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Abstract
By observing the dynamic changes of extracellular histones H1, H2A, H4, and NF-κB expression in brain tissues after
brain injury in rats, we explore the association among the expression of extracellular histones H1, H2A, H4, and NF-κB
following traumatic brain injury (TBI), as well as the effect of different atmospheres absolute hyperbaric oxygen (HBO)
intervention on the expression and possible mechanisms. A total of 120 SD rats were randomly divided into 4 groups:
Sham-operated (SH), TBI (traumatic brain injury) group, traumatic brain injury and hyperbaric oxygen treatment
1.6ATA (TBI + HBO1) group, and traumatic brain injury and hyperbaric oxygen treatment2.2ATA (TBI + HBO2) group,
with 30 rats in each group. The rats in each group were then randomly divided into five smaller time-specific sub-
groups: 3 h, 6 h, 12 h, 24 h, and 48 h after surgery. TBI models were established, and the brain tissue around the lesion
was taken at different time points. On the one hand,we detected the level of local histones H1, H2A, H4, and NF-κB by
RT-PCR and Western Blot. On the other hand, we used immunohistochemical methods to detect the expression of
NF-κB, while using the TUNEL method to observe the cell apoptosis in experimental groups after brain injury.
Extracellular histones H1, H2A, H4, and NF-κB proteins were highly expressed at 3 h, then with a slight fluctuation,
reached to peak at 48 h after the injury. HBO can affect the expression of histones H1, H2A, H4, and NF-κB. The
decline of each indicator in the 1.6ATA group was significantly lower than that in the 2.2ATA group, especially within
6 h (P < 0. 05). In addition, NF-κB expression was consistent with the pathological changes of apoptosis in experimental
groups. Hyperbaric oxygen therapy with relatively low pressure (1.6ATA) at the early stage can significantly inhibit the
expression of extracellular histones H1, H2A, H4, and NF-κB around the lesion, reduce the apoptosis of nerve cells, and
thus play an important role in alleviating secondary brain injury.
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Introduction

In recent years, the incidence of traumatic brain injury
(TBI) caused by motor vehicle accidents, falls, violence,
and blunt trauma has increased.(Ng & Lee, 2019) WHO
stated that TBI will be the most frequent disorder in 2020.

Damage to brain function due to trauma may be perma-
nent, leading to emotional, cognitive, and motor distur-
bances. The primary injury is not reversible. Most of the
novel and effective therapeutic strategies focus on the
process of the secondary injury initiated by immune acti-
vation. A series of cellular and molecular changes play an
impor tan t ro le in these cascades , r esu l t ing in
excitotoxicity neuroinflammation and ultimately apoptotic
cell death of neurons and glia.(Jassam et al., 2017).

In recent years, extracellular histones have been iden-
tified as a crucial factor in the subsequent inflammatory
process of tissue injury caused by hypoxia and ischemia.
Histones are the basic structural proteins of chromosomes
found in eukaryotic cell nuclei, which consist of two func-
tional subgroups, “core” (H2A, H2B, H3, and H4) and
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“linker” (H1 and H5) proteins. Core proteins are wound
around DNA form nucleosomes and linker histones join
adjacent nucleosomes together.(Xu et al., 2015; Andrews
& Luger, 2011) The release of histones into the extracel-
lular space might come from apoptotic or necrotic cells
following injury, or as a component extruded from neu-
trophils into the extracellular space to form the fibrous
ne tworks named neut roph i l ex t race l lu l a r t r aps
(NETs).(Rosin & Okusa, 2012; Silk et al., 2017)
Extracellular histones possess direct cytotoxicity, induced
endotheliocyte damage, and platelet aggregation. More
importantly, they could act as new members of damage-
associated molecular pattern molecules (DAMPs), which
activate systemic immune responses after traumatic injury
and leading to cell apoptosis.(Semeraro et al., 2011;
Takeda & Akira, 2015) Most of the research in this field
has focused on liver and lung injury; however, there is a
limited study within TBI.

Hyperbaric oxygen therapy (HBOT), in which the pa-
tient inhales pure oxygen or a high concentration of ox-
ygen in an environment maintained above one atmo-
sphere, is widely used clinically for TBI. A great deal
of research shows that HBOT can reduce secondary brain
damage in brain injury by improving oxidative metabo-
lism and reducing neuro-inflammatory responses. Eilam
Palzur et al. found that the neuroprotective effect of
HBOT may represent the consequence of preserved mi-
tochondrial integrity and subsequent inhibition of the
mPTP and reduction of the mitochondrial pathway of
apoptosis.(Palzur et al., 2008). However, some reports
put forward that replenishment of O2 might increase
ROS production, exacerbating neuronal damage. HBOT
in TBI was still lacking in-depth research on molecular
mechanisms and a further optimized recommended
scheme in which HBOT is administered.

In the present study, we aimed to understand how different
atmosphere absolute (ATA) hyperbaric oxygen (HBO) inter-
vention influences the individual histones and to describe the
molecular landscape of histone-mediated auto-immune re-
sponses and apoptosis in peri-lesion cells, providing new clues
about the therapeutic mechanisms underlying the extensive
and standard applications of HBO.

Materials and methods

Experimental animals

Experimental Sprague Dawley rats (8-weeks old, 250 to
500 g, male and female) were provided by the
Experimental Animal Center of Capital Medical
University. Animals were housed in a controlled environ-
ment at 20 °C with food and water ad libitum. Rats were

fasted for 8 h and deprived of water for 2 h prior to
surgery. All experiments were performed in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Instruments

The main instruments used included an HPD-1700 Fluid
Percussion Device (DRAGONFLY R&D INC), an ASI
Small Animal Stereotaxic Instrument (ASI), and a
DWC150-300 Pure Oxygen Animal Experiment Chamber
(Yangyuan Medical Oxygen Cabin Factory of Shanghai 701
Institute).

Grouping of experimental animals

Experimental groups

A total of 120 SD rats were randomly divided into 4 groups:
Sham-operated (SH), TBI (traumatic brain injury) group, trau-
matic brain injury and hyperbaric oxygen treatment 1.6ATA
(TBI + HBO1) group, traumatic brain injury and hyperbaric
oxygen treatment 2.2ATA (TBI + HBO2) group, with 30 rats
in each group. The rats in each group were then randomly
divided into five smaller time-specific sub-groups: 3 h, 6 h,
12 h, 24 h, and 48 h after surgery.

Rat traumatic brain injury model

Rats were anesthetized by intraperitoneal injection of 10%
chloral hydrate (350 mg/kg) and fixed onto the stereotaxic
instrument in a prone position. The disappearance of cor-
neal reflex and righting reflex were used as indices of
successful anesthesia. The rat’s head was disinfected and
the skin of the right cranial top cut under sterile condi-
tions to expose the skull. A 3-mm diameter hole was
drilled through the right parietal bone (4 mm from the
skull herringbone and 3 mm lateral from the sagittal su-
ture) while leaving the dura mater intact. A 3-mm diam-
eter percussion tube adhered to the drill hole with cyano-
acrylate adhesive glue and zinc phosphate cement, and
then the surrounding skin was sutured. The reservoir tube
of the hydraulic percussion instrument was filled with
37 °C physiological saline, and the angle and weight of
the percussion hammer were preset. The reservoir tube
was connected to the percussion tube, and the hammer
was released to let the saline solution impact the cortical
surface. Signs of successful percussion included edema
and hemorrhage as evidenced by purple-red discoloration
and bulging of the dura mater. After percussion injury, the
percussion tube was removed, the skull hole closed with
bone wax, and the incision completely sutured.
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Sham surgery

Anesthesia, disinfection, skin incision, and skull drilling
were performed as described for the TBI model except
that the skull hole was closed with bone wax without
percussion injury prior to suturing. The rats in the SH
group underwent laminectomy without SCI or HBO
treatment.

HBO therapy

The chamber was perfused with pure oxygen for 5 min, and
then the pressure was increased to 1.6 and 2.2 atm over 10min
respectively. The animals inhaled hyperbaric oxygen for
60 min at stable pressure and then decompressed for 15 min.
During HBO treatment, the chamber was continuously venti-
lated at 8–10 L/min to prevent CO2 accumulation and main-
tain the oxygen concentration at 95%. The chamber tempera-
ture was maintained at 22 to 26 °C, and the humidity between
40 and 50%. Animals in the TBI groups were placed in the
chamber for the same duration but inhaled oxygen at atmo-
spheric pressure. In both groups, HBO therapy was adminis-
tered daily at 11 am for consecutive 14 days.

Evaluation of neural function and sample collection

The recovery of neural function was evaluated by modi-
fied neurological severity (mNSS) scores at 3 h, 6 h, 12 h,
24 h, and 48 h after surgery.(Chen et al., 2001). The
mNSS score test includes the assessment of motor, senso-
ry, balance, and reflex functions. The tests were conduct-
ed by observers who were blinded to the experimental
conditions and treatments. The mNSS score was graded
on a scale of 0 to 14, normal score 0; maximal deficit
score 14. One score point is awarded for the inability to
perform the test or for the lack of a tested reflex: 10–14,
severe; 5–9, moderate; and 1–4, mild injury.

Following the evaluation of neural function, the animals
were sacrificed using chloral hydrate. The sternum cut to ex-
pose the heart, and the left ventricle injected with 0.2 ml 1%
heparin sodium. Aortic vessel was performed via the left ven-
tricle and the auricula dextra was cut. The blood vessels were
quickly perfused with 150 ml normal saline. After perfusion,
the rats were decapitated to obtain brain tissue from cranium
without traumatization. The brain tissue of the area peripheral
to the injury was carefully extracted, divided into two parts
along the midline of the injury. One part was stored in 4%
paraformaldehyde for HE stain, immunohistochemical, and
TUNEL method, the other stored in a − 80 °C refrigerator
for polymerase chain reaction (PCR) and Western blot
analysis.

Laboratory tests

Reverse transcription-quantitative polymerase chain reaction

Total RNA was extracted from the frozen brain tissue by rou-
tine methods and quality tested by 1% agarose gel electropho-
resis. Reverse transcription was performed using the
TIANScript RT Kit. A 12-to-18-μl reaction mixture contain-
ing 3 μl of template RNA and 0.5 μl of primer (50 μM) was
prepared, heated to 70 °C for 5 min for denaturation, and then
quickly cooled on ice for over 2 min. The template RNA/
primer denatured solution was precipitated by several seconds
of centrifugation. The reverse transcription (RT) reaction sys-
tem included template RNA/primer pellet, 5 μl of 5 ×M-
MLV buffer, 1.25 μl of dNTP mixture (10 mm of each nucle-
otide), 25 U of RNase inhibitor (40 U/μl), 200 U of M-MLV
(200 U/μl), and RNase-free dH2O in a total volume of 25 μl.
The RT reaction was run at 42 °C for 2 h and 95 °C for 15min.
Real-time PCR was performed using a SYBR FAST qPCR
Kit (KAPA Biosystems, USA). The amplified Histone H1,
Histone H2A, Histone H4, TLR4, and NF-κB were 182,
125, 94, 105, and 113 bp, respectively (Table 1). The
2-ΔΔCT method was used to calculate relative expression
levels of target mRNAs. GAPDHwas used as internal control.

Western blotting

Total protein was extracted from 20 μg of frozen tissue in
400 μl of protein lysis buffer by homogenization on ice. The
homogenates were transferred to pre-chilled 1.5 ml EP tubes,
placed on ice for 15 min for complete lysis, and centrifuged at
12000 rpm for 10 min at 4 °C. The supernatants were trans-
ferred to 0.5 ml centrifuge tubes and stored at − 20 °C. A 50-
to-100-μg sample was mixed with 5 × loading buffer, heated
in boiling water for 5 min, quickly cooled, and loaded onto a
polyacrylamide stacking gel for electrophoresis. The stacking
gel was run at 80 V and separation gel at 120 V. Separated
proteins were then transferred to PVDF membranes.
Membranes were washed with tris-buffered saline with 1%
Triton (TBS-T) for 5 min and incubated with the primary
antibody diluted in blocking solution at 4 °C overnight.
Membranes were washed 3 times with TBS-T (5 min per
wash) and then incubated for 2–3 h with horseradish peroxi-
dase (HRP)-labeled secondary antibody (Jackson, USA) dilut-
ed in blocking buffer. Blotted membranes were washed again
with TBS-T (three times, 5 min each) and bands visualized
with ECL chemiluminescence reagent. Gray-scale images
were analyzed using imaging software.

Immunohistochemistry

Tissue samples fixated with formalin, NF-KBp65 were inves-
tigated in immunohistochemical analysis. NF-KBp65
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antibody (Rabbit 1:200) (Abcam, Lot No. Ab16502) were
purchased from Abcam plc (Cambridge, UK).

Paraffin-embedded tissue samples were sectioned,
placed in EDTA antigen retrieval solution, and heated
by microwave. After cooling, the sections were washed
three times (5 min/wash) with phosphate-buffered saline
(PBS, pH 7.4) under shaking, incubated in 3% hydrogen
peroxide solution for 25 min at room temperature in a
dark environment to quench endogenous peroxidase activ-
ity, washed with PBS (three times for 5 min each), drip-
coated with 3% BSA for 3 min, and then incubated with
the pre-diluted primary antibody solution at 4 °C over-
night. After washing in PBS, the sections were incubated
with HRP-labeled secondary antibody at room tempera-
ture for 50 min. After washing and drying, DAB solution
was added for staining. Color development time was con-
trolled by microscopy observation. For qualitative evalu-
ation, brown-yellow staining was considered positive.
After color development was terminated by running wa-
ter, the sections were counterstained with hematoxylin,
dehydrated, and mounted.

TUNEL method

Tissue samples fixated with formalin were embedded in
paraffin. Sections in the thickness of 4 mm obtained from
the paraffin blocks were affixed to positively charged
slides. Apoptotic cells in the sections were shown with
the TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling) method by using
Apoptosis Kit (Roche, Basel, Switzerland). The sections
were kept at 37 °C overnight. The sections that were
deparaffinized by passing through the xylol and reduced
alcohol sequences were washed in the PBS (Zhongke
Wanbang Biotechnology, Beijing, China). The sections

were then incubated in the incubator with the proteinase
K (Zhongke Wanbang Biotechnology, Beijing, China), an
enzyme for 15 min at 37 °C. 3% H2O2 prepared in the
PBS was applied to the sections in a dark environment for
5 min to prevent the endogenous peroxidase activity. TdT
enzyme was applied to the sections for 1.5 h, which were
kept in the balancing buffer in the incubator for 10 min at
37 °C. In order to stop the reaction of the TdT enzyme,
after applying the stopping/washing buffer in the kit for
20 min at room temperature, the sections were washed 3
times in the PBS. The anti-digoxigenin peroxidase en-
zyme was applied in the incubator at 37 °C. After wash-
ing in the PBS, 3.3′-diaminobenzidine (DAB) substrate
was applied to the sections as chromogen. After the ap-
plication for 30–45 min, the reaction in brown color was
stopped with distilled water. After this stage, the sections
were stained with methyl green, which was used as the
opposite dye, and rapidly passed through butanol. The
slides that were made transparent by applying xylol for
15 min in total were covered with neutral gum and pre-
pared for review using a light microscope (NIKON CI-S).

Calculation of Immunohistochemical positive staining rates
and apoptotic index

All evaluations were performed independently by two blind
observers. The positive rates of immunohistochemical stain-
ing were evaluated randomly in 8–10 different fields for all
individuals of different groups. The percent value of positive-
ly stained cells (as indicated by brown-yellow particles) was
counted according to the staining intensity. The immunohis-
tochemical positive staining rates were calculated using the
formula 100%× (number of positive cell / number of the total
cell).

Table 1 Primers for qRT-PCR
Primer sequences Probes Sizes of PCR products

Histone H1 Forward primer 5′-CGTAAGAGATGCCGCGAAGA-3′ 182 bp
Reverse primer 5′-ATGGTCGAGCGCTTGTTGTA-3′

HistoneH2A Forward primer 5′-CCAGGATCTCCCGACTCCTT-3′ 125 bp

Reverse Primer 5′-GAAGTGGCGGGGTTGAAACT-3′

HistoneH4 Forward primer 5′-CGTACCCTCTATGGCTTCGG-3′ 94 bp

Reverse primer 5′-AAAAGTTGGGTGGAAGCAAA
GC-3′

TLR4 Forward primer 5′-GCCCTGTTGGATGGAAAAGC-3′ 105 bp

Reverse primer 5′-ATGGGTTTTAGGCGCAGAGT-3′

NF-κB Forward primer 5′-AGTCCCGCCCCTTCTAAAAC-3′ 113 bp

Reverse primer 5′-ATCACTTCAATGGCCTCTGTGT-3′

Actin Forward primer 5′-TATCCTGGCCTCACTGTCCA-3′ 130 bp

Reverse primer 5′-AAGGGTGTAAAACGCAGCTCA-3′
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The apoptotic index was determined independently by two
blind observers by counting under × 400 magnification and
randomly selecting 8–10 different fields for all individuals
groups. The apoptotic index was calculated using the formula
100%× (TUNEL-number of positive cell nucleus / number of
total cell nucleus).

Statistical analysis

Statistical analysis was performed using SPSS23.0 soft-
ware. All variables were first tested for normality.
Measurement data are expressed as mean ± standard de-
viation. Group means were compared by ANOVA.
P < 0.05 (two-tailed) was considered statistically signifi-
cant for all tests.

Results

1.6ATA HBOT decreased the mNSS score of the rats
following TBI within 48 h

Neurological function changes in rats were evaluated
using the mNSS score test. The mNSS scores in the
SH groups were zero. The mNSS scores were signifi-
cantly increased after surgery in both the TBI and
TBI + HBO groups rats. The mNSS scores were signifi-
cantly reduced in the TBI + HBO1 groups at 48 h com-
pared with those in the TBI groups (P < 0.05), while
there was no significant difference between the TBI
and the TBI + HBO1 groups (Fig. 1). It suggested that
1.6ATA HBOT significantly improved neural functional
recovery in the early stage of TBI.

HBOT attenuated mRNA and protein expression of
extracellular histone H1, H2A, and H4 following TBI.
The decline of histones in the 1.6ATA groups was
significantly lower than that in the 2.2ATA groups,
especially in the early stages

We examined mRNA and protein expression of Histone H1,
H2A, and H4 in different groups to explore the cytotoxicity of
each individual histone and whether HBO protects neurons
against the release of extracellular histones.

Histone H1, as linker protein, is one of the principal chro-
matin components, which possess direct glial and neurotoxic-
ity. As shown by our qRT-PCR results, the mRNA expression
levels of extracellular Histone H1 apparently increased,
peaking at 6 h after TBI, and decreasing by the intervention
of 1.6ATA and 2.2ATAHBO significantly comparedwith the
TBI groups at 6 h and 12 h respectively (P < 0.05) (Fig. 2A).

NET-derived H2A, the most prominent histone, induced
direct damage to the endothelial cell. The mRNA expression
levels of extracellular Histone H2A reached a peak at 3 h after
TBI, and also decreased by the intervention of HBO signifi-
cantly compared with the TBI groups (P < 0.05). 1.6ATA
HBO intervention significantly reduced the mRNA level at
3 h and 6 h, while 2.2ATA HBO intervention declined at
12 h after TBI (P < 0.05) (Fig. 2B).

Histone H4 is the core protein of chromatin, abundant in
intimal NETs. A previous study has demonstrated that NET-
bound and free histone H4 exhibit strong cytotoxicity via in-
teraction with the cytomembrane, contributing to vascular tis-
sue damage.(Silvestre-Roig et al., 2019) Like H1, the mRNA
expression levels of extracellular histone H4 reached a peak in
the 6 h TBI group. 1.6ATA HBO intervention significantly
reduced the mRNA level of histone H4 at 3 h and 6 h after
TBI. There was no significant difference among the 2.2ATA
HBO groups compared with TBI (P < 0.05) (Fig. 2C).

Fig. 1 mNSS scores in the TBI
groups and the TBI + HBO
groups. Data are presented as the
mean ± standard
deviation.*P < 0.05, TBI + HBO1
groups vs. TBI groups
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Western blot analysis was performed to detect the protein
levels of extracellular histones. In our study, it was shown that
the level of histone H1 (Fig. 3), H2A (Fig. 4), and H4 (Fig. 5)
increased gradually 3 h after TBI, then with a slight fluctua-
tion, reached a significant peak in the 48 h TBI group
(P < 0.05), indicating the release of histones from the nucleo-
some. 1.6ATA HBO intervention significantly reduced the
level of histone H1, H2A, and H4 compared with TBI partic-
ularly at 6 h and 12 h (P < 0.05); however, 2.2ATA HBO
intervention reduced histone H2A and H4 levels significantly
at 48 h after TBI (P < 0.05).

Furthermore, we conducted a comparison of mRNA and
protein levels between 1.6ATA HBO and 2.2ATA HBO
groups to observe the optimal pressure of HBO to affect his-
tones levels. Both mRNA and protein levels of histone H1,
H2A, and H4 in 1.6ATA groups were lower than in the
2.2ATA groups, especially at 3 h and 6 h (P < 0.05) (Figs. 2,
3, 4, and 5).

Collectively, these data indicated that 1.6ATA HBO inter-
vention could inhibit TBI-induced release of extracellular his-
tones in brain tissue more efficiently compared with 2.2ATA
in the early stages of injury.

1.6ATA HBO attenuated expression levels of
downstream cytokine NF-κB p65 following TBI

With the exception of cytotoxicity, extracellular histones
could activate the immune system in the secondary damage
of injury. There is extensive evidence that histones may inter-
act with TLR4 to initiate this immune response, which is re-
sponsible for the release of pro-inflammatory cytokines via
TLR4/MyD88/NF-κB signaling pathways.(Bosmann et al.,
2013; Wen et al., 2013). We wondered whether this signaling
pathway was involved in the effects of HBOT, so the level of
downstream cytokine NF-κB p65 in the experimental groups
was measured.

Fig. 2 The effects of different
ATA HBOT on the mRNA
expression level of extracellular
histones calculated by the 2-
ΔΔCT method in experimental
groups. (a) The quantification of
histone H1 mRNA levels. (b) The
quantification of histone H2A
mRNA levels. (c) The
quantification of histone H4
mRNA levels. *P < 0.05, TBI,
TBI + HBO1 and TBI + HBO1
groups vs. SH groups; ♦ P < 0.05,
TBI + HBO1 and TBI + HBO2
groups vs. TBI groups; #P < 0.05,
TBI + HBO1 groups vs. TBI +
HBO 2 groups
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Rats in the TBI groups had higher mRNA levels of NF-κB
p65 than the SH group rats, and rats post-treated with 1.6ATA
HBO had a lower expression especially at 3 h and 6 h after
TBI (P < 0.05) (Fig. 6). The protein levels of NF-κB p65
(Fig. 7) in the TBI groups were also significantly higher than
in the SH groups, reaching a peak at 48 h, and declining by
1.6ATA HBO intervention at 12 h and 48 h respectively
(P < 0.05). Nevertheless, there was no significant reduction
through 2.2ATA HBO intervention.

We also compared different pressure treatments. The
mRNA and protein levels of NF-κB p65 in the TBI + HBO1
groupswere significantly lower than those of the TBI + HBO2
groups at 48 h (P < 0.05). Thus, it was concluded that 1.6ATA
HBO attenuated the expression level of NF-κB p65 after TBI.

1.6ATA HBO reduced NF-κB-positive staining rates in
the peri-lesioned brain tissue

Immunohistochemistry showed that high NF-κB expressions
of injured brain tissue were observed from 3 h after TBI while
there was almost no positive expression in the SH group.
However, the NF-κB expression in the 12 and 48 h TBI +

HBO1 groups was significantly reduced compared with the
TBI group (P < 0.05) (Fig. 8 and Table 2). The NF-κB-
positive staining rates of 1.6ATA HBO groups were signifi-
cantly lower than the 2.2ATA HBO groups at 12 and 48 h.
Combined with the results of Western blot, down-regulation
of NF-κB indicated that 1.6ATA HBO protected rats against
histone-induced immune damage via TLR4/MyD88/NF-κB
signaling pathways following TBI.

1.6ATA HBO restrained extracellular histones-induced
apoptosis in the peri-lesioned brain tissue

Apoptotic cell death of neurons are hallmarks of secondary
brain injury. In order to assess the effects of different ATA
HBOT on extracellular histones-induced apoptosis, we ana-
lyzed the apoptotic index of each group. As shown in Fig. 9,
the percentage of TUNEL-positive neurons was significantly
higher in the TBI groups than in the SH groups (P < 0.05),
whereas 1.6ATA HBO administration significantly decreased
the percentage of TUNEL-positive neurons, especially at 24 h
and 48 h following TBI (P < 0.05).

Fig. 3 The effects of different ATA HBOT on the protein expression
level of extracellular histone H1 detected by Western blots. (a)
Representative Western blot bands of histone H1 in each group at 3 h
after TBI. (b) 6 h, (c) 12 h, (d) 24 h, (e) 48 h (f) Relative densitometric

quantification of histone H1.*P < 0.05, TBI, TBI + HBO1 and TBI +
HBO1 groups vs. SH groups; ♦ P < 0.05, TBI + HBO1 and TBI +
HBO2 groups vs. TBI groups; #P < 0.05, TBI + HBO1 groups vs.
TBI + HBO2 groups
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Discussion

Previous studies have mostly described the influence of extra-
cellular histones on cerebral vascular events and neurodegen-
eration of the central nervous system (CNS). The experiments
in vivo animals conducted by De Meyer SF(De Meyer et al.,
2012) showed models of ischaemic stroke presenting a seven-
fold serum nucleosome increase. Jamison J et al. (Grailer &
Ward, 2014) also observed that extracellular histone levels
were elevated from C5a-induced models of ALI in mice,
resulting in fibrin deposits, and epithelial cell injury.
Nevertheless, they could not confirm the source of the extra-
cellular histones release. In the current study, we dynamically
detected the presence of extracellular histones in injured tissue
samples from rats with TBI. The mRNA expression of extra-
cellular histones in cortex tissue appeared to increase early (3–
6 h). The proteins level sustained high expression to a peak
value at 48 h. We speculated firstly that histones were pas-
sively released from dying nerve cells following TBI, which
causes direct cytotoxicity to epithelial and endothelial of dam-
aged peripheral tissue. Direct endothelial toxicity increases the
permeability of cytomembrane, leukocyte migration, and

aggregation.(Holdenrieder et al., 2001; Remijsen et al.,
2011; Chu et al., 2014) Neutrophils might release extracellular
web-like structures containing histones called neutrophil ex-
tracellular traps (NETs). In the process of NET formation
(NETosis), histones could actively release from cells via
decondensation of nuclear chromatin. In a previous study
pre-incubation of NET with antibodies against histone H2
and H4 reduced NET-mediated cytotoxicity, suggesting his-
t o n e s a r e r e s p o n s i b l e f o r N E T - m e d i a t e d
cytotoxicity.(Saffarzadeh et al., 2012) These results were in
line with our observation on individual changes of histone HI,
H2A, and H4 after TBI.

HBOT has been shown to promote neuronal survival, de-
crease the apoptosis of brain injury via a reduction in oxidative
stress to modulate neuroinflammation.(Liu et al., 2014). Our
results showed that HBO intervention could downregulate the
expression of histones H1, H2A, H4 induced by TBI, while
the decline in 1.6ATA groups was significantly lower than
that in the 2.2ATA group, especially within 6 h. It confirmed
preliminarily that 1.6ATAHBOmight reduce secondary dam-
age of TBI through inhibiting histone release more efficiently
than 2.2ATA HBO.

Fig. 4 The effects of different ATA HBOT on the protein expression
level of extracellular histone H2A detected by Western blots. (a)
Representative western blot bands of histone H2A in each group at 3 h
after TBI. (B) 6 h, (c) 12 h, (d) 24 h (e) 48 h (f) Relative densitometric

quantification of histone H2A.*P < 0.05, TBI, TBI + HBO1, and TBI +
HBO1 groups vs. SH groups; ♦ P < 0.05, TBI + HBO1, and TBI + HBO2
groups vs. TBI groups; #P < 0.05, TBI + HBO1 groups vs. TBI + HBO2
groups
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It is known that histones also act as a DAMP protein alerting
the body to neuron apoptosis, by activating immune processes
through TLR4/MyD88/NF-κB signaling pathways. In our exper-
iment, the effect of different pressure HBO on the expression of
downstreamNF-κBwas another research hotspot.We examined
the expression of NF-κB after TBI. Our results showed that the

mRNA and protein levels of NF-κBwere significantly increased
in the early stage of TBI and that 1.6ATAHBO could downreg-
ulate their expression significantly in the 3 h, 12 h, and 48 h
groups. In addition, we found that HBO also reduced the level
of NF-κB p65, especially in the HBO 1.6ATA group. In addi-
tion, from the histologic analysis, the dynamic tendency of

Fig. 5 The effects of different ATA HBOT on the protein expression
level of extracellular histone H4 detected by Western blots. (a)
Representative western blot bands of histone H4 in each group at 3 h
after TBI. (b) 6 h, (c) 12 h, (d) 24 h, (e) 48 h (f) Relative densitometric

quantification of histone H4. *P < 0.05, TBI, TBI + HBO1, and TBI +
HBO1 groups vs. SH groups; ♦ P < 0.05, TBI + HBO1, and TBI + HBO2
groups vs. TBI groups; #P < 0.05, TBI + HBO1 groups vs. TBI + HBO 2
groups

Fig. 6 The effects of different
ATA HBOT on the mRNA
expression level of extracellular
histones calculated by the 2-
ΔΔCT method in experimental
groups. *P < 0.05, TBI, TBI +
HBO1, and TBI + HBO1 groups
vs. SH groups; ♦ P < 0.05, TBI +
HBO1, and TBI + HBO2 groups
vs. TBI groups; #P < 0.05, TBI +
HBO1 groups vs. TBI + HBO 2
groups
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NF-κB immunohistochemistry stain was consistent with the
pathological changes of apoptosis in the peri-lesioned brain tissue
of experimental rats. It was inferred from data that 1.6ATAHBO
could block histones interact with TLR4, inhibiting MyD88

signal transduction pathway, thereby attenuating expression level
of NF-κB p65, which could downregulate proinflammatory cy-
tokines transcription and nerve cell apoptosis in the secondary
brain injury process (Buchanan et al., 2010).

Fig. 7 The effects of different ATA HBOT on the protein expression
level of NF-κB detected by Western blots. (a) Representative western
blot bands of NF-κB in each group at 3 h after TBI. (b) 6 h, (c) 12 h,
(d) 24 h, (e) 48 h, (f) Relative densitometric quantification of NF-κB.

*P < 0.05, TBI, TBI + HBO1, and TBI + HBO1 groups vs. SH groups;
♦ P < 0.05, TBI + HBO1, and TBI + HBO2 groups vs. TBI groups;
#P < 0.05, TBI + HBO1 groups vs. TBI + HBO2 groups

Fig. 8 Representative images of
immunohistochemistry staining
of NF-κB in the peri-lesioned
brain tissue (× 200). The brown
stain was positive cell. Bar:
100 μm
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It is interesting to note that in the TBI + HBO1 groups,
not only the expression level of histones was significantly
lowerbut also the mNSS scores of rats were higher than
those in TBI + HBO2 groups, confirming that 1.6ATA
HBO intervention was superior to 2.2ATA for neurologic
impairment restoration after TBI. Why are lower atmo-
sphere absolute hyperbaric oxygen treatments more effec-
tive? Previous studies showed that prolonged HBOT

increased reactive oxygen species (ROS) formation, induc-
ing adverse clinical outcomes (Bitterman, 2012). Hussein
J. Hamam et al. considered acetylation of histone was a
key component of NETosis which subsequently induced
chromatin decondensation and deacetylase inhibitors
(HDACis) required ROS production (Khan & Palaniyar,
2017; Hamam et al., 2019). Thus, the appropriate admin-
istration of HBO was crucial. It is our opinion that appro-
priate HBOT means proper therapeutic pressure (evalua-
tion of brain tissue oxygen tension maintaining between
25 and 30 mmHg) (Narotam, 2013) and duration of HBOT
(not more than once a day). Appropriate oxygen supple-
mentation could inhibit the imbalance between ROS and
antioxidants after TBI. It was demonstrated that proper
administration of HBO might preserve the mitochondrial
integrity confronted with oxidative stress caused by ische-
mia and hypoxia following TBI, decreasing the release of
a burst of ROS from within the mitochondria (Hiebert
et al., 2015). Combined with our data, we inferred that a
relatively lower pressure HBO decreased production of
ROS more efficiently, restrained histone modification and
extensive chromatin decondensation, and eventually
inhibited histones release to extracellular space.

Fig. 9 The effects of different ATA HBOT on the histone-induced apo-
ptosis after TBI. (a) Representative images of TUNEL staining in the
peri-lesioned brain tissue (× 200). The brown stain was a positive cell.
Bar: 100 μm. (b) Comparison of apoptotic indexs of experimental

groups.*P < 0.05, TBI, TBI + HBO1, and TBI + HBO1 groups vs. SH
groups; ♦ P < 0.05, TBI + HBO1, and TBI + HBO2 groups vs. TBI
groups; #P < 0.05, TBI + HBO1 groups vs. TBI + HBO2 groups

Table 2 NF-κB-positive staining rates following TBI in experimental
groups (% of total cells)

Group SH TBI TBI + HBO1 TBI + HBO2

3 h 9.6 ± 2.7 12.7 ± 3.2 15.4 ± 2.9 17.3 ± 3.7

6 h 10.3 ± 2.1 13.9 ± 3.8 16.2 ± 3.1 20.5 ± 3.7

12 h 12.6 ± 4.2 32.8 ± 5.4* 16.7 ± 3.3◆# 29.5 ± 4.9*

24 h 14.3 ± 4.9 26.7 ± 6.2 24.1 ± 5.5 32.7 ± 7.2*

48 h 10.6 ± 3.5 55.6 ± 7.7* 29.5 ± 7.1*◆# 46.2 ± 5.9*

Data are presented as the mean ± standard deviation. *P < 0.05, TBI,
TBI + HBO1, and TBI + HBO1 groups vs. SH groups; ♦ P < 0.05,
TBI + HBO1 and TBI + HBO2 groups vs. TBI groups; # P < 0.05,
TBI + HBO1 groups vs. TBI + HBO2 groups
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Conclusion

This study suggested for the first time that 1.6ATA HBO has
an important protective role in inhibiting both the cytotoxic
and the pro-inflammatory actions of histones in the early stage
of secondary brain injury. The current study provides new
ideas on the choice of the optimal onset time and pressure of
HBO exposure in TBI therapy.

Author contributions FL and JY designed and performed experiments, an-
alyzed data, interpreted data, and contributed to the writing of the manuscript.
LS supervised animal experimentation; XHL contributed to data acquisition
and analysis; JZ and WQZ provided scientific infrastructure and designed
experiments; LY andDN interpreted data and contributed to thewriting of the
paper. FL and LS contributed equally to this study.

Funding information Our research was funded by our institute.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflicts of
interest.

The use and care of animals were carried out in strict accordance with
the NIH Guide for the Care and Use of Laboratory Animals.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Andrews AJ, Luger K (2011) Nucleosome structure(s) and stability: var-
iations on a theme. Annu Rev Biophys 40:99–117

Bitterman H (2012) Optimization of intermittent oxygen/air exposure proto-
cols prolongs the safe use of hyperoxia. J Exp Integr Med 2:283

BosmannM, Grailer JJ, Ruemmler R, Russkamp NF, Zetoune FS, Sarma
JV, Standiford TJ, Ward PA (2013) Extracellular histones are essen-
tial effectors of C5aR- and C5L2-mediated tissue damage and in-
flammation in acute lung injury. FASEB J 27:5010–5021

Buchanan MM, Hutchinson M, Watkins LR, Yin H (2010) Toll-like
receptor 4 in CNS pathologies. J Neurochem 114:13–27

Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M (2001)
Therapeutic benefit of intravenous administration of bone marrow
stromal cells after cerebral ischemia in rats. Stroke. 32:1005–1011

Chu HX, Kim HA, Lee S, Moore JP, Chan CT, Vinh A, Gelderblom M,
Arumugam TV, Broughton BRS, Drummond GR, Sobey CG
(2014) Immune cell infiltration in malignant middle cerebral artery
infarction: comparison with transient cerebral ischemia. J Cereb
Blood Flow Metab 34:450–459

De Meyer SF, Suidan GL, Fuchs TA, Monestier M, Wagner DD (2012)
Extracellular chromatin is an important mediator of ischemic stroke
in mice. Arterioscler Thromb Vasc Biol 32:1884–1891

Grailer JJ, Ward PA (2014) Lung inflammation and damage induced by
extracellular histones. Inflamm Cell Signal 1(4):e131. https://doi.
org/10.14800/ics.131

Hamam HJ, Khan MA, Palaniyar N (2019) Histone acetylation promotes
neutrophil extracellular trap formation. Biomolecules. 9

Hiebert JB, Shen Q, Thimmesch AR, Pierce JD (2015) Traumatic brain
injury and mitochondrial dysfunction. Am J Med Sci 350:132–138

Holdenrieder S, Stieber P, Bodenmuller H et al (2001) Circulating nucle-
osomes in serum. Ann N Y Acad Sci 945:93–102

Jassam YN, Izzy S, Whalen M, McGavern DB, El Khoury J (2017)
Neuroimmunology of traumatic brain injury: time for a paradigm
shift. Neuron. 95:1246–1265

Khan MA, Palaniyar N (2017) Transcriptional firing helps to drive
NETosis. Sci Rep 7:41749

Liu S, Shirachi DY, Quock RM (2014) The acute antinociceptive effect
of hyperbaric oxygen is not accompanied by an increase in markers
of oxidative stress. Life Sci 98:44–48

Narotam PK (2013) Eubaric hyperoxia: controversies in the management
of acute traumatic brain injury. Crit Care 17:197

Ng SY, Lee AYW (2019) Traumatic brain injuries: pathophysiology and
potential therapeutic targets. Front Cell Neurosci 13:528

Palzur E, Zaaroor M, Vlodavsky E, Milman F, Soustiel JF (2008)
Neuroprotective effect of hyperbaric oxygen therapy in brain injury
is mediated by preservation of mitochondrial membrane properties.
Brain Res 1221:126–133

Remijsen Q, Vanden Berghe T, Wirawan E et al (2011) Neutrophil ex-
tracellular trap cell death requires both autophagy and superoxide
generation. Cell Res 21:290–304

Rosin DL, Okusa MD (2012) Dying cells and extracellular histones in
AKI: beyond a NET effect? J Am Soc Nephrol 23:1275–1277

Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G,
Galuska SP, Lohmeyer J, Preissner KT (2012) Neutrophil extracel-
lular traps directly induce epithelial and endothelial cell death: a
predominant role of histones. PLoS One 7:e32366

Semeraro F, Ammollo CT, Morrissey JH, Dale GL, Friese P, Esmon NL,
Esmon CT (2011) Extracellular histones promote thrombin genera-
tion through platelet-dependent mechanisms: involvement of plate-
let TLR2 and TLR4. Blood. 118:1952–1961

Silk E, Zhao H,Weng H,Ma D (2017) The role of extracellular histone in
organ injury. Cell Death Dis 8:e2812

Silvestre-Roig C, Braster Q, Wichapong K, Lee EY, Teulon JM,
Berrebeh N, Winter J, Adrover JM, Santos GS, Froese A,
Lemnitzer P, Ortega-Gómez A, Chevre R, Marschner J, Schumski
A, Winter C, Perez-Olivares L, Pan C, Paulin N, Schoufour T,
Hartwig H, González-Ramos S, Kamp F, Megens RTA, Mowen
KA, Gunzer M, Maegdefessel L, Hackeng T, Lutgens E, Daemen
M, von Blume J, Anders HJ, Nikolaev VO, Pellequer JL, Weber C,
Hidalgo A, Nicolaes GAF, Wong GCL, Soehnlein O (2019)
Externalized histone H4 orchestrates chronic inflammation by in-
ducing lytic cell death. Nature. 569:236–240

Takeda K, Akira S (2015) Toll-like receptors. Curr Protoc Immunol 109:
14.12.1–14.1210

Wen Z, Liu Y, Li F, Ren F, Chen D, Li X, Wen T (2013) Circulating
histones exacerbate inflammation in mice with acute liver failure. J
Cell Biochem 114:2384–2391

Xu Z, Huang Y,Mao P, Zhang J, Li Y (2015) Sepsis and ARDS: the dark
side of histones. Mediat Inflamm 2015:205054

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1024 F. Liang et al.

https://doi.org/
https://doi.org/10.14800/ics.131
https://doi.org/10.14800/ics.131

	The...
	Abstract
	Introduction
	Materials and methods
	Experimental animals
	Instruments
	Grouping of experimental animals
	Experimental groups
	Rat traumatic brain injury model
	Sham surgery

	HBO therapy
	Evaluation of neural function and sample collection
	Laboratory tests
	Reverse transcription-quantitative polymerase chain reaction
	Western blotting
	Immunohistochemistry
	TUNEL method
	Calculation of Immunohistochemical positive staining rates and apoptotic index

	Statistical analysis

	Results
	1.6ATA HBOT decreased the mNSS score of the rats following TBI within 48&newnbsp;h
	HBOT attenuated mRNA and protein expression of extracellular histone H1, H2A, and H4 following TBI. The decline of histones in the 1.6ATA groups was significantly lower than that in the 2.2ATA groups, especially in the early stages
	1.6ATA HBO attenuated expression levels of downstream cytokine NF-κB p65 following TBI
	1.6ATA HBO reduced NF-κB-positive staining rates in the peri-lesioned brain tissue
	1.6ATA HBO restrained extracellular histones-induced apoptosis in the peri-lesioned brain tissue

	Discussion
	Conclusion
	References


