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Abstract

Immune cell death caused by neutrophil extracellular traps (NETs), referred to as NETosis, can 

contribute to the pathogenesis of endotoxemia and organ damage. Although the mechanisms by 

which infection induces NETosis and how that leads to organ dysfunction remain largely 

unknown, NET formation is often found following citrullination of histone H3 (CitH3) by 

peptidylarginine deiminase (PAD). We hypothesized that lipopolysaccharide (LPS)-induced 

activation of PAD and subsequent CitH3-mediated NET formation increase endothelial 

permeability and pulmonary dysfunction and, therefore, that inhibition of PAD could mitigate 

damage and improve survival in lethal endotoxemia. Here, we showed that treatment with 
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YW3-56, a PAD2/PAD4 inhibitor, significantly diminished PAD activation, blocked LPS-induced 

pulmonary vascular leakage, alleviated acute lung injury, and improved survival in a mouse model 

of lethal LPS-induced endotoxemia. We found CitH3 in the bloodstream 30 min after 

intraperitoneal injection of LPS (35 mg/kg) into mice. Additionally, CitH3 production was induced 

in cultured neutrophils exposed to LPS, and NETs derived from these LPS-treated neutrophils 

increased the permeability of endothelial cells. However, YW3-56 exposure reduced CitH3 

production and NET formation by neutrophils following LPS exposure. Moreover, treatment with 

YW3-56 decreased the levels of circulating CitH3 and abolished neutrophil activation and NET 

formation in the lungs of mice with endotoxemia. These data suggest a novel mechanism by which 

PAD-NET-CitH3 can play a pivotal role in pulmonary vascular dysfunction and the pathogenesis 

of lethal endotoxemia.
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1. Introduction

Neutrophils are a host’s first line of defense against microbes and play crucial roles in innate 

immunity. In response to microbial infection, neutrophils release networks of nuclear DNA 

and proteins, including histones and enzymes, which are known as neutrophil extracellular 

traps (NETs) (Brinkmann et al., 2004). The consequence of NET-regulated cell death is 

called NETosis (Kaplan and Radic, 2012), which generally plays a host-protective role in 

infection (Fuchs et al., 2007). So far, NETosis has been found in many pathological 

conditions, including appendicitis (Brinkmann et al., 2004), cystic fibrosis (Young et al., 

2011), diabetes (Wong et al., 2015), small vessel vasculitis (Kessenbrock et al., 2009), 

systemic lupus erythematosus (Villanueva et al., 2011), and thrombosis (Fuchs et al., 2010). 

In addition, excessive NETs were observed in various organs of a murine sepsis model 

(Tanaka et al., 2014). However, despite growing evidence of their importance in disease 

pathology, the role of NETs in the pathogenesis of endotoxemia and sepsis is still not well 

understood.

It was recently revealed that the citrullination of histone H3 (CitH3) by peptidylarginine 

deiminase (PAD) serves as a convergence point for many diverse inflammatory signals that 

trigger NET formation (Neeli et al., 2008). We have reported that CitH3 was released into 

the circulation of mice three h after intraperitoneal injection of a lethal dose of 

lipopolysaccharide (LPS) (Li et al., 2011). Moreover, levels of CitH3 in the blood were 

formed to be significantly associated with the severity of the shock (Li et al., 2011), and the 

neutralization of circulating CitH3 with specific anti-CitH3 antibody significantly improved 

survival in a mouse cecal ligation and puncture (CLP) model (Li et al., 2014). These findings 

suggest that inhibition of PAD activity and subsequent CitH3 production can attenuate the 

consequences of endotoxemia or sepsis.

To date, five isozymes of PAD, numbered 1, 2, 3, 4 and 6, have been found (Wang and 

Wang, 2013), but only nuclear-localized PAD2 (Zhang et al., 2012) and PAD4 (Wang et al., 
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2009) can citrullinate histone H3 to induce NETosis. YW3-56 is a PAD2 and PAD4 inhibitor 

that was originally found as an anticancer compound with inhibitory activity against PAD2 

(IC50: 0.5-1 μm) and PAD4 (IC50: 1-2 μm) (Wang et al., 2012b). However, it had not been 

determined whether inhibition of PAD2 and PAD4 by YW3-56 could decrease CitH3 

production, inhibit NET formation, and attenuate LPS-induced shock.

We hypothesized that rapid and excessive production of NETs with CitH3 in response to an 

LPS insult would increase endothelial permeability, and that selective inhibition of the 

specific PAD isoforms PAD2 and PAD4 could improve survival in a mouse model of lethal 

endotoxemia. Consequently, we examined the effects of (i) the PAD2/ PAD4 inhibitor 

YW3-56 on survival in mice with lethal endotoxemia, (ii) LPS insult on PAD activation, 

NET formation, and vascular permeability in lung and endothelial cells, and (iii) YW3-56 

treatment on the LPS-induced alterations. These results reveal a new and important role for 

the specific PAD inhibitor in the treatment of lethal endotoxemia.

2. Materials and Methods

2.1. Reagents

Human umbilical vein endothelial cells (HUVECs, Lonza catalog number CC-2519) and 

endothelial cell growth medium (EGM) BulletKit (Lonza catalog numbers CC-3121 & 

CC-4133) were purchased from Lonza (Walkersville, MD, USA). Human promyelocytic 

leukemia cells (HL-60) were obtained from American Type Culture Collection, and 4’, 6-

diamidino-2-phenylindole dihydrochloride (DAPI), anti-fade reagent, and formalin were 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). Dulbecco’s modified 

Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco-BRL 

(Grand Island, NY, USA). Anti-CitH3 (citrulline R2 + R8 + R17, ab5103), anti-PAD4 

(ab96758), and anti-myeloperoxidase (MPO, ab9535) antibodies were supplied by Abcam 

(Cambridge, MA, USA). Donkey anti-mouse IgG Fab fragment, FITC-conjugated donkey 

anti-mouse IgG, tetramethyl rhodamine isothiocyanate (TRITC)-conjugated donkey anti-

mouse IgG, and normal donkey serum were provided by Jackson Immuno Research 

Laboratories (West Grove, PA, USA). Citrate buffer was purchased from Electron 

Microscopy Sciences (Hatfield, PA, USA). LPS from Salmonella typhosa (Catalog #L6386, 

Lot# 063M4017A), dimethyl sulfoxide (DMSO), Evans blue (EB) dye, formamide, and anti-

actin antibody (A2228) were purchased from Sigma-Aldrich (St. Louis, MO, USA), and 12 

mm Transwells with 0.4 μm pore polyester membrane inserts were provided by Corning Life 

Sciences (Corning, NY, USA). The ECL Detection Kit was obtained from GE Healthcare 

(Buckinghamshire, UK), and nitrocellulose/filter paper was purchased from BIO-RAD 

(Hercules, CA, USA). YW3-56 (purity > 95%) was kindly provided by Dr. Yanming Wang 

from Pennsylvania State University (University Park, PA, USA) (Wang et al., 2012b).

2.2. Animals

The Animal Care and Use Committee at the University of Michigan approved all animal 

studies. C57BL/6J mice (6-8 weeks old), weighing 20–25 g, were purchased from Jackson 

Labs (Bar Harbor, ME). All animals were housed with a 12 h light/dark cycle and had access 

to food and water throughout the experiment. Mice were randomly divided into three groups 
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(n = 8–10/group) for intraperitoneal (i.p.) injection with different reagents as follows: group 

1, DMSO (1 μl/g mouse body weight); group 2, LPS (35 mg/kg) + DMSO; and group 3, 

LPS + YW3-56 (5 mg/kg) dissolved in DMSO, with the YW3-56 injected 30 min after LPS 

administration. Mouse survival was monitored for 10 days. In a parallel experiment, mice 

received the same treatments as described above, and their blood and lungs were collected at 

various time points after injection of LPS or DMSO. Samples of serum and lung tissues 

were stored at −80°C or fixed with formalin for future use.

2.3. Assay for pulmonary microvascular permeability

Pulmonary microvascular permeability was assessed via the EB assay as previously 

described (Wang et al., 2012a). In brief, 1% EB solution in normal saline (4 ml/kg) was 

injected into the tail veins of mice 12 h after LPS challenge with or without YW3-56 

treatment. Thirty min later, the mice were killed. Lungs were perfused with phosphate-

buffered saline (PBS), 25 ml per mouse, and then excised, washed, and frozen in liquid 

nitrogen. Frozen tissue was immediately homogenized in ice-cold PBS and then incubated in 

formamide (60°C, 16 h). After centrifugation (7,000 × g, 10 min), the supernatant was 

collected, and the optical density (OD) at A620 was measured. The EB extravasation was 

expressed as EB in lung tissues (μg/g).

2.4. Histological analysis of acute lung injury (ALI)

Lung tissues were harvested 12 h after treatment. The samples were fixed in formalin, 

dehydrated, and stored in 70% ethanol, prior to being embedded in paraffin and sliced into 

5-¼m sections. Hematoxylin-eosin staining was performed according to standard 

procedures. A pathologist was assigned for grading ALI in a blinded fashion. The method 

for objective quantification of ALI has been previously described (Kim et al., 2012).

2.5. Immunohistochemical staining of PAD4

For immunohistochemistry staining, sections were deparaffinized and rehydrated in graded 

concentrations of ethanol. Antigen retrieval was achieved by treating sections with 10 mM 

citrate buffer and heating in a microwave oven for 15 min. Samples were blocked using 

peroxidase blocking reagent for 10 min followed by 5% BSA for 1 h at room temperature. 

Sections were incubated with anti-PAD4 antibody in a humidified chamber at 4°C overnight. 

After washing in 0.05% PBST (Tween-20), the samples were incubated with horseradish 

peroxidase-conjugated goat anti-rabbit antibody for 1 h at room temperature followed by 

incubation with diaminobenzidine in the dark. The slides were counterstained with 

hematoxylin and mounted. The percentage of positively stained cellular areas in each of 

eight randomly selected fields for each group was determined using ImageJ. The quantitative 

results for PAD4 expression were determined by the percentage of PAD4 positively stained 

cellular areas over the total area of cells in scanned fields.

2.6. Immunofluorescent staining of NETs

Lung sections were deparaffinized and rehydrated in graded concentrations of ethanol. 

Antigen retrieval was achieved by treating sections with 10 mM citrate buffer and heating in 

a microwave oven for 15 min. Samples were blocked with donkey anti-mouse IgG Fab 
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fragment overnight at 4°C. After a thorough wash in 0.05% PBST (Tween-20), the sections 

were sequentially incubated with mouse anti-CitH3 monoclonal and rabbit anti-MPO 

polyclonal antibodies in a humidified chamber at 4°C overnight. After being washed again, 

the samples were incubated with FITC-conjugated donkey anti-rabbit and TRITC-

conjugated donkey anti-mouse IgG for 1 h at room temperature. Following another wash, the 

sections were incubated with DAPI for 20 min and then mounted with anti-fade reagent. All 

the antibodies mentioned above were diluted in 10% normal donkey serum.

2.7. Cell culture and treatment

HL-60 cells were cultured in DMEM, supplemented with 20% FBS, and were differentiated 

into granulocytes by exposure to all-trans retinoic acid (ATRA; 1 μM) for 3 days. The HL-60 

neutrophilic cells were treated with LPS (1 μg/ml) in the presence or absence of YW3-56 (5 

μmol/l) for 6 h.

HUVEC were grown in EGM with supplements and treated with NET extracts (10 μg/ml) 

after they were growing in Transwell chambers.

2.8. NET collection

HL-60 neutrophilic cells were subjected to LPS (1 μg/ml) with or without YW3-56 (5 

μmol/l) for 6 h. Cells in the sham group did not receive any treatment. NETs were formed 

and collected as previously described, with some modifications (Saffarzadeh et al., 2012). 

Briefly, HL-60 cells were grown in a flask (75 cm2) until they reached 80% confluence, and 

then 0.6 ml of cold PBS was added after the medium was removed. NETs (the smear on the 

wells) were detached by 15 min of vigorous shaking and subsequently collected into 15 ml 

tubes. After centrifugation at 20 × g for 5 min to remove cells and cell debris, the NETs 

suspended in the supernatant were collected. After the protein concentration was measured, 

the NETs were stored at −80°C.

2.9. Western blot analysis

Western blot analysis was performed to detect CitH3 in both the mouse serum and NETs. 

The serum samples were diluted at 1:1 using normal saline. Equal amounts of samples were 

electrophoresed using SDS-PAGE and electronically transferred onto nitrocellulose 

membranes. The membranes were probed with anti-CitH3 polyclonal antibody (1:1000), and 

anti-rabbit IgG antibody conjugated to horseradish peroxidase (1:3000) was used as a 

secondary antibody. β-actin was used as an internal control. The immunoblotting bands were 

visualized and quantified using Image J software.

2.10. Transwell permeability assay

For the in vitro permeability assay, HUVEC (5×105 cells /ml) were grown on a Transwell 

insert for 3 days to develop a confluent monolayer. On day 4, NETs (10 μg/ml) were added 

to the chambers for 16 h, and the chambers were then incubated in the presence of 10-kDa 

FITC-dextran (1 mg/ml, Life Technologies). The fluorescence levels of media (50 μl) in the 

lower chambers were determined using a GloMax-multi detection system (Promega, 

Madison, WI).
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2.11. Statistical analysis

All values are expressed as the mean ± standard deviation (S.D.) and were analyzed using 

GraphPad Prism 6.0 statistical software (GraphPad Software, Inc., La Jolla, CA). Survival 

differences were compared by Kaplan-Meier curve with log-rank analysis. One-way analysis 

of variance (ANOVA) with Tukey’s post-test was used for multiple comparisons. P < 0.05 

was considered statistically significant.

3. Results

3.1. Inhibition of PAD2/PAD4 with YW3-56 diminishes LPS-induced PAD activation in 
lungs and improves survival in a mouse model of lethal endotoxemia

We assessed the effect of YW3-56 on survival in a mouse model of lethal endotoxemia. 

Intraperitoneal injection of LPS (35 mg/kg) was universally lethal, with the majority of 

deaths occurring within 24 h (Fig. 1A). When compared to the LPS-only group, the YW3-56 

treatment group had a significantly improved survival rate (survival rate of YW3-56 vs LPS: 

50% vs 0%, P < 0.0001). In a parallel study, lungs were harvested from these groups at 3 h 

after LPS or DMSO injection, and immunohistochemistry (IHC) was performed to analyze 

PAD4 protein expression in the lungs. As shown in Fig. 1B, PAD4 expression was barely 

detectable in the lungs of DMSO-treated mice, whereas cells positive for PAD4 staining 

were observed widely in the alveolar space and pulmonary capillaries of LPS-treated mice. 

However, treatment with YW3-56 significantly decreased the LPS-induced alteration (P < 

0.0001) (Fig. 1C). Our results indicate that YW3-56 treatment can improve survival and is 

associated with a decrease in the PADexpressing cells in the lungs, suggesting that the cells 

expressing high levels of PAD4 following LPS insult could be involved in the lethal 

endotoxemia.

3.2. YW3-56 decreases LPS-induced NET formation in lungs

To further determine whether the NETs were formed after PAD activation in the lethal 

endotoxemia, we performed immunofluorescence staining on lung tissues of mice from 

different groups. Generally, NET formation can be detected by staining for MPO and other 

nuclear proteins (Cheng and Palaniyar, 2013). We harvested lung tissues 12 h after LPS or 

DMSO injections and examined colocalization of MPO with CitH3 for LPS-induced NET 

formation (Fig. 2). In our experiment, NET formation was seldom seen in the lungs of the 

DMSO-treated animals. The LPS insult, however, increased the staining for MPO and CitH3 

with the widespread, web-like NETs. Treatment with YW3-56 eliminated these alterations. 

The result indicates that NETs are formed in lungs during the lethal endotoxemia and that 

inhibition of PAD2/PAD4 can abolish NET formation.

3.3. YW3-56 diminishes the LPS-induced increase of CitH3 and permeability of 
endothelial cells

We have previously demonstrated that levels of CitH3 are elevated in blood 3 h after 

intraperitoneal injection of LPS (35 mg/kg) (Li et al., 2011) and that the neutralization of 

circulating CitH3 can improve survival (Li et al., 2014). In the present study, we found that 

Liang et al. Page 6

Eur J Pharmacol. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CitH3 was even detectable 30 min after the LPS insult, and treatment with YW3-56 

dramatically decreased the CitH3 levels compared to the LPS-only group (Fig. 3A).

To determine whether YW3-56 can inhibit CitH3 production and NET formation, HL-60 

neutrophilic cells were treated with LPS (1 μg/ml) in the presence or absence of the PAD 

inhibitor (5 μmol/l) for 6 h. A small amount of NET was detected in the sham group in 

which neutrophilic cells did not receive any treatment (Fig. 3B, right panel). However, LPS 

significantly stimulated citrullination of histone H3 compared to levels in the sham group, 

whereas YW3-56 treatment attenuated the LPS-induced alteration (Fig. 3B, P < 0.05).

To find out whether they could affect endothelial cell function, we collected NETs from all 

three groups and analyzed the effect of the NETs on the permeability of HUVEC. We took 

equal amounts of NETs (10 μg/ml) from HL-60 neutrophilic cells in the aforementioned 

sham (no LPS and no treatment), LPS-only, and LPS + YW3-56 groups, and then treated the 

HUVEC in a Transwell plate for 16 h. In this experiment, HUVECs treated without NETs 

served as a control group. HUVECs treated with NETs from the sham-treated HL-60 cells 

were used as a sham group. The cell permeability was determined by measuring leakage of 

FITC-labeled dextran. The NETs derived from the LPS group increased the endothelial layer 

permeability by 42% ± 5%, whereas those derived from the sham group only enhanced 

permeability by 12% (Fig. 3C). Treatment with YW3-56 significantly decreased the 

permeability as compared to the LPS group (21 ± 3% vs 42 ± 5%). This result indicates that 

NETs can cause leakage of endothelial cells and that different NETs (spontaneously formed 

NETs, NETs from the LPS-only group, and NETs from the LPS+YW3-56 group) induce 

permeability to different extents. Moreover, treatment of HUVEC with YW3-56 protects 

endothelial cells from LPS-induced permeability, suggesting that a decrease of CitH3 levels 

could be one of the critical mechanisms.

3.4. YW3-56 alleviates LPS-induced pulmonary microvascular dysfunction

To further assess whether YW3-56 can prevent pulmonary microvascular dysfunction in the 

lungs during the lethal endotoxemia, we examined the levels of pulmonary tissue damage 

following exposure of mice to DMSO, LPS, or LPS +YW3-56. EB dye (1%, 4 ml/kg) was 

intravenously injected into the mice through the tail vein 12 h after they were exposed to the 

reagents, and lung tissues were harvested 30 min later. As shown in Fig. 4A, gross 

pigmentation increased in the LPS group as compared to the DMSO group, and treatment 

with YW3-56 significantly decreased the pigmentation. Examination of the left lung samples 

by light microscopy revealed numerous black spots in lungs from the LPS group (Fig. 4B), 

which were hardly detectable in lungs from the DMSO group. YW3-56 markedly attenuated 

the alteration cause by LPS (Fig 4B). To confirm these changes, the right lungs of mice from 

different groups were homogenized, and the OD of the supernatant was determined 

spectrophotometrically (Fig. 4C). The extravasation of EB into lung tissues was significantly 

increased in the LPS group compared to that in the DMSO group (46.2 ± 13 vs. 13.7 ± 0.5; 

P = 0.0045). For the LPS+YW3-56 group, the EB extravasation was significantly lower than 

those of the LPS group (17.7 ± 1.1 vs. 46.2 ± 13; P = 0.0085). These results indicate that 

YW3-56 alleviates LPS-induced pulmonary microvascular dysfunction.
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3.5. YW3-56 alleviates LPS-induced ALI

To determine whether YW3-56 can protect animals against ALI during the lethal 

endotoxemia, lung tissues were harvested 12 h after treatment from all three groups. 

Pathological examination showed that the evidence of acute lung injury in the LPS group, 

with interstitial edema and infiltration of inflammatory cells (Fig. 5A). YW3-56 treatment, 

however, dramatically reversed the histological changes. Blinded ALI grading, performed by 

a pathologist, revealed an increased score for the LPS group compared to the DMSO group, 

and a decreased score for the YW3-56 treated group compared to the LPS group (Fig. 5B, P 
< 0.0001).

4. Discussion

In the present study, we tested our hypothesis that treatment with a PAD2/PAD4 inhibitor 

can markedly improve the outcomes of mice subjected to lethal endotoxemia. We found that 

CitH3 can be detected in the circulation as early as 0.5 h after peritoneal injection of LPS 

(35 mg/kg). Inhibition of PAD2/PAD4 with YW3-56 can significantly decrease NET 

formation and CitH3 production in vivo and in vitro, maintain the integrity of endothelial 

cells and reduce pulmonary vascular dysfunction, alleviate ALI, and improve survival in a 

mouse model of lethal endotoxemia (Fig. 6).

To our knowledge, the present study is the first demonstration that inhibition of PAD2/PAD4 

with YW3-56 can attenuate the effects of LPS. Recently, we have found that treatment of 

septic mice with the pan-PAD inhibitor Cl-amidine can also significantly improve survival 

(Li et al., 2014; Zhao et al., 2016). However, Cl-amidine also drives apoptosis of 

inflammatory cells in vitro and in vivo (Chumanevich et al., 2011), which could limit its 

therapeutic applicability in sepsis. Nonetheless, specific inhibition of nuclear PAD2/PAD4 

could be a promising alternative therapeutic strategy.

We further investigated the effect of YW3-56 on LPS-induced NET formation, CitH3 

production, and endothelial permeability in vitro and in vivo. NETs are web-like structures 

that consist of decondensed DNA, histones, enzymes, and antimicrobial peptides (Kaplan 

and Radic, 2012). NETs function as double-edged swords (Kaplan and Radic, 2012). 

Normally, NETs play an essential role in innate immunity, but they have also been 

associated with some harmful aspects (Doring et al., 2013; Grayson and Kaplan, 2016), 

including direct cytotoxic and thrombotic effects on vascular endothelium (Fuchs et al., 

2010; Xu et al., 2009). In the current study, our data imply that citrullination of histone H3 

may be involved in the dysfunction of endothelial cells, although there is still no direct 

evidence. First, we demonstrated that NETs can increase the permeability of HUVEC in 
vitro, in particular the NETs from neutrophilic cells pretreated with LPS. In these cells, LPS 

can induce NET formation with increased CitH3 levels. However, inhibition of PAD2/PAD4 

with YW3-56 reversed the effects of LPS on NET formation and CitH3 production (Fig. 3). 

These findings were supported by our in vivo studies in which we showed that YW3-56 

could attenuate LPS-induced PAD4 activation, CitH3 production, and NET formation in the 

lungs of mice. In addition, YW3-56 suppressed LPS-increased pulmonary permeability and 

ALI. Recently, we have reported that the treatment of septic mice with a PAD inhibitor or 

neutralization of blood CitH3 with a specific antibody can improve survival in a mouse 
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model of lethal CLP (Li et al., 2014). As supported by our data in Fig. 2 and Fig. 3, 

increased expression of CitH3, a main component of LPS-induced NETs, increases the 

permeability of endothelium.

ALI/acute respiratory distress syndrome (ARDS) is one of the most common causes of 

morbidity and mortality in sepsis (Husak et al., 2010). ALI is characterized by the injury and 

dysfunction of the pulmonary microvasculature, which results in enhanced pulmonary 

microvascular sequestration, pulmonary infiltration of polymorphonuclear neutrophils 

(PMN), and the disruption of the normal alveolo-capillary permeability barrier, with a leak 

of albumin-rich fluid into the pulmonary interstitium and alveoli (edema). In a mouse CLP 

model, Gill et al reported that septic pulmonary microvascular dysfunction in vivo is due to 

pulmonary microvascular endothelial cell death, which is mediated through caspase-

dependent apoptosis and iNOS/NADPH-oxidase dependent signaling (Gill et al., 2015). It 

has been widely accepted that LPS-induced ALI is neutrophil-dependent in a murine model 

of endotoxic shock (Rittirsch et al., 2008). In our present study, we showed that a lethal dose 

of LPS induces neutrophils to release NETs within 30 min (Fig. 3A) and causes ALI in 3 h 

(data not shown). It is conceivable that, in this neutrophil-dependent ALI, pulmonary 

microvascular dysfunction is primarily the result of the effects of NETs and CitH3 on 

microvascular endothelial cells. We observed abundant infiltration and accumulation of 

leukocytes, particularly neutrophils, in both the interstitial and alveolar spaces of the lungs 

(Fig. 5A). Treatment with YW3-56 markedly attenuated the LPS-induced ALI and led to 

significant reductions in PMN infiltration, NET formation, and CitH3 production. These 

findings suggest that pulmonary microvascular barrier dysfunction in a murine LPS model, 

as reflected by enhanced CitH3 production and albumin leakage in the lungs, is associated 

with the presence of both alveolar PMN and NETosis. Collectively, the activation of 

neutrophils, release of NETs, and increase of CitH3 levels may contribute to the 

pathogenesis of endotoxemia and progression of ALI in the lethal LPS mouse model. In the 

current study, we did not examine effects of YW3-56 on all organs. However, we have 

recently investigated effect of Cl-amidine, a derivative of YW3-56, on other organs such as 

bone marrow (BM) and liver. We found that Cl-amidine plays protective roles by 

significantly restoring innate immune cells in BM, increasing blood monocytes and blood/

liver bacteria clearance, and attenuating pro-inflammatory cytokine production in a murine 

model of lethal sepsis (Zhao et al., 2016).

It has been reported that an anti-inflammatory agent acetylsalicylic acid can abrogate 

NETosis, which might be associated with inhibition of NF-κβ (Lapponi et al., 2013). PAD4 

can induce protein citrullination and enhance translocation of citrullinated NF-kβ into 

nucleus, and then increases gene expression of pro-inflammatory cytokines IL-1β and TNFα 
(Sun et al., 2017). It is conceivable that YW3-56 can inhibit PAD activity and therefore 

suppress LPS-induced NETosis.

We have to acknowledge that our present study has certain limitations. The rodent 

endotoxemia and human sepsis are not synonymous. Recently, we have studied effect of 

YW3-56 on blood levels of CitH3 biomarker in a mouse endotoxemia model (Pan et al., 

2017). To keep our research consistent, in the present study we took the mouse model of 

endotoxemia to determine whether YW3-56 can improve survival. Follow-up studies with a 
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mouse model of CLP-induced sepsis will be needed, since CLP model is widely considered 

the gold standard in sepsis research (Lilley et al., 2015; Ruiz et al., 2016). In the present 

study, we did not test the time-effect of YW3-56. However, we have recently shown that 

intraperitoneal injection of PAD inhibitor YW3-56 (5 mg/kg, once) can effectively diminish 

circulating biomarker CitH3 for over 24 h compared to no inhibitor control (Pan et al., 

2017). According to this finding we treated the endotoxic mice with YW3-56 only one time.

5. Conclusions

Our studies support the hypothesis that suppression of histone H3 citrullination and NETosis 

can prevent ALI and protect the host against lethal endotoxemia.
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Fig. 1. YW3-56 inhibited PAD4 expression and improved survival in a mouse model of lethal 
endotoxemia.
Mice were randomly divided into DMSO, LPS, and LPS+YW3-56 groups as described in 

Materials and Methods. The animals received i.p. injections with YW3-56 dissolved in 

DMSO (5 mg/kg, n = 10) or with DMSO (n = 8) 30 min after LPS administration (35 mg/

kg). The dose and injection times of the reagents (LPS, YW-356) were maintained 

throughout the study, unless otherwise noted. (A) Kaplan-Meier curve illustrating survival 

rates over a 10-day period. All of the mice in the LPS group died within 48 h, whereas the 

YW3-56 treatment group had significantly improved survival compared to the LPS group (P 
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< 0.0001). (B, C) Lungs were harvested 3 h after treatment and then sectioned for IHC 

staining of PAD4. Representative images (B) and quantification of PAD4 expression by 

ImageJ (C). Data are presented as mean ± S.D. (n = 8/group). PAD4, peptidylarginine 

deiminase 4; IHC, immunohistochemistry.
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Fig. 2. YW3-56 significantly decreased NET formation in mouse lung.
Mice were injected intraperitoneally with DMSO (vehicle control) or YW3-56 in DMSO 30 

min after LPS administration. Lungs were harvested 12 h after treatment and then sectioned 

for immunofluorescence staining of nuclei (blue), CitH3 (red), and MPO (green). 

Representative immunofluorescence images of NET formation in the lung (n = 3/group) 

demonstrated colocalization of MPO and CitH3 (yellow) outside the nuclei. NETs, 

neutrophil extracellular traps; CitH3, citrullinated histone H3; IHC, immunohistochemistry; 

MPO, myeloperoxidase.
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Fig. 3. YW3-56 significantly attenuated LPS-induced CitH3 production and decreased HUVEC 
permeability.
(A) Mice were injected intraperitoneally with DMSO only (sham), LPS+DMSO, or LPS

+YW3-56, and then 30 min after treatment, sera were prepared for detection of CitH3 by 

Western blot. (B) HL-60 neutrophilic cells were treated with LPS (1 μg/ml) in the presence 

or absence of YW3-56 (5 μmol/1) for 6 h. The neutrophilic cells for the sham group did not 

receive LPS. NETs were collected and subjected to Western blotting for CitH3 analysis. 

Densitometric units of CitH3 bands were measured using Image Studio Lite (right panel). 
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(C) HUVEC were grown in Transwell® plates until reaching confluence and then incubated 

with NETs collected as for Fig. 3B. HUVEC without any treatment were used as the control 

group. Cell permeability was assessed by measuring leakage of FITC-labeled dextran. Data 

are presented as mean ± S.D. (n = 3/group). NETs, neutrophil extracellular traps; CitH3, 

citrullinated histone H3.
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Fig. 4. YW3-56 alleviated LPS-induced pulmonary microvascular dysfunction.
Mice were injected intraperitoneally with DMSO only (sham), LPS+DMSO, or LPS

+YW3-56. EB dye (1%, 4 ml/kg) was intravenously injected 12 h after LPS, and the lungs 

were harvested 30 min after the dye injection. (A) Gross images of mouse lungs from 

DMSO, LPS, and LPS+YW3-56 groups. (B) Representative images of lung tissue sections 

from all three mouse groups, with EB leakage (red arrows) into alveolar spaces detected 

only with the LPS group. (C) EB extravasation was quantified by spectrophotometry, and 
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expressed as described in Materials and Methods. Data are expressed as mean ± S.D. (n = 3/

group). Evans blue dye albumin, EB.
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Fig. 5. YW3-56 alleviated LPS-induced ALI.
Mice were injected intraperitoneally with DMSO only, LPS+DMSO, or LPS+YW3-56. (A) 
Mouse lungs were harvested 12 h after treatment and then sectioned for H&E staining. (B) 
Histological ALI scores (n = 3/group). Data are expressed as mean ± S.D. ALI, acute lung 

injury.
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Fig. 6. Schematic diagram showing the mechanism of action of YW3-56 on lethal LPS-induced 
shock.
Activation of PAD by LPS can induce NET formation to release CitH3. CitH3 increases 

permeability of HUVEC, leading to ALI with pulmonary microvascular dysfunction. 

Inhibition of PAD2/PAD4 with YW3-56 can attenuate these LPS-induced alterations and 

improve survival.

Liang et al. Page 21

Eur J Pharmacol. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Reagents
	Animals
	Assay for pulmonary microvascular permeability
	Histological analysis of acute lung injury (ALI)
	Immunohistochemical staining of PAD4
	Immunofluorescent staining of NETs
	Cell culture and treatment
	NET collection
	Western blot analysis
	Transwell permeability assay
	Statistical analysis

	Results
	Inhibition of PAD2/PAD4 with YW3-56 diminishes LPS-induced PAD activation in lungs and improves survival in a mouse model of lethal endotoxemia
	YW3-56 decreases LPS-induced NET formation in lungs
	YW3-56 diminishes the LPS-induced increase of CitH3 and permeability of endothelial cells
	YW3-56 alleviates LPS-induced pulmonary microvascular dysfunction
	YW3-56 alleviates LPS-induced ALI

	Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

