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Abstract: Neutrophils play an essential role in the control of inflammatory diseases. However,
whether cannabinoid receptors (CBs) play a role in neutrophil chemotaxis and NETosis in sterile liver
inflammation remains unknown. The expression of marker genes on neutrophils was characterized by
FACS, immunofluorescence, qRT-PCR, and Western blot. The amount of neutrophils was significantly
elevated from 7 days and reached the peak at 2 weeks in carbon tetrachloride (CCl4)-treated mouse
liver. The mRNA expression of neutrophil marker Ly6G had positive correlation with CB1 and CB2
expression in injured liver. In vitro CBs were abundantly expressed in isolated neutrophils and CB1
agonist ACEA promoted the chemotaxis and cytoskeletal remodeling, which can be suppressed
by CB1 antagonist AM281. Moreover, ACEA induced NETosis, myeloperoxidase release from
lysosome and ROS burst, indicating neutrophil activation, via Gαi/o. Conversely, CB2 agonist JWH133
had no effect on neutrophil function. ROS and p38 MAPK signaling pathways were involved in
CB1-mediated neutrophil function, and ROS was upstream of p38 MAPK. CB1 blockade in vivo
significantly attenuated neutrophil infiltration and liver inflammation in CCl4-treated mice. Taken
together, CB1 mediates neutrophil chemotaxis and NETosis via Gαi/o/ROS/p38 MAPK signaling
pathway in liver inflammation, which represents an effective therapeutic strategy for liver diseases.
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1. Introduction

Neutrophils are the most abundant white blood cells and among the first cells recruited to
an inflammatory site, thus mediating the early responses to tissue injury [1]. Neutrophil activation
is characterized by neutrophil extracellular trap (NET) formation (NETosis) [2,3], granule enzymes
myeloperoxidase (MPO) release from lysosome (azurophilic granules) [4] and ROS burst [5], further
contributes to inflammation-associated damage in injured tissue. NETosis was first described in 2004 as
highly decondensed chromatin structures, which was associated with citrullination of histone H3 [6,7].
NETosis has been found in response to various stimuli such as LPS, damage-associated molecular
patterns (DAMPs), and PMA [6,8]. Recent studies have implicated that neutrophils play an essential
role in the control of sterile inflammatory diseases, which are also characterized by a sustained influx of
neutrophils and persistent NET release, and contribute to various injury processes [9,10]. For instance,
in chronic obstructive pulmonary disease and cystic fibrosis, neutrophils and NETs contribute to
chronic inflammatory and lung tissue damage [11,12]. Peptidylarginine deiminase (PAD) inhibition
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reduces NETosis and protects against lupus-related vasculature, kidney and skin injury in various
lupus models [13]. In pyogenic arthritis, pyoderma gangrenosum and acne syndrome, an imbalance
of NET formation and degradation are detected that enhances the half-life of these structures in vivo
and promotes inflammation [14]. Especially, the important role of neutrophils has been identified in
acute liver injury. In liver ischemia/reperfusion, interleukin-33, which is released from liver sinusoidal
endothelial cells, promotes NETosis of infiltrating neutrophils and exacerbates inflammatory injury [15].
Disruption of the miR-223 gene exacerbates acetaminophen-induced hepatic neutrophil infiltration,
oxidative stress, and injury, and enhances TLR9 ligand-mediated activation of pro-inflammatory
mediators in neutrophils [16]. However, it remains unknown about the mediator and underlying
molecular mechanism of regulating neutrophil recruitment and activation during chronic liver injury.

The endocannabinoid system (ECS) comprises cannabinoid receptors (CBs; CB1 and CB2),
endocannabinoids and their synthesis and degradation enzymes [17]. CB1 is highly expressed in
central nervous system and is also found in the periphery, including immune system and liver at
a lower level, while CB2 is mainly expressed in immune cells [18]. ECS has been proven to be involved
in the regulation of multiple physiological processes, such as appetite control, energy balance, pain
perception, and immune response [19–21]. Notably CBs have been identified as pivotal regulators
of acute and chronic liver injury, especially in inflammation-related liver injury [22]. For examples,
a potential impact of CB1 on the inflammatory response associated with NASH has been suggested by
experiments in obese rats, showing that CB1 antagonist rimonabant plays a hepatoprotective role in
the treatment of obesity-associated liver diseases and related features of metabolic syndrome [23,24].
Moreover, CB1 and CB2 participate in the resveratrol-induced anti-NASH effect by maintaining the gut
barrier integrity and inhibiting gut inflammation in high-fat diet-induced NASH rat models [25]. Our
previous studies have also found that CB1 promotes the infiltration and activation of bone marrow
(BM)-derived monocytes/macrophages in carbon tetrachloride (CCl4)-induced liver injury mouse
model, which could be inhibited by the blockade of CB1 [26,27]. However, the knowledge of whether
CBs are involved in neutrophil function during sterile liver inflammation remains limited.

Here we investigate the effects of CBs on neutrophil chemotaxis and activation in isolated
neutrophils and CCl4-induced murine models. Our findings suggest that CB1 but not CB2 mediates
neutrophil chemotaxis and NETosis in vitro, which are dependent of ROS and MAPK signaling
pathways. Furthermore, blockade of CB1 in vivo reduces the infiltration and activation of neutrophils
and attenuates liver injury in CCl4-treated mice, which may represent an effective therapeutic strategy
for liver diseases.

2. Materials and Methods

2.1. Materials

RPMI Medium 1640 was from GIBCO/Invitrogen (Grand Island, NY, USA). PCR reagents were
from Applied Biosystems. ACEA (special CB1 agonists), AM281 (CB1 antagonist), JWH133 (CB2
antagonist), SB203580 (p38 inhibitor) were from TOCRIS/R&D (Minneapolis, MN, USA). NAC and
PTX were from Sigma-Aldrich (St. Louis, MO, USA). Fibronectin was from Calbiochem (Germany).
YM254890 was from Adipogen Corp. (San Diego, CA, USA). SYTOX Green Nucleic Acid Stain was
from Molecular Probes, Inc. (Eugene, OR, USA).

2.2. Mouse Models of Liver Fibrosis

A CCl4 (1 µL/g BW)/OO mixture (1:9 v/v) was injected into abdominal cavity of mice twice per
week. Mice were sacrificed at 1, 2, and 3 days and 1, 2, and 4 weeks. The liver tissues were harvested.
The intraperitoneal injection of AM281 (2.5 mg/kg BW) or DNAase I (11284932001, 50 µg/mouse, Roche,
Swiss) was performed at 4 or 24 h before CCl4 administration. All animal work was conformed to
the Ethics Committee of Capital Medical University and in accordance with the approved guidelines
(approval number: AEEI-2014-131).
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2.3. BM Transplantation

ICR male mice aged 6 weeks received lethal irradiation (8 Grays) and immediately received
transplantation by a tail vein injection of 1.5 × 107 whole BM cells obtained from 3-week-old EGFP
transgenic mice. Four weeks later, mice of BM-rebuild were subjected to CCl4-induced liver injury.
After another 2 weeks, mice were sacrificed and liver tissues were harvested.

2.4. FACS

Non-parenchymal cells of mouse liver were isolated as described previously [28]. APC-Ly6G (BD
Biosciences, Franklin Lakes, NJ, USA) and its isotype-matched negative control were added to the
non-parenchymal cell suspension, respectively. After 15 min incubation in the dark, the cells were
washed with PBS and subjected to FACS, which was performed on a FACSAria and analyzed with
FACS Diva 4.1 (BD, Biosciences).

2.5. Isolation of Mouse BM Neutrophils

ICR mice aged 6 weeks were sacrificed by cervical dislocation at the time of neutrophils harvest.
Tibias and femurs were removed and stripped of their muscles. The BM was flushed using PBS, and
cell aggregates were disrupted via filtration through 70-µm cell strainer (BD Bioscience) and washed
with PBS. Cell suspension was layered in a ratio of 1 to 3 on top of Histopaque 1077 (Sigma Aldrich),
after centrifugation, precipitate was resuspended the with PBS. The cell suspension was layered in
a ratio of 1 to 2 on top of Histopaque 1119 (Sigma Aldrich), after centrifugation, neutrophils were
recovered on the top of Histopaque 1119. Neutrophils were washed with PBS and then resuspended
in RPMI Medium 1640. The purity of neutrophils was determined by immunofluorescence staining
for Ly6G (almost 100% cells were positive for Ly6G). Neutrophil viability was analyzed using Cell
Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) according to the manufacturer’s procedure.

2.6. Neutrophils Chemotaxis Assay

Isolated bone marrow neutrophils were incubated with Calcein-AM (Life Technologies, CA, USA)
to label cells and treated with AM281 (10 µM), NAC (5 mM), PTX (5 ng/mL), YM254890 (10 µM) or
SB203580 (10 µM) for 20 min, then seeded to the upper chambers of a 3 µm-transwell (Corning). Then
cells were allowed to migrate for another 2 h in the presence of ACEA (1 µM) or JWH133 (1 µM) in
the lower chambers. The chambers were incubated at 37 ◦C in 5% CO2. Subsequently, chemotaxis of
neutrophils was determined by the fluorescence value of Calcein-AM in the lower chambers, using
a fluorescent plate reader EnVision 2104-0010 (Perkinelmer, MA, USA).

2.7. Western Blot Analysis

Proteins were extracted from cells (50 µg) or liver tissue (100 µg) using RIPA Lysis Buffer
(R0010, Solarbio, China) added with Complete Protease Inhibitor Cocktail Tablets (04693116001,
Roche, Swiss). The components of RIPA Lysis Buffer were as follows: 50 mM Tris (pH 7.4), 150 mM
NaCl, 1%TritonX-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM sodium pyrophosphate, 25 mM
b-glycerophosphate, 1 mM EDTA, 1mM Na3VO4, 0.5 mg/mL leupeptin. Then the extract was separated
by SDS-PAGE and subjected to Western blot analysis. Membranes were incubated overnight using the
following antibodies: rabbit anti-citrullinated-histone H3 (CitH3) polyclonal antibody (ab5103, 1:200,
Abcam, Cambridge, United Kingdom), rabbit anti-ERK1/2 monoclonal antibody (4695) and rabbit
anti-phorspho-ERK1/2 monoclonal antibody (4376, 1:1000, Cell Signaling, Beverly, MA, USA); rabbit
anti-p38 polyclonal antibody (9212) and rabbit anti-phorspho-p38 polyclonal antibody (9211, 1:1000,
Cell Signaling); rabbit anti-JNK polyclonal antibody (9252) and rabbit anti-phospho-JNK monoclonal
antibody (4668, 1:1000, Cell Signaling); mouse anti-β-tubulin (HC101, 1:1000, TransGen Biotech, China)
and anti-β-actin monoclonal antibodies (HC201, 1:1000, TransGen Biotech, China). IRDye 800CW Goat
anti-Mouse IgG (H + L) Secondary Antibody (92632210), IRDye 800CW Goat anti-Rabbit IgG (H + L)
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Secondary Antibody (92632211, 1:10000, LI-COR, NE, USA) were used. The bands were displayed
using ODYSSEY and quantified by Odyssey v3.0 software. β-tubulin or β-actin were as references.

2.8. Immunofluorescence Staining

Isolated BM neutrophils were plated to adhere in fibronectin-coated 96-well plates (Corning)
or Nunc glass base dishes (Thermo Fisher Scientific, MA, USA) and pretreated with vehicle, AM281
(10 µM), NAC (5 mM), PTX (5 ng/mL), YM254890 (10 µM) or SB203580 (10 µM) for 20 min, respectively,
and stimulated for 2 h with ACEA or JWH133. Neutrophils were fixed by 4% paraformaldehyde for
30 min, after blocked with 2% BSA (Roche, Switzerland), they were incubated with the specific primary
antibodies for CitH3 (1:200), MPO (1:200) or Ly-6G (Clone 1A8, 551459, 1:100, BD pharmingen), CB1
(10006590, 1:200, Cayman Chemical, Ann Arbor, MI, USA), CB2 (1:200, 101550, Cayman Chemical)
or Rabbit IgG Isotype Control (1:100, 10500C, Invitrogen, CA, USA). Cy3-conjugate affinipure
goat-anti-rabbit IgG (111165003, 1:100) or Cy5-conjugate affinipure goat-anti-rat IgG (112175143,
1:100, Jackson Immunoresearch, PA, USA) were as secondary antibodies. For F-actin, neutrophils
were fixed by 4% paraformaldehyde for 30 min, penetrated by 0.5% Triton X-100 for 15 min and after
blocked with 2% BSA, FITC-conjugated phalloidin (A12379, 1:100, Molecular Probes, OR, USA) was
incubated for 20 min. Nuclei were stained with DAPI and SYTOX Green. The sample was observed
under confocal microscope (LSM510, Carl Zeiss MicroImaging GmbH, Germany). For high content
analysis, the plates were imaged on Thermo Scientific CellInsight personal cell imaging platform
(Thermo Fisher Scientific). Fluorescence intensity of each well was analyzed by Cellomics Cell Health
Profiling BioApplication software.

2.9. RT-qPCR

Total RNA was extracted from liver frozen specimens with or without treatments using an RNeasy
kit (Qiagen, Germany). RT-qPCR was performed in an ABI Prism 7300 sequence detecting system
(Applied Biosystems, CA, USA). Primers were as follows: 18s rRNA: Sense, 5′-GTA ACC CGT TGA
ACC CCA TT-3′; Antisense, 5′-CCA TCC AAT CGG TAG TAG CG-3′. Ly6G: Sense, 5′-AGA AGC
AAA GTC AAG AGC AAT CTC T-3′; Antisense, 5′-TGA CAG CAT TAC CAG TGA TCT CAG T-3′.
CB1: Sense, 5′-GGC GGT GGC CGA TCT C-3′; Antisense, 5′-CGG TAA CCC CAC CCA GTT T-3′.
CB2: Sense, 5′-AGC GCC CTG GAG AAC ATG-3′; Antisense, AGC TGC TGA TGA ACA GGT ACG
A-3′. MCP-1: Sense, 5′-TCT GGG CCT GCT GTT CAC A-3′; Antisense, 5′-GGA TCA TCT TGC TGG
TGA ATG A-3′. IL-1β: Sense, 5′-GCA ACT GTT CCT GAA CTC AAC T-3′; Antisense, 5′-ATC TTT
TGG GGT CCG TCA ACT-3′. IL-6: Sense, 5′-TAG TCC TTC CTA CCC CAA TTT CC-3′; Antisense,
5′-TTG GTC CTT AGC CAC TCC TTC-3′. CD86: Sense, 5′-TCC AAG TTT TTG GGC AAT GTC-3′;
Antisense, 5′-CCT ATG AGT GTG CAC TGA GTT AAA CA-3′.

2.10. ROS Production

2′,7′-Dichlorofluorescin diacetate (DCFHDA) (Sigma Aldrich) is a cell-permeable non-fluorescent
probe, which is de-esterified intracellularly and turns to highly fluorescent 2′,7′-dichlorofluorescein
upon oxidation. Isolated neutrophils were incubated with DCFHDA for 20 min and after seeded
to 96-well plate, they were treated with different stimulators. The plate was then transferred
onto a fluorescent plate reader, EnVision 2104-0010 (Perkinelmer, MA, USA), and detected the
fluorescent value or Thermo Scientific CellInsight personal cell imaging platform to acquire ROS
immunofluorescence images.

2.11. Liver Damage Assessment

Serum ALT and AST levels were detected by BS-200 Chemistry Analyzer (MINDARY, China).
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2.12. Histology Analysis

Liver tissues were fixed in 4% paraformaldehyde. Liver tissue sections (5 µm) were stained with
H&E for assessment of liver inflammation and injury. The inflammatory response was quantified by
calculating inflammatory area using Image J software. Fifteen randomly selected areas per sample
were measured as the mean value of the expressed percentage of inflammatory area.

2.13. Statistical Analysis

The results are expressed as mean ± standard error of the mean (SEM). Statistical significance was
assessed by Student’s t-test or one-way ANOVA for analysis of variance when appropriate. Correlation
coefficients were calculated by Pearson test. p < 0.05 was considered to be significant. All results were
verified in at least three independent experiments.

3. Results

3.1. Numerous Neutrophils Are Recruited and Activated in the Liver of CCl4-Treated Mice

To investigate the dynamic change of neutrophil signatures in sterile liver inflammation,
we examined the mRNA expression of neutrophil marker Ly6G in the liver treated by CCl4 for
different time points. Our results showed that Ly6G mRNA expression up-regulated from 7 days of
CCl4 administration and reached the peak at 2 weeks, whereas the expression evidently decreased at
4 weeks compared with 2 weeks (Figure 1A), indicating that numerous neutrophils were recruited
to injured liver during the early stage of chronic liver injury. Further, FACS analysis revealed that
percentage of Ly6G+ neutrophils was much higher in CCl4-treated mice for 2 weeks compared with
that in olive oil (OO)-treated mice (Figure 1B,C).

To clarify the origin of neutrophils recruited to the injured liver, we performed a genetic EGFP-labeled
BM cell transplantation to the mice that had been lethally irradiated. Then the chimeric mice received
intraperitoneal injection of CCl4 for 2 weeks to induce liver injury. We isolated hepatic non-parenchymal
cells from liver tissue and detected Ly6G+ cells by FACS. The percentage of Ly6G+EGFP+ neutrophils
(BM origin, OO group: 1.81%; CCl4 group: 12.00%) was much higher than Ly6G+EGFP− neutrophils
(non-BM origin, OO group: 0.07%; CCl4 group: 0.13%) in both OO and CCl4 groups (Figure 1D,E).
Moreover, Ly6G+EGFP+ neutrophils were significantly increased after CCl4 administration compared
with that in OO group (Figure 1D,E), indicating the recruited neutrophils in injured liver were mostly
derived from BM. Then we performed immunofluorescent staining to examine CitH3 expression in the
neutrophils of injured liver (Figure 1F). Further, increased hepatic level of citrullinated histone H3 (CitH3,
specific marker of NETosis) was detected in CCl4-treated mice (Figure 1G,H), suggesting the activation
of these infiltrating neutrophils in the injured liver. Correlation analysis showed a positive correlation
between CitH3 protein levels and Ly6G mRNA expression in liver tissue (Figure 1I). Altogether these
results demonstrate that large numbers of BM-derived neutrophils are recruited and activated in the
early stage of chronic liver injury.

3.2. CB Expression Positively Correlates with Neutrophil Signatures in CCl4-Treated Mice, and CBs Are
Abundantly Expressed in Isolated Neutrophils

Our previous study had showed that CB1 and CB2 expression were increased in CCl4-induced
liver injury [27]. Here we undertook correlation analysis of mRNA expression levels between CB1 or
CB2 and Ly6G. Each dot represented one liver sample from all mice (including OO and CCl4-treated
groups). Correlation coefficients were calculated using relative mRNA expression levels of CB1/CB2
and Ly6G from the same sample by Pearson correlation test (Figure 2A). Although both CB1 and CB2
were positively correlated with Ly6G (p < 0.05), CB1 represented a particularly higher correlation
coefficient (Figure 2A). Based on the prevailing amount of BM-derived neutrophils in injured liver,
we used mouse neutrophils isolated from BM in subsequent cellular experiments. The expression of
CB1 and CB2 in mouse BM derived-neutrophils were detected at mRNA level (Figure 2B), and protein
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level by immunofluorscence (Figure 2C). These results demonstrated the positive correlation between
the expression of CB1 and neutrophil signatures in CCl4-treated mice and the abundant expression of
CB1 in isolated neutrophils, suggesting that CB1 might play an important role in the recruitment and
activation of neutrophils during sterile liver injury.Cells 2020, 9, 373 6 of 20 

 

 
Figure 1. Numerous neutrophils are recruited and activated in the liver of carbon tetrachloride (CCl4)-
treated mice. (A) The mRNA expression of neutrophil marker Ly6G was examined by qRT-PCR in 
the injured liver of CCl4 mice. (B,C) Representative FACS plots and quantification for total neutrophils 
(Ly6G+). (D,E) Representative FACS plots and quantification for neutrophils of BM origin 
(Ly6G+EGFP+) and non-BM origin (Ly6G+EGFP-). (F) Immunofluorescent staining for CitH3 in the 
liver of CCl4-treated mice. Scale bars, 20 µm. (G,H) CitH3 expression in the injured liver was examined 
by Western blot. (I) The correlation between CitH3 protein levels and Ly6G mRNA expression in liver 
tissue. Data are presented as the mean ± SEM. N = 6 per group. *P < 0.05 vs. control. #P < 0.05 vs. EGFP- 
neutrophils with the same treatment. 

Figure 1. Numerous neutrophils are recruited and activated in the liver of carbon tetrachloride
(CCl4)-treated mice. (A) The mRNA expression of neutrophil marker Ly6G was examined by qRT-PCR
in the injured liver of CCl4 mice. (B,C) Representative FACS plots and quantification for total neutrophils
(Ly6G+). (D,E) Representative FACS plots and quantification for neutrophils of BM origin (Ly6G+EGFP+)
and non-BM origin (Ly6G+EGFP−). (F) Immunofluorescent staining for CitH3 in the liver of CCl4-treated
mice. Scale bars, 20 µm. (G,H) CitH3 expression in the injured liver was examined by Western blot.
(I) The correlation between CitH3 protein levels and Ly6G mRNA expression in liver tissue. Data are
presented as the mean ± SEM. N = 6 per group. * p < 0.05 vs. control. # p < 0.05 vs. EGFP− neutrophils
with the same treatment.
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Figure 2. Cannabinoid receptor (CB) expression positively correlates with neutrophil signatures in
CCl4-treated mice, and CBs are abundantly expressed in isolated neutrophils. (A) The correlation
between Ly6G and CB1 or CB2 in liver tissue. (B) The amplification plots of CB1 and CB2 expression in
neutrophils by RT-qPCR. (C) Representative images of immunofluorescent staining for Ly6G (green)
and CB1 or CB2 (red) in neutrophils. The nuclei were stained with DAPI (blue). Scale bars, 20 µm. N =

6 per group.

3.3. CB1 Rather than CB2 Mediates the Chemotaxis and Cytoskeletal Remodeling of Neutrophils In Vitro

Transwell assay was performed to explore whether CBs were involved in the chemotaxis of
neutrophils in vitro. Treatment with ACEA (CB1 agonist) significantly increased the migration capacity
of neutrophils in a dose-dependent manner, while JWH133 (CB2 agonist) had no such effect (Figure 3A).
Due to the weak affinity between ACEA and CB2, we pretreated neutrophils with CB1 antagonist
AM281 (1 and 10 µM) in ACEA-stimulated cells and showed declined chemotaxis of neutrophils with
AM281 pretreatment (Figure 3B), further proving that CB1 mediated the chemotaxis of neutrophils.
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Figure 3. CB1 rather than CB2 mediates the chemotaxis and cytoskeletal remodeling of neutrophils in 
vitro. Chemotaxis assays were performed by transwell chambers. (A) Neutrophil chemotaxis with 
ACEA (CB1 agonist) or JWH133 (CB2 agonist) treatment for 2 h. (B) Effect of AM281 (CB1 antagonist) 
on neutrophil chemotaxis. (C) Representative images of F-actin remodeling with ACEA (1 µM, 2 h) 
and JWH 133 (1 µM, 2 h) treatment in neutrophils. Scale bars, 20 µm. (D) Quantification of F-actin 
with or without AM281 (10 µM) in ACEA-treated neutrophils. (E) The total fiber area was qualified 
by high content analysis in ACEA-treated neutrophils with or without AM281 pretreatment. Data are 
presented as the mean ± SEM. N = 5 per group. *P < 0.05 vs. control. #P < 0.05 vs. ACEA-treated alone. 

Figure 3. CB1 rather than CB2 mediates the chemotaxis and cytoskeletal remodeling of neutrophils
in vitro. Chemotaxis assays were performed by transwell chambers. (A) Neutrophil chemotaxis with
ACEA (CB1 agonist) or JWH133 (CB2 agonist) treatment for 2 h. (B) Effect of AM281 (CB1 antagonist)
on neutrophil chemotaxis. (C) Representative images of F-actin remodeling with ACEA (1 µM, 2 h)
and JWH 133 (1 µM, 2 h) treatment in neutrophils. Scale bars, 20 µm. (D) Quantification of F-actin with
or without AM281 (10 µM) in ACEA-treated neutrophils. (E) The total fiber area was qualified by high
content analysis in ACEA-treated neutrophils with or without AM281 pretreatment. Data are presented
as the mean ± SEM. N = 5 per group. * p < 0.05 vs. control. # p < 0.05 vs. ACEA-treated alone.

Cytoskeletal remodeling is a prerequisite for cell chemotaxis and migration [29]. To evaluate the
involvement of CB1 in cytoskeletal remodeling, neutrophils were stimulated with ACEA or JWH133 and
then stained with FITC-conjugated phalloidin. Our findings indicated that ACEA-treated neutrophils
were able to form a well-defined F-actin-rich leading edge (Figure 3C) and induced an increase in
F-actin content (Figure 3D), whereas JWH133-treated neutrophils did not show obvious polymerized
F-actin (Figure 3C,D). Consistent with the chemotaxis results above, AM281 could significantly reduce
the increase of F-actin content induced by ACEA (Figure 3D). Moreover, the amount and distribution
of actin fibers in neutrophils were determined by high content analysis. Treatment with ACEA
showed significant increases in the total fiber area, which can be reversed by AM281 (Figure 3E).
These results support that CB1 rather than CB2 plays an important role in neutrophil chemotaxis and
cytoskeletal remodeling.
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3.4. CB1 but not CB2 is Involved in the Activation of Neutrophils In Vitro

Next we sought to determine whether CBs played a role in the activation of neutrophils, including
NETosis, MPO release from lysosome and ROS burst. Neutrophils stimulated with ACEA exhibited
increased CitH3 fluorescence compared with untreated cells and represented manifest web-like
chromatin release, in which chromatin and CitH3 (red) had good co-localization in neutrophils (Ly6G+,
violet) (Figure 4A,B), and can be suppressed by AM281 (Figure 4B). Western blot results showed the
same effect of ACEA on CitH3 expression (Figure 4C). In contrast, JWH133-treated neutrophils did not
exhibit increased level of CitH3 or web-like chromatin release (Figure 4A–C). We performed CCK-8
assay to measure neutrophil viability under the treatment of ACEA, the condition to induce NETosis.
Our results showed that ACEA decreased the cell viability of neutrophils, while CB2 agonist JWH133
had no such effect, which was in accordance with the results of NETosis (Figure 4D).
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confocal images of CitH3 (red) and Ly6G (violet) immunofluorescent staining and NETosis in ACEA or
JWH133-treated neutrophils. The nuclei were stained with SYTOX® Green (green) and DAPI (blue).
Scale bars, 20 µm. (B) Quantification of CitH3 and NETosis in ACEA or JWH133-treated neutrophils.
(C) CitH3 protein level in ACEA or JWH133-stimulated neutrophils was examined by Western blot.
(D) Cell viability of neutrophils treated by ACEA or JWH-133 by CCK-8 assay. Data are presented as
the mean ± SEM. N = 4 per group. * p < 0.05 vs. control. # p < 0.05 vs. ACEA-treated alone.
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Normally, MPO exists in lysosome and is undetectable by antibodies, when stimulated MPO is
released from lysosome becoming detectable [30]. Further we detected the release of MPO in neutrophils
by immunofluorescence. ACEA treatment resulted in more MPO release of neutrophils compared
with control, while JWH133 treatment had no such effect (Figure 5A,B). Similar to the results of CitH3,
AM281 also blocked ACEA-induced MPO release in neutrophils (Figure 5B). We then measured ROS
burst in neutrophils with ACEA treatment. In response to ACEA stimulation, neutrophils showed
a significant increase of ROS burst at 10 min, and this increase could be significantly prevented by
pre-incubation with NAC which is the scavenger of ROS (Figure 5C). In addition, pretreatment with
AM281 repressed ACEA-induced ROS burst, and JWH133 could not induce ROS burst in neutrophils
(Figure 5D). ROS immunofluorescence images also displayed the increase of ROS burst by ACEA
treatment (Figure 5E). Altogether these results display that CB1 but not CB2 mediates the activation
of neutrophils.
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Figure 5. CB1 but not CB2 mediates MPO release and ROS burst in vitro. (A) Representative confocal
images myeloperoxidase (MPO) (red) and Ly6G (violet) immunofluorescent staining in ACEA or
JWH133-stimulated neutrophils. The nuclei were stained with SYTOX® Green (green) and DAPI (blue).
Scale bars, 20µm. (B) Quantification of MPO in ACEA or JWH133-treated neutrophils. (C) ROS burst
in ACEA-treated neutrophils with or without NAC. (D) ROS burst in ACEA-treated neutrophils with
or without AM281. (E) ROS immunofluorescence images in ACEA- or JWH-133-treated neutrophils.
Data are presented as the mean ± SEM. N = 4 per group. * p < 0.05 vs. control. # p < 0.05 vs.
ACEA-treated alone.
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3.5. Blockade of CB1 Significantly Attenuates Neutrophil Infiltration and Liver Inflammation in
CCl4-Treated Mice

The effects of CB1 blockade on neutrophil function and liver inflammation were further verified
in vivo in mice treated with CCl4 for 2 weeks, when the hepatic levels of neutrophil signatures were
highest. CB1 blockade by the administration of AM281 restrained the mRNA levels of Ly6G in injured
livers (Figure 6A). In line with this, FACS analysis showed decreased neutrophils infiltration after
AM281 administration in CCl4-treated mice compared with CCl4-treated alone (Figure 6B,C). Similarly,
the down-regulated expression of CitH3 (Figure 6D,E) was observed in CCl4-treated mice with the
administration of AM281, indicating less formation of NETs. Representative H&E-stained images
showed a significant decrease of infiltrated inflammatory cells (Figure 6F) and the inflammatory
area was quantified by digital image analysis (Figure 6G). Besides, AM281 administration protected
liver against CCl4-induced injury with lower levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in mouse serum (Figure 6H). To elucidate the significance of NETs formation in
liver inflamamtion, DNase I was administrated in CCl4-treated mice. Our results showed that DNase I
significantly reduced mRNA expression of markers for liver inflammation (MCP1, IL-1β, IL-6) and
macrophage activation (CD86) in the liver of CCl4-treated mice (Figure 6I). Altogether these results
demonstrate that blockade of CB1 inhibits the recruitment and activation of neutrophils in the early
stage of chronic liver injury and significantly attenuates liver injury.
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Figure 6. Blockade of CB1 significantly attenuates neutrophil infiltration and liver inflammation in
CCl4-treated mice. (A) Ly6G mRNA expression in CCl4- or olive oil (OO)-treated liver with or without
the administration of AM281. (B,C) Representative FACS plots and quantification for neutrophils in
liver. (D,E) CitH3 protein levels in liver. (F) Representative H&E staining images of liver sections. Scale
bars, 100 µm. (G) Quantitative analysis of liver inflammation areas. (H) Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels were detected by chemistry analyzer. (I) mRNA expression
of MCP-1, IL-1β, IL-6, and CD86 in CCl4- or OO-treated liver with or without the administration of
DNase I. Data are presented as the mean ± SEM. N = 6 per group. * p < 0.05 vs. OO. # p < 0.05 vs.
CCl4-treated alone.
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3.6. Gαi/o Signal Is Involved in CB1-Mediated Chemotaxis and NETosis In Vitro

CB1 is a G-protein-coupled receptor which can transduce corresponding G protein-related
signaling. To determine the distinct G-protein subtype involved in neutrophil chemotaxis and NETosis,
we pre-treated cells with pertussis toxin (PTX) (Gαi/o inhibitor) or YM254890 (Gαq inhibitor). PTX
prevented ACEA-induced neutrophil chemotaxis, while YM254890 exhibited no effect on it (Figure 7A).
In line with this, the up-regulation of Cit-H3 protein induced by ACEA can be reversed by PTX,
not YM254890 (Figure 7B–D). Moreover, less MPO release of neutrophils was observed after the
pre-incubation of PTX in ACEA-stimulated cells compared with control, while YM254890 treatment
had no such effect (Figure 7E). Markedly, PTX pretreatment inhibited ACEA-induced ROS burst, while
YM254890 could not reduce ROS burst in neutrophils (Figure 7F). Taken together, these results indicate
that Gαi/o, not Gαq signal is involved in CB1-mediated chemotaxis and NETosis.
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Figure 7. Gαi/o signal is involved in CB1-mediated chemotaxis and NETosis in vitro. (A) ACEA-induced
neutrophil chemotaxis pretreated with Gαi/o inhibitor PTX or Gαq inhibitor YM254890. (B,C) Representative
images and quantification of CitH3 immunofluorescent staining (green) and NETosis in ACEA-treated
neutrophils pretreated with PTX or YM254890. The nuclei were stained with DAPI (blue). Scale bars,
20 µm. (D) CitH3 protein level with PTX or YM254890 pretreatment was examined by Western blot.
(E) Quantification of myeloperoxidase (MPO) immunofluorescence with pertussis toxin (PTX) or YM254890
pretreatment. (F) ROS burst in ACEA-treated neutrophils with or without PTX or YM254890 pretreatment.
Data are presented as the mean ± SEM. N = 4 per group. * p < 0.05 vs. control. # p < 0.05 vs.
ACEA-treated alone.
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3.7. ROS Is Required for CB1-Mediated Neutrophil Chemotaxis and NETosis In Vitro

Since ROS burst was markedly induced by ACEA, we then explored whether ROS was involved
in CB1-mediated neutrophil chemotaxis and NETosis. Transwell assay showed that CB1-mediated
chemotaxis in neutrophils was suppressed by NAC (Figure 8A), suggesting that ROS acted as
a signaling molecule in CB1-mediated neutrophil chemotaxis. As NETosis can either be ROS-dependent
or ROS-independent [31,32], we pre-treated neutrophils with NAC before stimulation with ACEA
and detected CitH3 expression and MPO release, to investigate whether CB1-induced NETosis
required ROS in vitro. NAC significantly blocked ACEA-induced increase of CitH3 detected by
immunofluorescence (Figure 8B,C) and Western blot (Figure 8D). Similarly, lower MPO fluorescence
was observed in neutrophils pre-incubated with NAC before ACEA stimulation compared with that
without NAC (Figure 8E). Collectively, elimination of ROS suppresses CB1-mediated chemotaxis and
NETosis in neutrophils, suggesting that ROS acts as an important signaling molecule in CB1-mediated
neutrophil function.
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Figure 8. ROS is required in CB1-mediated chemotaxis and NETosis in vitro. (A) ACEA-induced
neutrophil chemotaxis pretreated with or without NAC (5 mM). (B,C) Representative images and
quantification of CitH3 immunofluorescent staining (green) and NETosis in ACEA-treated neutrophils
pretreated with or without NAC. The nuclei were stained with DAPI (blue). Scale bars, 20µm. (D) CitH3
protein level with or without NAC pretreatment was examined by Western blot. (E) Quantification of
MPO immunofluorescence with or without NAC pretreatment. Data are presented as the mean ± SEM.
N = 4 per group. * p < 0.05 vs. control. # p < 0.05 vs. ACEA-treated alone.
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3.8. p38 MAPK Signaling Pathway, Located In the Downstream of ROS, Is Involved in CB1-Mediated
Neutrophil Chemotaxis and NETosis

CB1 is a G-protein-coupled receptor whose biological function depends on multiple signaling
pathways, such as AMPK and MAPK signaling pathways [33]. To identify which pathway controls
the chemotaxis and NETosis of neutrophils, we first detected the phosphorylation of p38, JNK and
ERK after ACEA treatment. Stimulation with ACEA led to a significant increase in the protein
level of phosphor-p38 (Figure 9A,B), but failed to activate JNK (Figure 9C,D) and ERK (Figure 9E,F)
in neutrophils. Based on these, we focused on the key role of p38 in neutrophil function in the
following experiments.
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total p38 expression after ACEA treatment was measured by Western blot. (C,D) Phosphor-JNK and
total JNK expression. (E,F) Phosphor-ERK and total ERK expression.Data are presented as the mean ±
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Moreover, ACEA-induced neutrophil chemotaxis was significantly suppressed by p38 inhibitor
SB203580 (Figure 10A), indicating the key role of p38 in neutrophil chemotaxis. In case of CB1-mediated
NETosis, p38 inhibition restrained CitH3 expression detected by both fluorescence (Figure 10B,C)
and Western blot (Figure 10D). Similarly, lower MPO fluorescence was observed in neutrophils
pre-incubated with p38 inhibitor before ACEA stimulation (Figure 10E). These results indicate that
CB1-mediated p38 phosphorylation is involved in neutrophil chemotaxis and NETosis. Furthermore,
inhibition of p38 had no effect on the production of ROS (Figure 10F), whereas elimination of ROS
inhibited CB1-mediated phosphorylation of p38 (Figure 10G), suggesting that ROS was upstream
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of p38. Combining the above results, p38 MAPK signaling pathway is required for CB1-mediated
neutrophil chemotaxis and NETosis, and locates in the downstream of ROS (Figure 10H).
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4. Discussion

In summary, this study demonstrates for the first time that CB1 mediates neutrophil chemotaxis
and activation in a ROS- and p38 MAPK-dependent manner in sterile liver inflammation. Our work
provides several new findings as follows: 1. Numerous bone marrow-derived neutrophils are recruited
and activated in the liver of CCl4-treated mice; 2. CBs positively correlate with neutrophil signatures
in CCl4-treated mice, and are abundantly expressed in isolated neutrophils; 3. In vitro CB1 rather than
CB2 mediates neutrophil chemotaxis, NETosis, MPO release and ROS burst via Gαi/o signal; 4. ROS
and p38 MAPK signaling pathway are both required for CB1-mediated neutrophil chemotaxis and
NETosis, and p38 MAPK signaling pathway locates in the downstream of ROS; 5. Blockade of CB1
significantly attenuates neutrophil infiltration and liver inflammation in CCl4-treated mice.

Neutrophils act as the first responders of the innate immune system and their crucial role in
fighting invading pathogens during bacterial inflammation has been well established by published
literature [34,35]. Recently more and more studies have been focusing on the prevailing role of
neutrophils in sterile inflammation, and overexuberant neutrophil recruitment is associated with
collateral tissue damage, defective healing, and chronic inflammation [36,37]. In the current study, we
show that numerous BM-derived neutrophils are recruited to the site of liver injury shortly. The hepatic
levels of neutrophil marker Ly6G begin to rise from 7 days of CCl4 administration and peek at 2 weeks,
which is the early stage of chronic liver injury. This is in agreement with published studies demonstrating
that neutrophil depletion by injection of Ly6G antibody markedly reduces chronic-binge ethanol
feeding-induced liver injury and liver transplantation ischemia–reperfusion injury [8,38,39]. However,
there are studies identifying the dual role for neutrophils in acetaminophen-induced acute liver injury,
with neutrophil-mediated injury amplification early on, but exerting protective effects during the
repair phase as depletion of neutrophils increases liver damage [40,41]. Also neutrophils contribute to
spontaneous resolution of liver inflammation and fibrosis via microRNA-223 in CCl4-induced chronic
liver injury [41]. More studies will be needed to figure out the mechanism underlying differential role
of neutrophils in different models of liver inflammation and fibrosis.

ECS is implicated in the pathogenesis of numerous diseases, including cancer, cardiovascular
disease, and liver disease [42,43]. Especially CB1 has emerged as a pivotal mediator in liver and exerts
profibrogenic effects in chronic liver diseases including hepatic fibrosis, liver cirrhosis alcoholic fatty
liver and nonalcoholic fatty liver [44]. Our previous studies have also demonstrated the vital role of CB1
in the migration and activation of BM-derived mesenchymal stromal cells and monocytes/macrophages
in CCl4-induced chronic liver injury [26,27,45,46]. However, the effect of CBs on neutrophil function
during sterile liver inflammation is unclear up to now and is first documented in the present study.
Our data display that CB1 rather than CB2 mediates the chemotaxis of neutrophils and NETosis, and
CB1 blockade with AM281 reduces the infiltration and NETosis of neutrophils and attenuates liver
injury in vivo, which can be used as a novel target for the treatment of liver fibrosis.

NETs, DNA webs released into the extracellular environment by activated neutrophils, are
thought to play a key role in the function of neutrophils [47,48]. Unlike nuclear chromatin, NETs are
highly decondensed chromatin structures, and PAD4 has been reported to be essential in chromatin
decondensation to form NETs by catalyzing histone citrullination [49]. The partial PAD4-deficiency
(Pad4+/–) reduced acute lung injury induced by bacteria and improved survival, while complete NET
inhibition by PAD4 deficiency (Pad4–/–) reduced lung injury [50]. Further studies will be needed
to investigate PAD4 expression and the effect of PAD4 on NETosis in our CCl4-treated mice and
ACEA-treated neutrophils.

NETosis was initially found dependent on the ROS by NADPH [32], and was subsequently found
also to be independent of ROS [31]. In the present study, ACEA-mediated neutrophil chemotaxis and
NETosis can be significantly suppressed by ROS scavenger NAC, indicating that CB1 induces the
chemotaxis and NETosis of neutrophils in a ROS-dependent manner. Since ROS could activate MAPK
pathway and then mediate PMA-induced NETosis [51], here we detect the activation of p38, JNK, and
ERK after ACEA stimulation, showing that only p38 MAPK pathway is activated and involved in
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CB1-mediated neutrophil chemotaxis and NETosis. Further we identify the upstream and downstream
relationship of ROS and p38 MAPK signaling pathways by the fact that p38 inhibition has no effect
on the production of ROS, whereas ROS elimination inhibits CB1-mediated phosphorylation of p38,
suggesting that ROS acts as an upstream signaling molecule of p38 MAPK in neutrophil chemotaxis
and NETosis.

In conclusion, we identify the critical role of CB1 in neutrophil chemotaxis and NETosis during
sterile liver inflammation and explore the underlying mechanism associated with Gαi/o/ROS/p38 MAPK
signaling pathway, which may open new perspectives for pharmacological treatment of liver disease.
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