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Abstract
Objective This study investigated pathogenic role and mechanism of extracellular histone H4 during oleic acid 
(OA)-induced acute respiratory distress syndrome (ARDS). Methods: ARDS was induced by intravenous injection 
of OA in mice, and evaluated by blood gas, pathological analysis, lung edema, and survival rate. Heparan sulfate 
(HS) degradation was evaluated using immunofluorescence and flow cytometry. The released von Willebrand 
factor (vWF) was measured using ELISA. P-selectin translocation and neutrophil infiltration were measured via 
immunohistochemical analysis. Changes in VE-cadherin were measured by western blot. Blocking antibodies 
against TLRs were used to investigate the signaling pathway. Results: Histone H4 in plasma and BALF increased 
significantly after OA injection. Histone H4 was closely correlated with the OA dose, which determined the ARDS 
severity. Pretreatment with histone H4 further aggravated pulmonary edema and death rate, while anti-H4 antibody 
exerted obvious protective effects. Histone H4 directly activated the endothelia. Endothelial activation was evidently 
manifested as HS degradation, release of vWF, P-selectin translocation, and VE-Cadherin reduction. The synergistic 
stimulus of activated endothelia was required for effective neutrophil activation by histone H4. Both TLRs and calcium 
mediated histone H4-induced endothelial activation. Conclusions: Histone H4 is a pro-inflammatory and pro-
thrombotic molecule in OA-induced ARDS in mice.

Significance Statement
As the main risk factor for acute respiratory distress syndrome (ARDS), pulmonary fat embolism (PFE) is a common 
complication following long bone fractures, cardiopulmonary resuscitation, and infusion through an intraosseous 
catheter. This study showed that histone H4 is an essential pro-inflammatory and pro-thrombotic molecule in 
OA-induced ARDS. Histone H4 directly induces pulmonary endothelial activation. Endothelial activation is an 
indispensable synergistic stimulus for neutrophil activation induced by histone H4. TLRs and calcium are intimately 
involved in histone H4 mediated endothelium activation.
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Introduction
Acute respiratory distress syndrome (ARDS) has a mor-
tality rate of more than 40%. The hallmark of ARDS is 
refractory hypoxemia resulting from acute pulmonary 
proteinaceous edema [1–3]. Unchecked overwhelming 
inflammation triggered by injurious mediators is inti-
mately involved with endothelial injury [4, 5]. Increased 
endothelial permeability is viewed as the underlying 
pathological basis of ARDS [6, 7]. Endothelial cells are 
not only damaged by inflammatory injury but also the 
active participants of inflammatory response. Activated 
endothelial cells may further aggravate the inflammatory 
response, resulting in a vicious circle [8, 9].

As the main risk factor for fatal ARDS, pulmonary 
fat embolism (PFE) is a common complication follow-
ing long bone fractures, cardiopulmonary resuscitation, 
and infusion through an intraosseous catheter [10, 11]. 
PFE has many similarities with oleic acid (OA)-induced 
acute lung injury, but the underlying mechanisms remain 
largely unknown [12, 13]. Damage-associated molecular 
patterns (DAMPs) are considered to be a major pathway 
of uncontrolled inflammation. DAMPs molecules include 
extracellular histones, mitochondrial DNA, formyl pep-
tides, HMBG1, etc. The role of DAMPs molecules has 
not been thoroughly investigated in OA-induced acute 
lung injury [14, 15].

Extracellular histones have been increasingly recog-
nized as key mediators in systemic inflammatory injuries 
[16, 17]. Freeman et al. have proven that extracellular 
histones can bind pulmonary capillary endothelium pref-
erentially through a charge-dependent interaction [18]. 
Therefor the aim of this study was to investigate the 
pathogenic role and mechanism of extracellular histone 
H4 during OA-induced ARDS.

Materials and methods
Reagents
The reagents used in this study included: oleic acid (OA) 
and Histopaque (Sigma-Aldrich St. Louis, MO, USA); 
histone H4 (Millipore, Billerica, MA, USA); antibod-
ies for P-selectin, sodium-potassium ATPase, CD31 
(PECAM-1), and Ly6G (Abcam, Cambridge, MA, USA); 
an antibody for Cadherin-5 (BD Transduction Labora-
tories, CA, USA); an antibody for heparan sulfate (HS) 
(Bioss, Woburn, MA, USA); blocking antibodies against 
P-selectin, TLR4 (HTA125), TLR2 (TL2.1), and TLR1 
(GD2.F4) (eBioscience, San Diego, CA, USA); a block-
ing antibody against TLR6 (TLR6.127) (Abcam, Cam-
bridge, MA, USA); enzyme-linked immunosorbent assay 
(ELISA) kits for histone H4 and von Willebrand factor 
(vWF) (Cusabio Biotech, Wuhan, China); and 1,2-bis(2-
aminophenoxy) ethane N, N,N’,N’-tetraacetic acid ace-
toxymethyl ester (EGTA-AM) (MedChemExpress, 
Monmouth Junction, NJ, USA). Following the previously 

described methods a blocking antibody against histone 
H4 (anti-H4) was purified in autoimmune mice [19].

Animal studies
Eight-week-old male C57BL/6 mice weighing 20–22  g 
were purchased from Peking University Animal Center 
(Beijing, China). All procedures followed in this study 
were reviewed and approved by the Peking University 
Animal Care and Use Committee (No. LA201783). The 
study was conducted in accordance with ARRIVE guide-
lines for experimental studies [20]. The mice were housed 
in an air-conditioned specific pathogen free facility at 
25℃. Upon arrival, mice were allowed to acclimate for 
three days before the experiment. To minimize animal 
suffering, the mice were administered anesthesia before 
surgery and medication after surgery for pain relief, and 
were humanely sacrificed by injecting ketamine (100 mg/
kg) and xylazine (6 mg/kg) followed by cervical disloca-
tion as soon as the experimental procedures were com-
pleted. After administering anesthesia with 1.5% sodium 
pentobarbital, mice in the OA group were injected with 
OA via the lateral tail vein. To analyze the dose-response 
of OA, the dose of 100, 200, 300, or 450 µL/kg suspended 
in 50 µL phosphate-buffered saline (PBS) were injected 
intravenously. The dose of 300 µL/kg was injected intra-
venously to study acute lung injury while the dose of 
450 µL/kg was injected for the survival analysis. As an 
intervention, histone H4 (10  mg/kg) or anti-H4 anti-
body (20 mg/kg) was injected through the lateral tail vein 
30 min prior to OA challenge according to the reference 
and the pre-experiment [21]. An equivalent volume of 
PBS was injected into control mice using similar meth-
ods. To ensure the ubiquitous distribution of OA, the 
total volume injected was split into three equal parts, 
which were injected sequentially while the mice were 
placed in supine, 30° right lateral, and 30° left lateral posi-
tions [22].

Blood gas analysis
After the mice were anesthetized, whole blood was col-
lected by puncturing the abdominal aorta. To analyze 
arterial partial oxygen pressure (PaO2), whole blood (0.25 
mL) was examined using a gas analyzer (Ciba Corning, 
Etobicoke, ON, Canada). ARDS was diagnosed using 
PaO2 analysis (PaO2/FiO2 ≤ 300 mmHg).

Measurement of histone H4 in plasma and 
bronchoalveolar lavage fluid (BALF)
Plasma was separated from whole blood by centrifuga-
tion at 1,000×g for 10  min at 4  °C. Because bronchoal-
veolar lavage can interfere with the analysis of lung wet/
dry mass ratio, BALF was obtained from a different 
group of mice rather than from the group used for wet/
dry ratio analysis. The BALF was obtained by flushing the 
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lungs with 1 mL PBS, and then centrifuged at 1,000×g 
for 10 min to collect the supernatant. Histone H4 in the 
plasma and supernatant was measured using ELISA.

Pathological and immunohistochemical analyses of 
pulmonary tissues
Lung samples obtained from the right upper lobes were 
fixed with 4% formalin for 48  h at 25  °C. After being 
embedded in paraffin, the fixed tissues were cut into 
5-µm-thick sections. The tissues were stained with hema-
toxylin and eosin (H&E). The pathologists who were 
blinded to the study design scored microscopic injury for 
H&E-stained sections. The degree of injury was judged by 
the reported criteria that was based upon the variables: 
interstitial edema, hemorrhage, necrosis, atelectasis and 
neutrophil infiltration [23]. To analyze immunohisto-
chemically neutrophil specific marker Ly6G, the sections 
were blocked with 1% hydrogen peroxide in methanol for 
25 min and with 1% BSA in 0.05% Tween-20 for 15 min. 
Then, the sections were incubated with the primary anti-
body for Ly6G (1:50) for 30 min, followed by incubation 
with a biotin-labeled goat anti-rabbit secondary antibody. 
Peroxidase substrate was used to develop the sections. 
For each pulmonary section, three microscopic visual 
fields were randomly selected.

Assessment of P-selectin in pulmonary vasculature
Immunohistochemical detection of P-selectin was con-
ducted after lung sections were fixed in 4% paraformalde-
hyde for 90 min at 4 °C. Following a previously described 
protocol, a venule was defined as positively stained if it 
had a brown reaction product on more than 50% of the 
circumference of its endothelium. Ten venules were ana-
lyzed for each lung section, and 18 sections were exam-
ined for each group. The percentage of positively stained 
venules was calculated [24, 25].

Immunofluorescence analysis of pulmonary tissues
As soon as the cryosections (8 μm) of pulmonary tissues 
were air-dried, they were fixed in 4% formalin for 30 min. 
The sections were permeabilized in blocking buffer (5% 
goat serum + 0.5% BSA + 1% Triton X-100) and incubated 
with a primary antibody for HS proteoglycan (1:50) for 
2  h at room temperature. An FITC-labeled goat anti-
rabbit IgG secondary antibody was used to visualize the 
HS proteoglycan, whereas DAPI (Vector, CA, USA) was 
used for nuclear staining. The fluorescence images were 
obtained using a confocal laser scanning microscope 
(Carl Zeiss LSM 710, Germany).

Western blotting
Protein concentration was measured using a Bio-Rad 
Protein Assay Kit. To analyze the vascular endothe-
lial cadherin (VE-Cadherin) in mouse lung vascular 

endothelial cells (MLVECs), the cytoplasm and mem-
brane were separated using a Cell Fractionation Kit 
(Cell Signaling Technology, Danvers, MA, USA). Equal 
quantities of protein lysates (40 µg) were mixed with the 
loading buffer and fractionated by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis. The separated 
proteins were transferred onto polyvinylidene difluo-
ride membranes. The membranes were probed using 
an anti-Cadherin-5 primary antibody (1:2,000) and an 
anti-sodium-potassium ATPase antibody (1:100,000) 
overnight at 4 °C. The bands were visualized using a che-
miluminescence system.

MLVEC isolation and characterization
MLVECs were prepared following a previously pre-
scribed method. Pulmonary tissues were diced into 1 
mm3 sections and cultured in 60-mm culture dishes. 
Adherent cells were further purified using a biotin-
labeled rat anti-mouse CD31 antibody, and then cultured 
in endothelial growth medium-2 supplemented with 10% 
fetal-bovine-serum at 37  °C in 5% CO2. The MLVECs 
were characterized by their cobblestone morphology and 
positive staining for factor VIII-related antigen (Sigma-
Aldrich) [26]. Before the cells were treated with histone 
H4 or blocking antibodies against TLR1, TLR2, TLR4, 
TLR6, and P-selectin, they were incubated in serum-free 
medium for 12 h.

Measurement of P-selectin translocation
P-selectin translocation in MLVECs was assessed fol-
lowing the previously described cell surface ELISA [27]. 
The cells were treated with histone H4 in the presence 
or absence of specific blocking antibodies against TLRs. 
After being fixed with 1% paraformaldehyde for 20 min, 
the cells were incubated with blocking solution (5% BSA) 
for 15  min, and then incubated with an anti-P-selectin 
antibody (1:100) for 90  min. Peroxidase activity was 
quantified with a plate reader at 450  nm. The average 
level of cell surface P-selectin in the control group was 
considered as the baseline value.

Purification of neutrophils from mouse bone marrow
Isolation of mouse neutrophils from bone marrow was 
performed following the previously described protocol. 
In brief, the cells were flushed out of the marrow cavity 
using Hanks’ salt solution, which contains 2 mM EDTA 
(without magnesium and calcium). Histopaque density 
gradient was used to separate the remaining cells after 
the erythrocytes were abandoned. Through centrifuga-
tion (2,000  rpm, 40  min), neutrophils were found to be 
mainly located at the interface of Histopaque 1077 and 
1119. The cellular viability was evaluated using Trypan 
blue dye exclusion assay. Neutrophil purity was assessed 
using Wright-Giemsa staining [28].
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Neutrophil adhesion assay
According to the described protocol, adhesion assay of 
neutrophils to endothelium was evaluated using a color 
digital camera attached with a binocular microscope 
(Olympus, Japan). Purified neutrophils were incubated 
with MLVECs in a culture well for 15 min. Three fields of 
view were randomly selected for every culture well, and 
the number of adhered neutrophils/mm2 was recorded. 
The neutrophil adhesion results were presented as the 
ratio of the experiment group results to the control group 
results (100%) to eliminate the variations in neutrophil 
adhesion across groups [29]. The adhesion assay of neu-
trophils to the endothelial cells was performed under 
two conditions: (1) Neutrophils were challenged with the 
plasma collected from OA challenged mice (OA-plasma) 
and then exposed to MLVECs unchallenged with histone 
H4. (2) Neutrophils were challenged with OA-plasma 
and then exposed to MLVECs challenged with histone 
H4.

Statistical analyses
The results are shown as the mean ± SD. All data were 
analyzed using GraphPad Prism v8.3.0 (San Diego, CA, 
USA). One-way ANOVA was used to analyze the statisti-
cal differences among groups, and Tukey’s multiple com-
parisons test was used to analyze the differences between 
groups. The log-rank (Mantel-Cox) test was applied to 
analyze animal survival time. The correlation test was 
used to analyze the relationship of OA injected and his-
tone H4 in plasma or BALF. A p-value < 0.05 was consid-
ered statistically significant.

Results
Pathogenic role of histone H4 in OA induced ARDS in mice
After OA challenge, plasma histone H4 and BALF his-
tone H4 were significantly higher than those in the 
control group, especially when the OA dose exceeded 
300 µL/kg, as shown in Fig.  1A and B. Significant posi-
tive correlations were observed between the doses of 
OA (from 100 to 450 µL/kg) and histone H4 in plasma 
(r = 0.9706, p = 0.006) and BALF (r = 0.9612, p = 0.0091). 
Refractory hypoxemia is the hallmark of ARDS. OA chal-
lenge caused obvious hypoxemia in mice in a dose depen-
dent manner, as shown in Fig. 1C. The PaO2 decreased to 
55.17 ± 15.52 mmHg (p = 0.0002, compared to the control 
group) when the OA dose reached 300 µL/kg. The path-
ological changes of the lungs were clear, and included 
widespread thickened pulmonary interstitium, obvious 
infiltration of inflammatory cells, alveolar collapse, and 
diffuse hemorrhage, as shown in Fig. 1D. The pathologi-
cal score reached to 4.83 (p = 0.0057, compared to the 
control group). As shown in Fig.  1E, the lung wet/dry 
mass ratio was significantly increased after OA challenge 
compared to the control group (p = 0.0008). Pretreatment 

with histone H4 further worsened the pulmonary edema, 
while pretreatment with anti-H4 antibody significantly 
improved it. Remarkably, histone H4 infusion alone also 
caused severe pulmonary edema. Ten mice (10/14) died 
within 72  h after being challenged with a lethal dose of 
OA (450 µL/kg), as shown in Fig.  1F. When pretreated 
with intravenous histone H4, nearly all mice (13/14) died 
within 72  h after OA challenge (p = 0.0909, compared 
to the mice only challenged with OA). In contrast, five 
mice (5/14) died when pretreated with the anti-H4 anti-
body (p = 0.0462, compared to the mice only challenged 
with OA). There was a statistically significant difference 
(p = 0.0005) in the survival rates between the mice pre-
treated with histone H4 and anti-H4 antibody.

Pulmonary endothelial activation mediated by histone H4
After OA challenge, pulmonary endothelial activation 
was increased compared to the control group. HS was 
significantly degraded 12 h after OA challenge, as shown 
in Fig.  2A. Pretreatment with histone H4 further pro-
moted HS degradation, while the anti-H4 antibody signif-
icantly reduced the HS degradation. Similarly, histone H4 
infusion caused significant HS degradation. As shown in 
Fig. 2B, OA challenge was associated with greater release 
of vWF compared to the control group (p = 0.0012). VE-
Cadherin status is an indicator of microvascular per-
meability. As shown in Fig.  2C, after OA challenge, the 
membrane VE-Cadherin was significantly decreased 
compared to the control group (p = 0.0478). Pretreat-
ment with histone H4 increased the loss of VE-Cadherin, 
whereas pretreatment with the anti-H4 antibody showed 
a protective effect. Pulmonary veins exhibited significant 
P-selectin translocation, as the proportion of veins that 
were positively stained for P-selectin was significantly 
increased compared to the control group (p < 0.0001), as 
shown in Fig. 2D. Pretreatment with histone H4 and the 
anti-H4 antibody showed opposite effects on both vWF 
release and P-selectin translocation.

Neutrophil activation mediated by histone H4
Neutrophil infiltration and activation were increased in 
the lung tissues compared to the control group after OA 
challenge. As shown in Fig. 3A, staining for the specific 
neutrophil marker Ly6G showed that there was increased 
neutrophil infiltration into lung tissues. The MPO activ-
ity in the lung tissues was also significantly increased 
compared to the control group (p < 0.0001), as shown in 
Fig.  3B. The serine proteases proteinase 3 and elastase 
were abundant in neutrophils and were released upon 
neutrophil degranulation. As shown in Fig.  3C and D, 
circulating proteinase 3 and elastase were significantly 
increased 12 h after OA challenge compared to the con-
trol group (p < 0.0001). Pretreatment with histone H4 
aggravated both neutrophil infiltration and activation 
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Fig. 1 Pathogenic role of histone H4 in OA-induced ARDS. Twelve hours after the mice were challenged with different intravenous doses of OA (100, 
200, 300, or 450 µL/kg), histone H4 in the plasma (A), H4 in the BALF (B), blood gas (C), and pathological changes in lungs (D) were evaluated. Histone 
H4 (10 mg/kg) or anti-H4 antibody (20 mg/kg) was injected through the tail vein 30 min prior to OA challenge (300 µL/kg for Figs. 1E and 450 µL/kg for 
Fig. 1F). Then, the lung wet/dry mass ratio (E) and survival rate (F) were analyzed. Data are presented as mean ± SD (n = 14 for the groups in Fig. 1F, and 
n = 6 for all other groups). The H&E stained lung sections are representative of three similar samples. Scale bars: 50 μm. *p < 0.05, **p < 0.01 compared to 
the control group; #p < 0.05, ##p < 0.01 compared to the OA group
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caused by OA challenge, whereas the anti-H4 antibody 
showed an antagonizing effect on them. Impressively, 
histone H4 infusion alone also caused marked neutrophil 
infiltration and activation.

Activation effect of histone H4 on the endothelium and 
neutrophils in vitro
As shown in Fig. 4A and B, treatment of MLVECs with 
the plasma collected from OA challenged mice (OA-
plasma) led to endothelial HS degradation and vWF 
release from WPBs compared to the control group 
(p < 0.0001). Pretreatment with histone H4 worsened HS 
degradation and vWF release caused by the OA-plasma, 
whereas the anti-H4 antibody showed an inhibitory 
effect to some extent. Treatment with histone H4 alone 
also caused evident HS degradation and vWF release. As 
shown in Fig. 4C, when neutrophils were treated with the 
OA-plasma and then exposed to MLVECs unchallenged 
with histone H4, the relative proportion of neutrophils 
adhering to MLVECs was mildly increased compared to 
the control group (p = 0.1658). On the contrary, when the 
treated neutrophils were exposed to MLVECs challenged 
with histone H4, the proportion of neutrophils adhering 
to the MLVECs was significantly increased (p < 0.0001), as 
shown in Fig. 4D. As shown in Fig. 4E and F, the change 

in the MPO activity in the supernatant was similar to 
that for the neutrophil adhesion. When the neutrophils 
treated with the OA-plasma were exposed to unchal-
lenged MLVECs, MPO activity was slightly increased 
compared to the control group (p = 0.4886). When the 
treated neutrophils were exposed to MLVECs challenged 
with histone H4, MPO activity was markedly increased 
compared to the control group (p < 0.0001). Pretreatment 
with histone H4 increased neutrophil adhesion and MPO 
activity further, whereas the anti-H4 antibody showed an 
antagonizing effect. By inhibiting the mutual binding of 
the endothelium and neutrophils, the blocking anti-P-
selectin antibody significantly decreased the neutrophil 
adhesion (p = 0.0474) and MPO activity (p = 0.0350) com-
pared to the OA-plasma group.

Roles of TLRs and calcium in histone H4 mediated 
endothelium activation
To study the signaling pathways involved in histone 
H4-mediated endothelium activation, blocking antibod-
ies against TLR1, TLR2, TLR4, and TLR6 were used to 
investigate the role of TLRs. As shown in Fig.  5A and 
B, histone H4 treatment led to the significant degrada-
tion of membrane HS (p < 0.0001) and VE-Cadherin 
(p = 0.0269) in MLVECs compared to the control group, 

Fig. 2 Pulmonary endothelial activation in OA-induced ARDS. The changes in the pulmonary vascular glycocalyx were evaluated by immunofluores-
cence staining of endothelial HS (A) 12 h after the mice were challenged with OA (300 µL/kg) injected intravenously. Histone H4 (10 mg/kg) or anti-H4 
antibody (20 mg/kg) was injected through the tail vein 30 min prior to OA challenge. The level of circulating vWF was measured by ELISA (B), and the 
change in VE-Cadherin in the cell membrane was measured by western blot (C). The translocation of P-selectin in the venules was evaluated by immuno-
histochemical detection (D). Data are presented as mean ± SD (n = 6). The results for immunofluorescence staining and western blot are representative of 
three similar experiments. *p < 0.05, **p < 0.01 compared to the control group; #p < 0.05, ##p < 0.01 compared to the OA group
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as measured by flow cytometry and western blot, respec-
tively. Pretreatment with a blocking antibody against 
TLR4 distinctly inhibited the degradation of endothelial 
HS and VE-Cadherin. A blocking antibody against TLR2 
also slightly inhibited HS and VE-Cadherin degrada-
tion. However, blocking antibodies against TLR1 and 
TLR6 had minimal effects. As shown in Fig.  5C and D, 
the release of vWF from WPBs (p = 0.0003) and P-selectin 
translocation (p < 0.0001) in MLVECs were evident after 
histone H4 treatment compared to the control group. 
Pretreatment with the blocking antibody against TLR4 
obviously reduced the release of vWF (p = 0.3655) and 
P-selectin translocation (p = 0.1623) compared to the 
H4-treated group. The blocking antibody against TLR2 
also showed some inhibitory effect. The effects of the 
blocking antibodies against TLR1 and TLR6 were almost 
negligible. Calcium chelation with EGTA-AM was used 
to study the role of calcium. Calcium chelation showed 
little effect on endothelial HS and VE-Cadherin degra-
dation (data not shown). However, calcium chelation 
evidently inhibited the release of vWF from WPBs and 
P-selectin translocation in a dose-dependent manner, 
as shown in Fig.  5E and F. Additionally, calcium chela-
tion showed a synergistic effect with the blocking anti-
body against TLR4 upon the release of vWF (p = 0.0128) 

and P-selectin translocation (p = 0.0481) compared to the 
H4-treated group.

Discussion
ARDS can be induced by a variety of diseases [30]. PFE 
is a life-threatening condition with characteristic mani-
festations of acute pulmonary proteinaceous edema and 
refractory hypoxemia [31, 32]. When nuclear histones are 
released passively from necrotic cells or actively by cell 
death such as NETosis, these extracellular histones not 
only exhibit bactericidal activity but also damage normal 
host tissues [33, 34]. The main source of histones are neu-
trophils which can be activated by complement C5a to 
form neutrophil extracellular traps (NETs) [35, 36].

In this study, histone H4 in the plasma and BALF was 
significantly increased after OA injection, especially 
when the dose of OA exceeded 300 µL/kg. Extracellular 
histone H4 was closely related with the OA dose which 
determined the severity of acute lung injury. The patho-
genic role of histone H4 was revealed further by the 
experimental intervention. Pretreatment with histone 
H4 further aggravated the pulmonary edema and death 
rate, while the anti-H4 antibody exerted clear protective 
effects.

Fig. 3 Neutrophil activation in OA-induced ARDS. Neutrophil infiltration in the pulmonary tissue was examined by immunohistochemical detection of 
the specific marker Ly6G (A), and neutrophil activation was measured by MPO activity (B) 12 h after the mice were challenged with OA (300 µL/kg). His-
tone H4 (10 mg/kg) or anti-H4 antibody (20 mg/kg) was injected intravenously 30 min prior to OA challenge. The levels of circulating proteinase 3 (C) and 
leukocyte elastase (D) were measured by ELISA. Data are presented as mean ± SD (n = 6). The immunohistochemical images are representative of three 
similar experiments. Scale bars: 50 μm. *p < 0.05, **p < 0.01 compared to the control group; #p < 0.05, ##p < 0.01 compared to the OA group
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Fig. 4 Effect of histone H4 on endothelial and neutrophil activation in vitro. The changes in endothelial HS (A) and vWF in the supernatant (B) were 
evaluated by immunofluorescence staining and ELISA, respectively, after the MLVECs were treated with the plasma collected from OA-challenged mice 
(OA-plasma) for 12 h. Neutrophils were treated with the OA-plasma (12 h) and exposed to either unchallenged MLVECs or MLVECs challenged with his-
tone H4 (15 mg/L) for six hours. The relative percentage of neutrophil adhesion to MLVECs was determined by a cell surface adhesion assay (C, D), and 
MPO activity in the supernatant was measured by ELISA (E, F). Histone H4 (15 mg/L), anti-H4 antibody (20 mg/L), or anti-P-selectin antibody (10 mg/L) 
was added to the medium one hour prior to the OA-plasma exposure. Data are presented as mean ± SD (n = 6). The immunofluorescence images are 
representative of three similar experiments (400×). Arrowheads indicate the staining of HS. *p < 0.05, **p < 0.01 compared to the control group; #p < 0.05, 
##p < 0.01 compared to the OA-plasma group
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Fig. 5 TLR and calcium signaling involved in histone H4-mediated endothelium activation. After the MLVECs were challenged with histone H4 (15 mg/L) 
for 12 h, the changes in endothelial HS were evaluated by flow cytometry (A) while the VE-Cadherin in the cell membrane was measured by western 
blot (B). The vWF in the supernatant (C, E) and P-selectin translocation (D, F) were measured through ELISA. Prior to histone H4 challenge, the cells were 
pretreated for one hour with a blocking antibody (10 mg/L) against TLRs (TLR1, TLR2, TLR4, or TLR6) and the calcium chelator EGTA-AM (25, 50 or 100 µM). 
Data are presented as mean ± SD (n = 6). The results for flow-cytometry and western blot are representative of three similar samples. *p < 0.05, **p < 0.01 
compared to the control group; #p < 0.05, ##p < 0.01 compared to the H4 group
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Endothelial and neutrophil activation is a hallmark 
of the ARDS pathogenesis. This study showed that sig-
nificant endothelial and neutrophil activation occurred 
during OA-induced ARDS in mice. The endothelial acti-
vation was manifested as HS degradation, release of vWF, 
P-selectin translocation, and VE-Cadherin reduction. 
Neutrophil activation was seen through pulmonary neu-
trophil infiltration, elevated circulating proteinase 3 and 
elastase, and increased MPO activity. Pretreatment with 
histone H4 further worsened endothelial and neutrophil 
activation, but the anti-H4 antibody showed significant 
antagonistic effects.

The activation effect of histone H4 on endothelial cells 
and neutrophils was verified by in vitro experiments. 
Extracellular histone H4 could directly activate MLVECs, 
as measured by HS degradation and vWF release. In 
contrast to the activation of endothelial cells, neutro-
phil activation was mild when they were only challenged 
with exogenous histone H4, as shown by MPO activity 
and neutrophil adhesion assay. However, the synergistic 
stimulus of activated endothelia was associated with sig-
nificant activation of neutrophils induced by extracellular 
histone H4. When the adhesion of endothelial cells with 
neutrophils was blocked using an anti-P-selectin anti-
body, the neutrophil activation was markedly inhibited. 
These findings suggest that neutrophil activation requires 
the synergistic stimulation of activated endothelium and 
histone H4. Furthermore, binding of neutrophils to the 
endothelium is a prerequisite for neutrophil activation.

Neutrophil activation begins from recruitment to 
lung vasculature, adhesion to pulmonary endothelium, 
and ends with uncontrolled activation [37, 38]. Pul-
monary endothelial activation is necessary for histone 
H4-induced neutrophil activation. The pulmonary endo-
thelium supplies a common platform for promoting acti-
vation of the inflammatory cascade [39, 40].

Pulmonary edema resulting from increased endothe-
lial permeability is the keystone of ARDS. Pulmonary 
endothelial glycocalyx has been recognized as the main 
regulator of vascular structural integrity and endothelial 
permeability [41, 42]. As the most abundant glycosami-
noglycan in pulmonary vascular endothelial glycocalyx, 
HS degradation mediates pulmonary endothelial hyper-
permeability and consequential pulmonary edema during 
ARDS [43, 44]. Furthermore, multiple types of cytokines, 
chemokines, signaling molecules, and growth factors are 
reserved within HS, which are termed HS-binding pro-
teins (HSBPs). When HS is degraded, HSBPs are released 
to induce the inflammatory storm [45, 46].

Weibel-Palade bodies are endothelium–specific secre-
tory organelles that contain vWF and a variety of other 
inflammatory mediators, such as P-selectin, interleu-
kin-8, and angiopoietin-2 [47]. When the endothe-
lium detects damage, vWF is rapidly released through 

exocytosis, and P-selectin is translocated to the endothe-
lial surface for mediating endothelial activation [48]. vWF 
is not only a pro-thrombotic mediator but also an essen-
tial pro-inflammatory molecule. It can promote neutro-
phil diapedesis through the modulation of the endothelial 
integrity. Additionally, the released vWF can interact 
with the DNA of neutrophil extracellular traps to further 
aggravate inflammatory injury [49–51]. The P-selectin 
translocated to the cell surface can mediate leukocyte 
tethering, rolling, and diapedesis through the endothelial 
barrier [52–54].

VE-Cadherin is the central component of endothelial 
adherens junctions that regulate junctional integrity and 
endothelial permeability in vessels [55]. In response to an 
inflammatory challenge, VE-Cadherin is degraded and 
endocytosed through phosphorylation- and ubiquitina-
tion-dependent mechanisms. The disruption of adherens 
junctions is the fundamental reason for inflammation-
induced acute pulmonary edema [56, 57].

TLRs are mainly distributed in the plasma membrane 
and include TLR1, TLR2, TLR4, TLR5, and TLR6 [58]. 
Our results showed that the blocking antibody against 
TLR4 inhibited HS degradation, P-selectin transloca-
tion, vWF release, and VE-Cadherin reduction caused by 
histone H4. Previous studies indicated that calcium was 
closely associated with extracellular histones induced 
injury [59, 60]. Our results showed that calcium chelation 
significantly inhibited the release of vWF and P-selec-
tin translocation induced by histone H4. Furthermore, 
calcium chelation showed a synergistic effect with the 
blocking antibody against TLR4, which suggested that 
functional cooperation might exist between TLRs and 
calcium in histone H4-induced endothelial activation.

In addition to TLRs and calcium, extracellular histones 
may induce cell injury through other means. Extracellular 
histones bind directly to the phospholipids of pulmonary 
endothelia and cause endothelial barrier dysfunction 
leading to increased vascular permeability [18]. Histone 
H4 can mediate membrane lysis of smooth muscle cells 
to trigger arterial tissue damage and inflammation [61].

Damage-associated molecular patterns (DAMPs) mole-
cules include extracellular histones, mitochondrial DNA, 
formyl peptides, HMBG1, etc. In addition to extracellular 
histones, surely other DAMPs molecules also contribute 
jointly to the uncontrolled inflammation in the pathogen-
esis of ARDS [14, 62]. Extracellular histone H4 is a cyto-
toxic molecule, thus it is rational that the injury effect can 
be inhibited through histone H4-targeted intervention. 
Several articles have proven that the blocking antibody 
or peptide targeted to histone H4 can ameliorate inflam-
matory damage in a few disease models such as sepsis, 
trauma, acute lung injury, acute pancreatitis, liver injury, 
and multiple organ injury [63, 64]. Both synergistic 
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pathogenic mechanism of the DAMPs and therapeutic 
potential of histone H4 need to be further studied later.

Conclusions
In conclusion, histone H4 is a pro-inflammatory and pro-
thrombotic molecule in OA-induced ARDS. Histone H4 
directly induces pulmonary endothelial activation. Endo-
thelial activation is an indispensable synergistic stimulus 
for neutrophil activation induced by histone H4. TLRs 
and calcium are intimately involved in histone H4-medi-
ated endothelium activation. The novel insights provided 
by this study will be helpful in clarifying the pathogen-
esis of ARDS caused by FES and searching for potential 
therapeutic application.
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