) (Fig. 1B). Aspirin-triggered re-
solvin D1 is an epimer of RvD1 with similar mechanisms of action, but
it is more potent and resistant to enzymatic inactivation [16]. AT-RvD1
has been demonstrated to exert strong anti-inflammatory effect and
promote homeostasis in damaged tissues of mouse models of strong
acid-induced ALI [15] and allergic airway responses [17]. It is note-
worthy that AT-RvD1 can effectively inhibit oxidative stress in mouse
models of hyperoxic ALI [18]. Therefore, we speculate that AT-RvD1
also exhibits an antagonistic effect against PQ toxicity in the lungs. In
the present study, we aimed to evaluate the role of aspirin-triggered
resolvin D1 (AT-RvD1) in paraquat (PQ)-induced acute lung injury
(ALI) in mice.

2. Materials and methods

2.1. Animals

In the present study, SPF grade, male wild-type C57BL/6J mice
(aged 8–10weeks and body weight 18–22 g) were used as experimental
subjects. All mice were purchased from the animal facility of China
Medical University and were housed under standard laboratory condi-
tions (12:12 h light/dark cycle; temperature: 20 °C–25 °C; humidity:
40%–60%). The mice were provided rodent feed and water were ad
libitum. The animal experiments in this study were approved by the
Institutional Animal Ethics Committee of China Medical University
(2015PS302K).

2.2. Experimental design

The mice were randomly divided into five groups as follows: (1)
control group mice (n=6) received 0.1 mL of physiological saline so-
lution via IP injection, followed by 0.1 mL of physiological saline so-
lution after 2 h via tail vein injection; (2) AT-RvD1 group mice (n=6)
received 0.1mL of physiological saline solution via IP injection, fol-
lowed by 100 ng of AT-RvD1 after 2 h via tail vein injection; (3) PQ
group mice (n= 6) received 28mg/kg of PQ via IP injection, followed
by 0.1mL of physiological saline solution after 2 h via tail vein injec-
tion; (4) PQ+AT-RvD1-L group mice (n= 6) received 28mg/kg of PQ
via IP injection, followed by 10 ng of AT-RvD1 after 2 h via tail vein
injection; (5)PQ+ AT-RvD1-H group mice (n=6) received of 28mg/
kg of PQ via IP injection, followed by 100 ng of AT-RvD1 after 2 h via
tail vein injection. All mice were sacrificed 72 h after exposure to PQ.

Both PQ and AT-RvD1 were diluted to 0.1 mL of physiological saline
solution before use. In our previous study [7], the mouse model of ALI
constructed using 28mg/kg PQ showed a time-dependent severity of
lung injury with the most significant manifestation at 72 h post PQ
exposure. No death was observed throughout our previous study
period. Therefore, we administered the mice PQ at this dose level and
sacrificed them at 72 h post exposure. On the contrary, the dose level of
AT-RvD1 was determined according to previous studies on ALI in mice
[15,17].

2.3. Lung histopathology

The lung tissues were fixed in 4% paraformaldehyde for 72 h, em-
bedded in paraffin, and sectioned. After dewaxing, the sections were
stained with hematoxylin–eosin solution to observe pulmonary histo-
pathological changes under a light microscope and determine the lung
injury score, according to the method described by Mikawa et al. [19].
The lung injury was graded from 0 to 4 according to its severity (0: no
lesions or very mild lesions; 1: mild lesions; 2: moderate lesions; 3:
severe lesions; and 4: very severe lesions) based on the following four
indicators: (1) alveolar hyperemia; (2) hemorrhage; (3) infiltration or
aggregation of neutrophils in the alveolar space or vascular wall; and
(4) thickening of the alveolar walls and/or formation of hyaline
membranes. The lung injury score was calculated by the sum of in-
dividual scores for each indicator.

2.4. Determination of lung W/D weight ratio

The right middle lobes excised from the sacrificed mice were
weighed and incubated in an oven at 80 °C for 48 h to obtain the dry
weight. The lung wet weight was divided by its dry weight to obtain the
lung wet to dry (W/D) weight ratio to determine the severity of pul-
monary edema.

Fig. 1. Chemical structures of PQ (A) and AT-RvD1 (B).
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2.5. Determination of pro-inflammatory cytokines, total protein content,
and cell count in the BALF

The BALF was collected by washing the lungs thrice with 1mL of
phosphate-buffered saline (PBS) solution via tracheal cannulation at
72 h after PQ exposure. The collected BALF was centrifuged at 1000×g
for 10min. The resulting supernatant was used to measure the level of
interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) using the
ELISA kit (R&D Systems, Minneapolis, MN, USA). The total protein
content was determined using the BCA kit (Beyotime Biotechnology,
Shanghai, China). All procedures were carried out according to the
manufacturers' instructions. An aliquot BALF was used to perform a
total cell count with a hemocytometer. To perform differential counts,
the remaining cell pellet was suspended with PBS, smeared and stained
with Wright-Giemsa solution and observed under the microscope with
oil immersion. At least 200 cells were counted per smear.

2.6. Determination of myeloperoxidase (MPO) activity in the lung tissue

The lung tissue was weighed and homogenized to obtain 10%
homogenate, to which H2O2 and chromogenic reagent were added and
the sample was incubated in water bath. The absorbance of the sample
was measured at 460 nm (A460). One unit of MPO activity was defined
as the amount of enzyme needed to degrade 1 μmol of H2O2 per min at
37 °C. All procedures were carried out according to the manufacturers'
instructions of the MPO kit (Sigma-Aldrich, St. Louis, MO, USA).

2.7. Determination of the malondialdehyde (MDA) level in the lung tissues

The MDA level in the lung tissues was determined by the thio-
barbituric acid (TBA) method, and its level was calculated using the
A532 value of the sample after being reacted with the substrates. All
procedures were carried out according to the manufacturers' instruc-
tions of the MDA Kit (R&D Systems, Minneapolis, MN, USA).

2.8. Flow cytometric determination of platelet–neutrophil interactions

The blood samples were treated with red blood cell (RBC) lysis
buffer (eBioScience, San Diego, CA, USA) and subjected to Fc-blocking
using CD16/32 antibody (eBioScience, San Diego, CA, USA), followed
by incubation on ice with Ly-6G and CD41 antibodies (eBioScience, San
Diego, CA, USA) for 20min prior to the flow cytometric determination
of the percent of Ly6G+ CD41+ cells.

2.9. Western blotting

The total, nuclear, and cytoplasmic proteins were extracted from
homogenized lung tissues using a commercial kit (Beyotime
Biotechnology, Shanghai, China). The concentration of proteins was
determined and equal amounts of the protein samples were loaded on
to a 12% sodium dodecyl sulfate-polyacrylamide gel for electrophor-
esis. Subsequently, the proteins were transferred onto polyvinylidene
difluoride (PVDF) membranes and blocked with 5% skim milk for 1 h,
followed by overnight incubation at 4 °C with primary antibodies [total
NF-κB p65 (1:1000), phosphor-NF-κB p65 (1:1000), P-selectin (1:4000),
and Nrf2 (1:1000)]. After washing with TBST, the PVDF membranes
were incubated with the secondary antibody at room temperature for
1 h. The quantitative analysis was performed using Gel-Pro-Analyzer
6.3 software after the enhanced chemiluminescence (ECL) reaction. β-
actin and Lamin B were used as loading controls to measure the con-
centration of total proteins and nuclear proteins. All antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA), except
P-selectin antibody, which was purchased from Abcam (Cambridge,
UK).

2.10. qRT-PCR

The RNA was extracted from homogenized lung tissues using Trizol
reagent and reverse transcribed into cDNA, which served as the tem-
plate for PCR using the following primers:

NQO1 forward: 5′-GGTAGCGGCTCCATGTACTC-3′;
NQO1 reverse: 5′-CGCAGGATGCCACTCTGAAT-3′;
HO-1forward: 5′-GCCCCACCAAGTTCAAACAG-3′;
HO-1reverse: 5′-GCTCCTCAAACAGCTCAATGT-3′;
β-actin forward: 5′-GGCTGTATTCCCCTCCATCG-3′;
β-actin reverse: 5′-CCAGTTGGTAACAATGCCATGT-3′. The qRT-PCR

was carried out using the Model 7500 Thermal Cycler (Applied
Biosystems, Foster, CA, USA), and the expression data are presented as
fold change normalized to β-actin expression for analyses.

2.11. Statistical analyses

The lung injury score data are presented as median (range) and
analyzed using by Kruskal–Wallis rank test, followed by Dunnett test.
Other data are expressed as mean ± standard deviation (mean ± SD)
and analyzed using the One-way ANOVA followed by least significance
difference (LSD). Differences with P < 0.05 were considered statisti-
cally significant.

3. Results

3.1. AT-RvD1 alleviated PQ-induced histopathological changes in the lung
tissues

There was no apparent histopathological difference in the lung tis-
sues between the control (Fig. 2A) and AT-RvD1 groups (Fig. 2B); both
the groups had clear alveolar structure and thin alveolar wall with no
hyperemia and inflammatory cell infiltration in the pulmonary inter-
stitium. Contrarily, the lung tissues from the PQ group mice showed
severely damaged alveolar structure with the collapse of alveolar spaces
and thickening of alveolar wall. Some alveolar spaces were filled with
pink homogeneous fluid and a large number of RBCs. Furthermore,
both alveoli and pulmonary interstitium exhibited severe inflammatory
cell infiltration, and some of them showed the formation of hyaline
membranes (Fig. 2C). The administration of AT-RvD1 significantly al-
leviated the above-mentioned histopathological changes (Fig. 2D and
E). The PQ group mice had significantly higher lung injury score than
that of the control group mice, whereas, the lung injury score of the AT-
RvD1 group mice was significantly lower than that of the PQ group
mice (Fig. 2F).

3.2. AT-RvD1 alleviated PQ-induced pulmonary edema

We examined the lung W/D weight ratio of the mice to study the
effects of AT-RvD1 on PQ-induced pulmonary edema. The PQ group
mice had significantly higher lung W/D ratio than that of the control
group mice, and AT-RvD1 significantly inhibited the elevation in lung
W/D ratio in the mice (Fig. 3A).

Further, we also examined the total protein content in the BALF to
assess the permeability of alveolar-capillary barrier. The PQ group mice
had significantly higher total protein content than that of the control
group mice, and AT-RvD1 significantly inhibited the elevation in total
protein content in the BALF of mice (Fig. 3B).

3.3. AT-RvD1 alleviated leukocyte infiltration

The PQ group mice had significantly higher total cell, neutrophil,
and macrophage counts than those of the control group mice, but this
effect of PQ was significantly inhibited by AT-RvD1 (Fig. 4).

In addition, the MPO activity assay also validated the effect of AT-
RvD1 in this regard. The MPO activity in lung tissues of mice from the
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AT-RvD1 group was significantly lower than that of mice from the PQ
group (Fig. 4D).

3.4. AT-RvD1 inhibited the platelet–neutrophil interactions

We labeled neutrophils and platelets with Ly-6G and CD41 anti-
bodies, respectively, to determine the percentage of Ly-6G+ CD41+

cells in peripheral blood via flow cytometry to evaluate platelet–neu-
trophil interactions (Fig. 5). The AT-RvD1 group had significantly lower
percentage of Ly-6G+ CD41+ cells than that of the PQ group, sug-
gesting that AT-RvD1 can effectively inhibit oxidative stress-induced
platelet–neutrophil interactions.

P-Selectin plays an important role in platelet–neutrophil interac-
tions during ALI [20,21]. Therefore, we also examined the expression of

Fig. 2. AT-RvD1 alleviated PQ-induced histopatho-
logical changes. The lung histological changes were
determined by HE staining (A–E) and lung injury
score (F) at 72 h post PQ exposure. The magnitude of
increase in the optical objective (20×). A: control
group, B:AT-RvD1 group, C: PQ poisoning group, D:
PQ poisoning+ AT-RvD1 low dose group, E PQ
poisoning+ AT-RvD1 high dose group. AT-RvD1L:
AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1
at high dose of 100 ng. △P < 0.05 vs. control
group, #P < 0.05 vs. PQ group, *P < 0.05 vs. AT-
RvD1L group (n=6).

Fig. 3. AT-RvD1 alleviated PQ-induced pulmonary edema. The pulmonary edema was determined by lung W/D weight ratio (A) and total protein content in the BALF
(B) at 72 h post PQ exposure. AT-RvD1L: AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1 at high dose of 100 ng. △P < 0.05 vs. control group, #P < 0.05 vs.
PQ group, *P < 0.05 vs. AT-RvD1L group (n= 6).
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P-selectin in the lung tissues (Fig. 6C and D). Compared with that in the
PQ group, the expression of P-selectin in the lung tissues was sig-
nificantly down regulated in the AT-RvD1 group.

3.5. AT-RvD1 inhibited the activation of NF-κB

We examined the expression of NF-κB in the lung tissues to further
understand the anti-inflammatory mechanism of AT-RvD1. The PQ
group mice exhibited significantly enhanced nuclear translocation of
NF-κB compared with that in the control group mice, but the PQ-in-
duced NF-κB activation was significantly inhibited by AT-RvD1 (Fig. 6A
and B).

3.6. AT-RvD1 inhibited the release of pro-inflammatory cytokines

We examined the level of IL-1β and TNF-α in the BALF to in-
vestigate the effect of AT-RvD1 on the release of pro-inflammatory
cytokines. AT-RvD1 significantly inhibited the PQ-induced increase in
the level of IL-1β and TNF-α in the BALF (Fig. 7).

3.7. AT-RvD1 alleviated the lipid peroxidation in the lung tissues

We determined the MDA level in the lung tissues to evaluate the
degree of lipid peroxidation [22]. The MDA level in the lung tissues of
PQ group mice was higher than that of the control group mice, but this
effect of PQ was significantly reversed by AT-RvD1 (Fig. 8E).

To better understand the mechanism of AT-RvD1 in regulating
oxidative stress, we examined the expression of antioxidant transcrip-
tion factor Nrf2 and its downstream antioxidant genes, i.e.,

NADPH:quinone oxidoreductase-1 (NQO1) and heme oxygenase-1 (HO-
1). Compared with those in the PQ group mice, the nuclear transloca-
tion of Nrf2 was significantly promoted and the mRNA expression of its
downstream genes (NQO1 and HO-1) was significantly upregulated in
the AT-RvD1 mice (Fig. 8).

4. Discussion

In the present study, we found that AT-RvD1 has potent antagonistic
effect against PQ toxicity to the lungs. Histopathological observations
showed that the administration of AT-RvD1 significantly inhibited PQ-
induced ALI, whereby tissue injuries, including alveolar hyperemia,
hemorrhage, formation of hyaline membranes, alveolar collapse, and
inflammatory cell infiltration, were effectively alleviated. These effects
can be mainly attributed to the active role of AT-RvD1 in inhibiting
oxidative stress, platelet–neutrophil interactions, and release of pro-
inflammatory cytokines, as well as reducing leukocyte infiltration.

Oxidative stress is widely agreed as one of the pathogenesis of PQ-
induced tissue injuries [1]. Paraquat induces the generation of ROS,
which can trigger structural changes in the cell membrane via the ab-
straction of hydrogen atoms from PUFAs in the cell membrane, leading
to lipid peroxidation and cell damage [23]. The antioxidative capacity
of AT-RvD1 has been rarely studied, but it has been experimentally
confirmed that a high dietary intake of its precursor DHA can inhibit
oxidative stress and lipid peroxidation after traumatic brain injury in
rats [24,25]. Moreover, the study by Cox et al. [18] in mouse model of
hyperoxic ALI also demonstrated that AT-RvD1 inhibits oxidative stress
response by activating the Nrf2 signaling pathway. Therefore, we
speculate that AT-RvD1 might inhibit PQ-induced oxidative stress

Fig. 4. AT-RvD1 alleviated leukocyte infiltration. AT-RvD1 administration significantly reduced the total cell (A), neutrophil (B), and macrophage (C) counts in BALF
and MPO activity (D) in the lung tissue. AT-RvD1L: AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1 at high dose of 100 ng. △P < 0.05 vs. control group,
#P < 0.05 vs. PQ group, *P < 0.05 vs. AT-RvD1L group (n= 6).
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injury. In the present study, we evaluated the oxidative stress level in
the lung tissues by determining the level of main lipid peroxidation
metabolite MDA [22]. The results showed that the administration of
AT-RvD1 significantly reduced the MDA level in the lung tissues, in-
dicating that AT-RvD1 can effectively inhibit PQ-induced oxidative
stress responses. To further confirm the antioxidative mechanism of AT-
RvD1, we examined the expression of antioxidant transcription factor
Nrf2 in the lung tissues. Nrf2 is the main regulator of redox reaction
[25]. Under normal physiological conditions, Nrf2 mainly binds to its
inhibitor protein Keap1 and exists in an inactive form in the cytoplasm
[24]. Nrf2 is uncoupled from Keap1 when the cells are stimulated by
ROS. The activated Nrf2 is translocated into the nucleus, and subse-
quently, binds to Maf protein to form a heterodimer, which binds to
ARE to activate the transcription of its downstream antioxidant genes,
thereby exerting its antioxidative effects [26,27]. The results of the
present study showed that the administration of AT-RvD1 significantly
enhanced the nuclear translocation of Nrf2, suggesting that the anti-
oxidative effect of AT-RvD1 is attained by the activation of Nrf2. In
addition, we also examined the expression of Nrf2 downstream anti-
oxidant genes (NQO1 and HO-1) and found that AT-RvD1 significantly
up regulated their mRNA expression. The results further confirmed that
the antioxidative effect of AT-RvD1 is attained via the activation of
Nrf2. These results help us understand that in addition to promoting the
resolution of inflammation, AT-RvD1 can also promote the regression of
oxidative stress by up-regulating the expression of antioxidant genes.
This expands our comprehension of the in vivo biological activity of AT-
RvD1 and provides a theoretical basis for its application in the treat-
ment of oxidative stress.

The recruitment of leukocytes to the site of injury is an indicator of

ALI. Inflammatory cells infiltrating the lung tissues, especially neu-
trophils, can produce abundant cytotoxic substances (including gran-
zymes, ROS, and various pro-inflammatory cytokines), which are the
key factors affecting the development and severity of ALI [28–30].
Therefore, it is reasonable to believe that the reduction in leukocyte
infiltration contributes to the protection of lung tissues and the re-
solution of inflammation during ALI. Previously, it was believed that
the resolution of inflammation is a passive process, but recent studies
have confirmed that it is an active and highly regulated physiological
process [31]. Various lipid mediators, including RvD1, play an im-
portant role in this process [32,33]. Studies have reported that AT-
RvD1 exerts a potent inhibitory effect against leukocyte aggregation at
the site of inflammation in mouse models of colitis [34], arthritis of the
temporomandibular joint (TMJ) [35], and renal ischemia/reperfusion
injury [36]. Similar results were also observed in the present study. The
histopathological observations of lung tissues revealed that AT-RvD1
significantly reduced the number of leukocytes infiltrating the alveolar
space and pulmonary interstitium. Besides, we also found that AT-RvD1
significantly reduced the total cell, neutrophil, and macrophage counts
in the BALF, which further confirmed the role of AT-RvD1 in inhibiting
leukocyte recruitment. It has been reported that P-selectin-dependent
platelet–neutrophil interactions play an important role in the recruit-
ment of neutrophils to tissues [37]. P-Selectin is expressed in activated
endothelial cells and platelets. It can enhance the interaction between
neutrophils and circulating or endothelium-adhered platelets, and thus,
enhance the interaction of neutrophils with inflammatory endothelial
cells lining the vascular bed, ultimately leading to the migration of
neutrophils to inflammation sites [38]. We found from the western blot
assay that the administration of AT-RvD1 significantly inhibited the

Fig. 5. AT-RvD1 inhibited the platelet–neutrophil interactions. Cell-cell interactions between PMNs and platelets were monitored by flow cytometry. The percentages
of Ly-6G+ CD41+ cells are indicated at the top of the respective gates. A:control group, B:AT-RvD1group, C:PQ poisoning group, D: PQ poisoning+ AT-RvD1 low
dose group, E PQ poisoning+ AT-RvD1 high dose group. AT-RvD1L: AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1 at high dose of 100 ng. △P < 0.05 vs.
control group, #P < 0.05 vs. PQ group, *P < 0.05 vs. AT-RvD1L group (n= 6).
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expression of P-selectin in the lung tissues. Additionally, the results of
flow cytometry confirmed that the administration of AT-RvD1 sig-
nificantly reduced the level of platelet–neutrophil interactions in the
peripheral blood. The results demonstrated that AT-RvD1 inhibits pla-
telet–neutrophil interactions by regulating the expression of P-selectin,
thereby, inhibiting the activation and recruitment of neutrophils to
tissues.

In addition to inflammatory cell infiltration, large-scale release of

pro-inflammatory cytokines is another indicator of ALI. In our previous
study, increase in the TNF-α and IL-1β levels in mouse BALF was ob-
served 6 h after PQ exposure [7]. In the present study, we also observed
significant increase in the TNF-α and IL-1β levels in the BALF from PQ-
exposed mice. TNF-α is a pro-inflammatory cytokine primarily pro-
duced in monocytes and macrophages. It can trigger the recruitment of
inflammatory cells and further enhance inflammatory responses by
stimulating the production of other pro-inflammatory cytokines [39].

Fig. 6. The expression of NF-κB and P-Selectin in the lung tissue. AT-RvD1 markedly inhibited NF-κB activation (A,B) and down regulated P-Selectin expression
(C,D). The nuclear translocation of NF-κB is presented as p-p65/total p65. AT-RvD1L: AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1 at high dose of 100 ng.
△P < 0.05 vs. control group, #P < 0.05 vs. PQ group, *P < 0.05 vs. AT-RvD1L group (n= 6).

Fig. 7. AT-RvD1 inhibited the release of pro-inflammatory cytokines. BALF were collected at 72 h after PQ exposure, AT-RvD1 significantly reduced the level of IL-
1β(A) and TNF-α(B) in the BALF. AT-RvD1L: AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1 at high dose of 100 ng. △P < 0.05 vs. control group, #P < 0.05
vs. PQ group, *P < 0.05 vs. AT-RvD1L group (n=6).
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IL-1β has been proven to be one of the most biologically active cyto-
kines in the lungs of patients with ALI, and it can significantly increase
pulmonary vascular permeability that aggravates lung injury [40]. In
the present study, the administration of AT-RvD1 significantly reduced
the TNF-α and IL-1β levels in the BALF of PQ-exposed mice. The in-
hibition of pro-inflammatory cytokine release by AT-RvD1 is generally
attributed to the regulation of the pro-inflammatory transcription factor
NF-κB [34,41]. Under normal circumstances, NF-κB exists in an inactive
form in the cytoplasm by binding to its inhibitor protein (inhibitor κB,
IκB) [42]. The stimulation of cytokines, ROS, and endotoxin initiates
intracellular signal transduction to induce the rapid phosphorylation,
ubiquitination, and degradation of IκB. Subsequently, the activated NF-
κB enters the nucleus and binds to the κB unit on DNA molecules to
regulate the transcription of its downstream genes, including pro-in-
flammatory cytokines, chemokines, and adhesion molecules, which
facilitate the cascade amplification and propagation of inflammatory
responses [43]. The results of the present study showed that the ad-
ministration of AT-RvD1 significantly inhibited the nuclear transloca-
tion of NF-κB, indicating that AT-RvD1 can effectively inhibit the ac-
tivation of NF-κB. Considering the fact that target genes of NF-κB, such
as pro-inflammatory cytokines, chemokines, and adhesion molecules,
play important roles in inflammatory cell infiltration, in addition to
directly affecting leukocytes, the inhibition of leukocyte infiltration by
AT-RvD1 might also be partially attributed to the regulation of NF-κB.

Alveolar-capillary membrane is the main gas exchanging region in
the lungs, and the disruption of its integrity will affect gas exchange,
and thus, lead to dyspnea and even respiratory failure. Besides, the
decline in its barrier function will also increase the capillary perme-
ability, leading to pulmonary edema, which in turn, further aggravates

pulmonary dysfunction [44]. In addition, the alveolar–capillary mem-
brane also plays important roles in regulating inflammatory cell in-
filtration and maintaining tissue homeostasis [45,46]. The disruption of
alveolar–capillary membranes during ALI exacerbates the infiltration of
inflammatory cells and the release of pro-inflammatory cytokines,
leading to excessive inflammatory responses [45]. Therefore, the in-
tegrity of alveolar-capillary membranes is one of the key factors af-
fecting the treatment of ALI. In the present study, the administration of
AT-RvD1 significantly reduced the lung W/D weight ratio and the total
protein content in the BALF of PQ-exposed mice, suggesting that AT-
RvD1 can effectively improve the barrier function of alveolar–capillary
membranes and reduce the capillary permeability, thereby, alleviating
PQ-induced pulmonary edema. There are several factors leading to the
disruption of alveolar–capillary membranes, among which the pro-
duction of ROS [47], the infiltration and activation of neutrophils [48],
and the large-scale release of pro-inflammatory cytokines [49], play
important roles in this process. The results of the present study re-
confirmed our above-mentioned conclusion that AT-RvD1 plays active
roles in PQ-induced oxidative stress and inflammatory responses.

5. Conclusion

In summary, to the best of our knowledge, the present study is the
first to demonstrate that AT-RvD1 can effectively antagonize PQ toxi-
city to the lungs and alleviate PQ-induced ALI. These effects of AT-
RvD1 are mainly associated with its potent antioxidative and anti-in-
flammatory effects. In particular, we demonstrated that AT-RvD1 can
inhibit lipid peroxidation under PQ-induced oxidative stress condition
by regulating the expression of Nrf2 and its downstream antioxidant

Fig. 8. AT-RvD1 alleviated the lipid peroxidation in the lung tissues. AT-RvD1 significantly promoted the nuclear translocation of Nrf2 (A,B) and the mRNA
expression of NQO1 (C) and HO-1 (D) after PQ exposure. AT-RvD1 also significantly reduced MDA (E) level in the lung tissues after PQ exposure. The nuclear
translocation of Nrf2 is presented as Nrf2 nuclear/cytoplasmic. The mRNA expression data are presented as fold change normalized to β-actin expression. AT-RvD1L:
AT-RvD1 at low dose of 10 ng. AT-RvD1H: AT-RvD1 at high dose of 100 ng. △P < 0.05 vs. control group, #P < 0.05 vs. PQ group, *P < 0.05 vs. AT-RvD1L group
(n=6).

X. Hu et al. Life Sciences 218 (2019) 38–46

45



genes. The results suggested that AT-RvD1 has a strong antioxidative
capacity and further improved our understanding of its mechanisms in
promoting the resolution of inflammation and the transformation of
damaged tissues to homeostasis. Overall, the activation of in vivo
synthetic pathway or exogenous supplementation of AT-RvD1 might be
a potential therapeutic approach against PQ-induced poisoning.
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