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Abstract. High mobility group box 1 (HMGB1) is a classic
damage‑associated molecular pattern that has an important
role in the pathological inflammatory response. In vitro studies
have demonstrated that the Janus kinase 2 (JAK2)/signal
transducer and activator of transcription 3 (STAT3) signaling
pathway is involved in the regulation of HMGB1 expression,
mediating the inflammatory response. Therefore, the purpose
of the present study was to evaluate JAK2/STAT3 pathway
involvement in the subarachnoid hemorrhage (SAH)‑dependent
regulation of HMGB1, using an in vivo rat model. A SAH
model was established by endovascular perforation. Western
blotting, immunohistochemistry and immunofluorescence
were used to analyze HMGB1 expression after SAH. In
addition, the effects of AG490 after SAH on JAK2/STAT3
phosphorylation, HMGB1 expression and brain damage were
evaluated. The results of the present study demonstrated that
JAK2/STAT3 was significantly phosphorylated (P<0.05) and
the total HMGB1 protein level was significantly increased
(P<0.05) after SAH. In addition, the cytosolic HMGB1 level
after SAH demonstrated an initial increase followed by a
decrease to the control level, while the nuclear HMGB1 level
after SAH demonstrated the opposite trend, with an initial
decrease and subsequent increase. AG490 administration
after SAH significantly inhibited JAK2/STAT3 phosphorylation (P<0.05), suppressed the expression and translocation of
HMGB1, reduced cortical apoptosis, brain edema and neurological deficits. These results demonstrated the involvement of
the JAK2/STAT3 pathway in HMGB1 regulation after SAH.
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Introduction
Subarachnoid hemorrhage (SAH) is a devastating disease associated with neurological deficits and mortality. After decades
of intense research focused on the pathological events that
occur after SAH, vasospasm is considered the predominant
cause of neuronal death and subsequent neurological dysfunction after SAH (1). However, prevention of cerebral vasospasm
has a limited effect on improving the outcome for patients after
SAH (2). Thus, other potential mechanisms, which may have
crucial roles in pathological processes after SAH, should be
considered. Inflammation due to debris and metabolites from
necrotic or activated cells is particularly prominent after SAH,
and it may be involved in early brain damage after SAH (3,4).
High mobility group box 1 (HMGB1) is a classic
damage‑associated molecular pattern that is usually located in
the nucleus as a DNA‑binding protein and is involved in the stabilization of nucleosome formation and gene transcription (5).
In the central nervous system, HMGB1 is widely expressed
in neurons and glia, and may be released by necrotic neurons
and activated microglia or astrocytes in rats following cerebral
ischemia or traumatic brain injuries (6,7). When released into
the extracellular space, HMGB1 may promote the expression of multiple cytokines, including tumor necrosis factor
(TNF)‑α, interleukin (IL)‑1β and IL‑6 (8,9). Previous studies
have demonstrated significantly elevated HMGB1 levels in the
cerebral spinal fluid of patients who have experienced SAH,
and it has been associated with the disease outcome (10). The
mechanisms regulating the expression of HMGB1 after SAH
have not been fully elucidated. An in vitro study demonstrated
that the Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway may mediate HMGB1 expression and inflammatory effects (11). The JAK/STAT cascade
is an important inflammatory signaling pathway in mediating immune responses, it is widely expressed in the brain
and has important roles in maintaining the balance between
pro‑inflammation and anti‑inflammation (12‑14). Therefore,
JAK2/STAT3 may be involved in the regulation of HMGB1
expression after SAH. To the best of our knowledge, the role
of JAK2/STAT3 in SAH‑induced HMGB1 translocation has
not been clarified. Therefore, the aim of the present study was
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to evaluate whether the JAK2/STAT3 pathway is involved in
the SAH‑dependent regulation of HMGB1, using an in vivo rat
model.
Materials and methods
Animals and experimental groups. A total of 105 male
Sprague‑Dawley rats weighing 320±26 g (2.0‑2.5 months old)
were purchased from the Laboratory Animal Center of Xi'an
Jiaotong University (Xi'an, China). Animals were housed at
25˚C and 50% humidity with a 12 h light/dark cycle and free
access to water and food. The animals were randomly divided
into four groups: Sham (n=18), SAH (n=45), SAH + vehicle
(dimethyl sulfoxide; DMSO; n=21) and SAH + AG490 (n=21)
groups. The experimental procedures were approved by the
Biomedical Ethics Committee of the Medical School of Xi'an
Jiaotong University.
Experimental model of SAH and drug administration. Rats
were anesthetized with an intraperitoneal injection of 10%
chloral hydrate (0.35 ml/kg) and placed in a prone position.
A rat model of SAH was induced by endovascular perforation, according to a study by Bederson et al (15). Rats in the
SAH + AG490 and SAH + vehicle groups were treated with
2 ml AG490 (5 mM; Sigma‑Aldrich; Merck KGaA, Darmstadt,
Germany) or DMSO, respectively, via intraventricular injection 30 min prior to SAH (16). The injection site was 1.0 mm
caudal to bregma, 1.5 mm lateral to midline and 4.0 mm deep
from the dura. A rectal probe monitored the body temperature
and a heating lamp maintained normothermia during the
entire procedure.
Neurological severity scores (NSS). Neurobehavioral functions were evaluated via NSS tests in the four groups using the
modified Garcia test (17) at 1 day post‑SAH induction by two
researchers blinded to the groupings.
Brain water content (BWC) measurement. On day 1 following
SAH induction, 5 rats from each group were sacrificed to
evaluate BWC using the standard wet‑dry method. Following
sacrifice, brains were quickly removed and weighed for wet
weight determination. Subsequently, brains were dried in
an oven at 105˚C for 72 h and the dry weight was evaluated.
The following formula was used to calculate the brain water
content: (wet weight‑dry weight)/wet weight x 100%.
Immunohistochemistry (IHC). Euthanasia was conducted at
6 h, 1d and 3 days post‑SAH. Rats in the Sham group were
euthanized at 1 day after operation. A total of 5 rats in each
group were sacrificed by decapitation under anesthesia and
perfused with 250 ml of normal saline followed by 400 ml
of 4% paraformaldehyde in 0.01 M PBS. The whole brains
were removed and fixed in 4% paraformaldehyde solution
at 4˚C for 24 h, embedded in paraffin and cut into 15‑µm
serial sections. Routine hematoxylin and eosin staining was
performed (hematoxylin staining for 5 min and eosin staining
for 2 min, both at room temperature), and IHC staining was
performed to detect HMGB1 expression after SAH. Sections
were deparaffinized with xylene and rehydrated by immersion
in a graded series of ethanol. Endogenous peroxidase activity
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was blocked using 3% H2O2 for 5 min, followed by citric acid
buffer (pH 6.0) microwave antigen retrieval. Nonspecific
protein binding was blocked by 2 h incubation in 5% bovine
serum at room temperature. Sections were incubated with
rabbit HMGB1 monoclonal antibody (1:200; ab190377;
Abcam, Cambridge, MA, USA) as the primary antibody for
1 h at room temperature and washed with PBS 3 times for
5 min. Subsequently, the sections were incubated with horseradish peroxidase (HRP)‑conjugated immunoglobulin (1:500;
cat. no. sc‑2357; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) as the secondary antibody for 60 min at room temperature. 3,3'‑diaminobenzidine was used as a chromogen and the
sections were counterstained with hematoxylin for 5 min at
room temperature. Microscopic observation was performed by
an experienced pathologist blinded to the experimental conditions using the Leica‑Q550CW image acquisition and analysis
system (Leica Microsystems GmbH, Wetzlar, Germany). The
immunoreactivity of all of the molecular markers was analyzed
using Image‑Pro Plus 6.0 software (Media Cybernetics, Inc.,
Rockville, MD, USA) in five microscopic fields (magnification,
x200).
Confocal microscopy. Confocal microscopy was used to
observe HMGB1 translocation after SAH. Brain sections were
prepared as described in the immunohistochemistry. Following
rehydration, sections were incubated with 0.2% Triton X‑100
in PBS for 5 min at room temperature and washed with PBS
3 times for 5 min. Sections were placed in 10 mmol/l citrate
buffer (pH 6.0) and heated in the microwave oven at 95˚C for
30 min. Sections were cooled at room temperature for 20 min
and rinsed in PBS. Nonspecific protein binding was blocked
by incubation in 5% bovine serum for 40 min. Sections
were incubated with primary rabbit anti‑HMGB1 (1:200;
ab190377; Abcam) overnight at 4˚C, followed by washing
with PBS 3 times for 5 min. Sections were incubated with
goat anti‑rabbit secondary antibody (1:100) conjugated with
fluorescein isothiocyanate and tetramethylrhodamine (cat.
no. ZF‑0311; Beijing Zhongshan Golden Bridge Biotechnology,
Beijing, China) at 37˚C for 1 h. The cell nucleus was stained
with 4,6'‑diamidino‑2‑phenylindole, dihydrochloride (1:1,000;
Sigma‑Aldrich; Merck KGaA). Immunofluorescence was
detected using a laser scanning confocal microscope (Olympus
FV10‑ASW; Olympus Corp., Tokyo, Japan).
Western blot analysis. Phosphorylation of JAK2/STAT3 and
HMGB1expression after SAH were evaluated in the rats of
each group. Brain tissues were dissolved in lysis buffer (50 mM
Tris‑HCl, 2 mM EDTA and 1% Nonidet). Nucleoprotein
and cytoplasmic protein were extracted using a nuclear and
cytoplasmic protein extraction kit (Beyotime Institute of
Biotechnology, Haimen, China), and protein concentrations
were determined using Bradford reagent (Beyotime Institute of
Biotechnology), according to the manufacturers' instructions.
Protein samples (50 µg) were separated by 10% SDS‑PAGE
and transferred to a polyvinylidene difluoride membrane.
Following incubation for 2 h in a blocking solution [5% non‑fat
milk in 20 mM Tris‑HCl, 150 mM NaCl, 0.1% Tween‑20
(TBST), at room temperature], the membrane was incubated
with the following antibodies: Rabbit anti‑HMGB1 monoclonal antibody (1:2,000; ab190377; Abcam), rabbit anti‑Lamin
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Figure 1. Histopathological changes following SAH. (A) Inset: The site of observation, in which the presence of blood is clear. (A) Normal rat brain samples
from the sham group demonstrated normal morphology and clear neuron and glial cell structure. Samples harvested (B) 6 h, (C) 1 day and (D) 3 days after
SAH induction. Injured cells were observed, characterized by cell shrinkage, pyknosis and chromatin fragmentation (arrow), which were abundantly present
after SAH. Scale bar, 200 µm; hematoxylin‑eosin staining. Magnification, x100.

B1 monoclonal antibody (1:2,000; ab16048; Abcam), mouse
anti‑β ‑actin polyclonal antibody (1:5,000; SC‑47778; Santa
Cruz Biotechnology, Inc.), rabbit anti‑p‑JAK2 monoclonal
antibody (1:2,000; cat. no. 3776; Cell Signaling Technology,
Danvers, MA, USA), rabbit anti‑p‑STAT3 monoclonal antibody
(1:2,000; cat. no. 9134; Cell Signaling Technology) overnight
at 4˚C. Following extensive washing with TBST, membranes
were incubated with HRP‑conjugated anti‑rabbit/mouse
secondary antibodies (1:5,000; cat. no. 7074/7076; Cell
Signaling Technology) for 1 h at room temperature. Specific
bands were detected using a ECL Western Blotting Detection
System (cat. no. WBKLS0100; EMD Millipore, Billerica, MA,
USA). Quantitative analysis was performed using Gel‑Pro
Analyzer v.3.1 software (Media Cybernetics, Inc., Rockville,
MD, USA).
Terminal deoxynucleotidyl transferase dUTP nick‑end
labeling (TUNEL) staining. DNA fragmentation in the cell
nuclei of brain tissue sections was determined by TUNEL
staining using the DeadEnd colorimetric TUNEL system
detection kit (cat. no. G7130; Promega Corporation, Madison,
WI, USA), according to the manufacturer's protocol. Brain
sections were prepared as described in the immunohistochemistry. The sections were initially deparaffinized with xylene,
rehydrated using a graded series of ethanol, rinsed for 15 min
in 0.1 M PBS and then treated with 20 µg/ml of Proteinase
K for 20 min at room temperature. Samples were treated
with 3% H 2O2 in methanol for 20 min to inactivate endogenous peroxidase. Following washing with PBS, specimens
were incubated in rTdT reaction mixture (100 µl; combining

98 µl of Equilibration Buffer, 1 µl of Biotinylated Nucleotide
Mix and 1 µl of rTdT Enzyme) at 4˚C overnight. Following
incubation, sections were rinsed in PBS and incubated with
horseradish peroxidase (dilution, 1:500) for 30 min at room
temperature. Sections were washed extensively with PBS for
5 min and treated with DAB solution (30 mg DAB and 200 µl
H 2O2/100 ml PBS) for 10 min at room temperature in the
dark. Following washing under running water, all the sections
were counterstained with hematoxylin for 30 sec. Finally,
the sections were dehydrated in graded ethanol, cleared with
xylene and mounted with a cover slip. Using this method,
apoptotic nuclei were identified by the presence dark brown
staining.
Stat ist ical a n alysis. Dat a were presented as t he
mean ± standard deviation. SPSS v.13.0 (SPSS, Inc., Chicago,
IL, USA) was used for statistical analyses. Comparison
between different groups was made by one‑way analysis of
variance (ANOVA), followed by Tukey's multiple comparisons test if a significant difference was demonstrated by
ANOVA. P<0.05 was considered to indicate a statistically
significant difference.
Results
Histopathological changes after SAH. Hematoxylin‑eosin
staining was used to observe the histopathological changes
after SAH. The cortex tissue from the sham group demonstrated a normal morphology and clear neuron and glial cell
structure (Fig. 1A). Injured neuronal cells appeared at 6 h after
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Figure 2. HMGB1 expression following SAH. HMGB1 was widely expressed by cells in the normal (Sham) rat brain and predominantly stored in the nucleus.
The number of HMGB1‑expressing cells decreased at 6 h after SAH compared with the Sham group. At days 1 and 3 after SAH, the number of HMGB1
positive immuno‑stained cells significantly increased compared with the Sham group. Data are presented as the mean ± standard deviation. *P<0.05 vs. the
Sham. Scale bar, 50 µm. Magnification, x200. SAH, subarachnoid hemorrhage; HMGB1, high mobility group box 1; SAH 6 h, 6 h after SAH induction; SAH
1 d, 1 day after SAH induction; SAH 3 d, 3 days after SAH induction.

Figure 3. HMGB1 dynamic change and JAK2/STAT3 phosphorylation after SAH. (A) The levels of phosphorylated JAK2 and STAT3 relative to β‑actin were
significantly increased at 6 h, 1 day and 3 days after SAH compared with the Sham group. (B) No significant increase of total HMGB1 expression was observed
at 6 h after SAH; however, a significant increase was demonstrated at day 1 compared with the Sham group. The level then decreased to the baseline level at
day 3. (C) Cytoplasmic HMGB1 level significantly increased at 6 h and 1 day after SAH compared with the Sham group; however, the level decreased at day 3.
(D) Nuclear HMGB1 significantly decreased at 6 h after SAH compared with the Sham group; however, this level increased at day 1 and day 3 compared
with the Sham group. β‑actin and LMNB1 were used as internal references. Data are presented as the mean ± standard deviation. *P<0.05 vs. the Sham group.
HMGB1, high mobility group box 1; JAK2/STAT3, Janus kinase 2/signal transducer and activator of transcription 3; SAH, subarachnoid hemorrhage; SAH 6 h,
6 h after SAH induction; SAH 1 d, 1 day after SAH induction; SAH 3 d, 3 days after SAH induction; p, phosphorylated; LMNB1, Lamin B1.

SAH, characterized by cell shrinkage, pyknosis and chromatin
fragmentation, all effects gradually increased with increasing
time after SAH (Fig. 1B‑D).

Cortical HMGB1 expression after SAH. IHC staining demonstrated HMGB1 was widely expressed by cells in the cortex of
the sham group. This expression decreased slightly at 6 h after
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Figure 4. Regulatory effects of AG490. (A) AG490 significantly inhibited JAK2/STAT3 phosphorylation after SAH compared with the SAH and SAH + DMSO
groups. (B) Total, (C) cytoplasmic and (D) nuclear HMGB1 expression was inhibited by AG490 administration following SAH compared with the SAH and
SAH + DMSO groups. β ‑actin and LMNB1 were used as internal references. Data are presented as the mean ± standard deviation. *P<0.05 vs. the Sham
group; #P<0.05 vs. the SAH and SAH + DMSO groups. JAK2/STAT3, Janus kinase 2/signal transducer and activator of transcription 3; SAH, subarachnoid
hemorrhage; DMSO, dimethyl sulfoxide; LMNB1, Lamin B1.

SAH; however, this difference was not statistically significant.
At days 1 and 3 after SAH, the number of HMGB1‑positive
cells significantly increased compared with the sham group
(P<0.05; Fig. 2).
JAK2/STAT3 phosphorylation and HMGB1 expression after
SAH. The phosphorylation of JAK2/STAT3 was low in the
sham group. The level of JAK2/STAT3 phosphorylation
began to increase at 6 h after SAH, and at days 1 and 3 this
level remained high. The level of JAK2/STAT3 phosphorylation was significantly higher at 6 h, and days 1 and 3 after
SAH induction when compared with the sham group (P<0.05;
Fig. 3A). Western blotting was used to detect HMGB1 protein
level in the cortex after SAH. Firstly, total HMGB1 protein
expression level at 6 h, 1 and 3 days after SAH was detected,
followed by the detection of the cytoplasmic and nuclear
HMGB1 levels. The total HMGB1 protein expression level
was significantly increased at day 1 after SAH compared
with the sham group (P<0.05); however, at 6 h and day 3,

this difference was not significant (Fig. 3B). The cytoplasmic
HMGB1 level significantly increased at 6 h and day 1
after SAH when compared with the sham group (P<0.05);
however, it decreased to a level similar to the sham group at
day 3 after SAH (Fig. 3C). The nuclear HMGB1 level significantly decreased at 6 h after SAH (P<0.05), and significantly
increased at days 1 and 3 after SAH, as compared with the
sham group (P<0.05; Fig. 3D).
Effect of AG490 on JAK2/STAT3 phosphorylation and
HMGB1 expression. According to western blot analysis,
HMGB1 protein expression peaked at day 1 after SAH. Thus,
the effects of AG490 were analyzed at day 1 after SAH.
Results demonstrated that JAK2/STAT3 phosphorylation was
significantly inhibited by AG490 administration compared
with the SAH and SAH + DMSO groups (P<0.05; Fig. 4A).
The total HMGB1 level was also significantly attenuated
in the SAH + AG490 group compared with the SAH and
SAH + DMSO groups (P<0.05; Fig. 4B). Cytoplasmic and
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Figure 5. Immunofluorescent image of HMGB1 translocation (green) after the administration of AG490 on day 1 after SAH. (A) In the Sham group, HMGB1
was predominantly stored in the nucleus and no HMBG1 expression was demonstrated in the cytosol. The (B) SAH and (C) SAH + DMSO groups demonstrated
positive HMGB1 immunofluorescence in the periphery of the nucleus without or with DMSO administration, respectively, which indicated that HMGB1
translocated into the cytosol after SAH. (D) The SAH + AG490 group demonstrated that AG490 administration inhibited HMGB1 nuclear expression, as well
as its translocation into the cytosol. Scale bar, 100 µm. Magnification, x400. HMGB1, high mobility group box 1; SAH, subarachnoid hemorrhage; DMSO,
dimethyl sulfoxide; DAPI, 4,6'‑diamidino‑2‑phenylindole, dihydrochloride.

Figure 6. Effects of AG490 on neuronal apoptosis after SAH detected by TUNEL staining. Apoptotic cells are stained brown. (A) No apoptosis was observed
in the cortex of rat brains from the Sham group. The (B) SAH and (C) SAH + DMSO groups demonstrated a significant increase in the number of apoptotic
cells after SAH without or with DMSO administration, respectively, compared with the Sham group. (D) AG490 administration inhibited neuronal apoptosis
after SAH compared with the SAH + DMSO group. Data are presented as the mean ± standard deviation. *P<0.05 vs. the Sham group; #P<0.05 vs. the SAH
and SAH + DMSO groups. Scale bar, 50 µm. Magnification, x400. SAH, subarachnoid hemorrhage; TUNEL, terminal deoxynucleotidyl transferase dUTP
nick‑end labeling; DMSO, dimethyl sulfoxide.

nuclear HMGB1 protein levels were also analyzed after AG490
administration following SAH, and the results demonstrated
that AG490 significantly inhibited both the cytoplasmic and
nuclear HMGB1 expression compared with the SAH and
SAH + DMSO groups (P<0.05; Fig. 4C and D). These results
suggested that JAK2/STAT3 may be involved in the regulation
of HMGB1 expression after SAH.
AG490 effect on HMGB1 translocation after SAH. HMGB1 is
able to translocate from the nucleus to the cytosol (11). AG490
may inhibit the expression of HMGB1 after SAH; however, its
effects on the translocation of HMGB1 require clarification.

Thus, HMGB1 distribution was examined by immunofluorescence using a confocal microscope. The results demonstrated
marked HMGB1 translocation from the nucleus to the cytosol
in the SAH and SAH + DMSO groups. However, no obvious
translocation was observed in the SAH + AG490 group,
and nuclear HMGB1 also decreased (Fig. 5). These results
suggested that AG490 may inhibit HMGB1 expression and
suppress its cytosolic translocation.
Effect of AG490 on cortical apoptosis after SAH. Few
TUNEL‑positive apoptotic cells were observed in the sham
group. After SAH, the number of apoptotic cells in the cortex
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Figure 7. Brain edema and neurological deficit evaluation following administration of AG490 at day 1 after SAH. (A) Brain water content was significantly
higher in the SAH and SAH + DMSO groups compared with the Sham group at day 1 after SAH. AG490 administration significantly reduced brain edema after
SAH compared with the SAH and SAH + DMSO groups; (B) Neurological scoring was significantly lower in the SAH and SAH + DMSO groups compared
with the Sham group at days 1, 3 and 7 after SAH. However, neurological deficits significantly improved in the SAH + AG490 group compared with the SAH
and SAH + DMSO groups at days 1, 3 and 7 after SAH. Data are presented as the mean ± standard deviation. *P<0.05 vs. the SAH and SAH + DMSO groups.
SAH, subarachnoid hemorrhage; DMSO, dimethyl sulfoxide.

significantly increased compared with that in sham group
(P<0.05; Fig. 6). No statistically significant difference was
found between the SAH and SAH + DMSO groups. However,
the number of apoptotic cells significantly decreased in the
SAH + AG490 group compared with the SAH + DMSO group
(P<0.05; Fig. 6). These results suggested that AG490 administration may reduce neuronal cells apoptosis in the brain as a
result of SAH.
Effect of AG490 on brain edema and neurological deficits after
SAH. BWC was significantly higher at day 1 in the SAH and
SAH + DMSO groups compared with sham group (P<0.05),
while no significant difference was demonstrated between the
SAH and SAH + DMSO groups at each time point. AG490
administration significantly reduced BWC compared with the
SAH and SAH + DMSO groups (P<0.05; Fig. 7A). In the SAH
and SAH + DMSO groups, NSS was significantly reduced
at day 1 after SAH compared with the sham group (P<0.05).
However, AG490 administration significantly improved the
neurological function in the SAH + AG490 group compared
with the SAH and SAH + DMSO groups (P<0.05; Fig. 7B).
Discussion
Delayed vasospasm, which may result in microcirculatory dysfunction and cerebral ischemia following SAH, is
considered the most common risk complication of SAH (18).
However, prevention of vasospasm with nimodipine has
demonstrated limited effects on the improvement of patients
who have experienced SAH (19).
Therefore, the present study focused on the inflammatory
response associated with HMGB1 in early brain injury
occurring in the first 3 days after SAH, which has been
demonstrated to have an important role in brain damage after
SAH (20).
Previous studies have demonstrated that HMGB1
levels were significantly increased after SAH induced by
cisterna magna injection (21,22). In the present study, it

was demonstrated that total HMGB1 expression initially
increased at day 1 after SAH, and subsequently decreased to
the basic level at day 3. The cytosolic HMGB1 level significantly increased after SAH, and nuclear HMGB1 decreased
at 6 h, followed by an increase at days 1 and 3 after SAH.
These results suggested that transcriptional expression
of HMGB1 was activated at 6 h after SAH, and the early
cytosolic HMGB1 increase was predominantly due to the
translocation of nuclear HMGB1. Previous research has indicated that HMGB1 may be secreted from the nucleus to the
cytosol by monocytes via a non‑classical, vesicle‑mediated
secretory pathway triggered by lipopolysaccharide (23). To
further investigate this phenomenon, the present study monitored HMGB1 translocation by immunofluorescence. Results
demonstrated that HMGB1 was predominantly expressed in
the nucleus, while no expression was observed in the cytosol
of the normal (sham group) brain. HMGB1 appeared in the
cytosol at day 1 after SAH.
HMGB1 is shown to mediate the inflammatory responses
through the JAK‑STAT signaling pathway. The JAK2/STAT3
signaling pathway is involved in HMGB1 expression in rat
peritoneal macrophages after stimulation with 75 ng/ml LPS
in vitro, while AG490 is able to suppress HMGB1 expression (11,12). Thus, we hypothesized that this may be the
potential mechanism involved in the regulation of HMGB1
expression after SAH. The results of the present study demonstrated that JAK2/STAT3 was significantly phosphorylated
after SAH, while AG490 significantly inhibited JAK2/STAT3
phosphorylation, further inhibiting the expression of both
cytoplasmic and nuclear HMGB1 at day 1 after SAH. Using
confocal microscopy, it was demonstrated that AG490 not
only decreased the expression of HMGB1, it also reduced
cytosol translocation after SAH, which may suppress the
pro‑inflammatory role of HMGB1 after SAH.
In the present study, inhibition of the JAK2/STAT3 signaling
pathway by AG490 was also able to alleviate neuronal apoptosis. Furthermore, brain edema and neurological deficits were
both improved by AG490 administration after SAH. Previous
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studies have demonstrated that HMGB1 was involved in the
expression of various pro‑inflammatory cytokines (24‑26).
Thus, it was hypothesized that HMGB1 may indirectly induce
brain edema by activating the expression of other factors, such
as matrix metallopeptidase (MMP)‑9 (27), as HMGB1 is able
to promote MMP‑9 expression. A previous study demonstrated
that MMP‑9 has an important role in the induction of brain
edema (28). Furthermore, the JAK2/STAT3 signaling pathway
is activated in cellular and animal models of oxidative stress
injury (29). Oxidative stress is able to activate MMPs and
fluid channel aquaporins, and shows an important induction
of brain edema after brain injury (30). Meanwhile, oxidative
stress‑induced cell apoptosis and death is directly dependent
on JAK2/STAT3 activation (31). Thus, the neuroprotection
role of AG490 may also be associated with the inhibition of
SAH‑induced oxidative stress.
The binding of cytokines and growth factors to glycoprotein 130‑associated transmembrane receptors induces the
activation of JAK/STAT signaling (32). HMGB1 is able to
stimulate the expression of various inflammatory cytokines,
including IL‑6, IL‑1 and TNF‑α (33). Thus, it is possible to
hypothesize that HMGB1‑induced cytokines may induce the
activation of the JAK2/STAT3 signaling pathway, which, in
turn, results in the expression of HMGB1, activating a vicious
circle. However, this hypothesis requires confirmation.
Compared with other types of neurological function rating
systems, the Garcia test is more comprehensive and objective, with less bias (17). Thus, the neurological scoring in the
present study may effectively indicate the protective effect of
AG490 on brain injury after SAH. However, the present study
has some limitations. Previous research has indicated that
HMGB1 expression after brain damage may induce cerebral
vasospasm and delay cerebral ischemia (20). The present
study did not investigate the role of HMGB1 in delay cerebral
ischemia and it has been demonstrated that HMGB1 is a late
pro‑inflammatory cytokine (34). The present study demonstrated that HMGB1 increased from 6 h after SAH onwards,
remaining high until day 1. However, late stages (5 and 7 days)
were not investigated in the present study. Therefore, future
research should explore the expression of HMGB1 in the
late stages of brain damage and its relationship with cerebral
ischemia.
In conclusion, the findings herein support the hypothesis
that HMGB1 contributes to SAH‑induced early brain injury,
which is based on the activation of JAK2/STAT3. The
JAK2/STAT3 inhibitor, AG490, may be a valuable neuroprotective agent for the treatment of SAH. Targeting HMGB1 and
JAK2/STAT3 could be a novel therapeutic strategy applicable
for SAH.
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