MOLECULAR MEDICINE REPORTS 17: 5007-5012, 2018

Study on the mechanism of JAK2/STAT3
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Abstract. The present study aimed to investigate the mecha-
nism by which the Janus kinase (JAK)2/signal transducer
and activator of transcription (STAT)3 signaling pathway
mediates cerebral ischemia and the efficacy of pharmaceutical
intervention. The rat model of middle cerebral artery occlu-
sion (MCAQ) was established and confirmed via assessment
of changes in the expression of phosphorylated (p)-JAK2,
p-STAT3, high-mobility group box 1 (HMGBI1),and inflamma-
tory factors using ELISA and western blot analysis. The effects
of JAK2/STAT3 inhibitor and curcumin on the expression of
p-JAK2, p-STAT3, HMGBI, and inflammatory factors after
cerebral ischemia were observed with ELISA, western blot-
ting and immunohistochemical staining. The concentrations
of tumor necrosis factor (TNF)-a and HMGBI in brain tissue
homogenate of MCAO group were significantly higher than in
the sham group (P<0.01). The concentration of p-JAK2/JAK?2
and p-STAT3/STATS3 in the brain tissue homogenate of
MCAQO group was significantly higher than in the sham group
(P<0.05). The concentrations of TNF-a, interleukin (IL)-1f,
IL-6, and HMGBI in the group treated with STAT3 inhibitor
(MCAO +rapamycin), JAK2 inhibitor (MCAO + AG490), and
MCAQO +curcumin were significantly lower than in the MCAO
group (P<0.01), as well as the relative content of p-JAK2/JAK?2
and p-STAT3/STAT?3 (P<0.05). Inhibition of the JAK2/STAT3
signaling pathway, such as curcumin can reduce the expression
of HMGBI in brain tissue after cerebral ischemia, which can
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significantly reduce the inflammatory response after cerebral
ischemia.

Introduction

Stroke is currently the world's second greatest contributor to
death rate and morbidity, among which 75% patients suffered
from ischemic stroke, suggesting that ischemic stroke is type
of stroke most likely to severely endanger people's health and
safety (1-4). In China, around 2 million new cases of stroke
were reported every year, and approximately 1.5 million
people died of cerebrovascular disease, which places a heavy
burden on both families and society (5). It has become a hot
topic in recent years to find effective protective mechanism
after cerebral ischemia to reduce neuronal death, to improve
neurological function, and to delay the progression of the
disease (6-8).

Inflammatory response is considered the main pathophysi-
ological mechanism underlying cerebral ischemia (9). Cerebral
ischemia produces endogenous damage associated molecular
patterns (DAMPs), activating the corresponding receptors
leading to ischemic brain damage (10). High-mobility group
box 1 (HMGBI) is an important endogenous DAMPs that
significantly elevates early in the early stage of cerebral
ischemia, promoting the expression of inflammatory factor
(TNF-a, IL-1, IL-6), which causes pathological inflamma-
tory response (11-14). Currently, the mechanism by which
HMGBI overexpression is activated after cerebral ischemia
has not been sufficiently studied (15,16). The JAK2/STAT3
signaling pathway is involved in a variety of inflammatory
and anti-inflammatory signaling pathways and multiple physi-
ological and pathological regulation processes (17). Research
showed that the JAK2/STATS3 signaling pathway can be
activated after cerebral ischemia, mediating the post-ischemic
inflammatory response (18,19). Studies of peripheral macro-
phages showed that activation of the JAK2/STAT3 signaling
pathway activation can induce increased expression of HMGBI,
which promotes the release of cytokines such as TNF-a, thus
inducing the inflammatory reaction (20). However, whether or
not the activation of JAK2/STAT?3 signaling pathway is associ-
ated with an increase in HMGBI expression during cerebral
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ischemia, so inducing the inflammatory reaction, have not yet
been reported.

In the present study, a rat model of middle cerebral artery
occlusion (MCAO) was established and confirmed with
detection of changes in the expression of p-JAK2, p-STAT3,
HMGBI, and inflammatory factor using ELISA and western
blot analysis. The effects of JAK2/STAT3 inhibitor and
curcumin on the expression of p-JAK2, p-STAT3, HMGBI and
inflammatory factors after cerebral ischemia were observed
to assess the mechanism underlying the inflammatory reac-
tion as mediated by the JAK2/STATS3 signaling pathway after
cerebral ischemia and the efficacy of clinical intervention.

Materials and methods

Experimental animals and reagents. Male Sprague-Dawley rats
(Shanghai Laboratory Animal Center, China) aged 7-8 weeks
and weighing 250-300 g were used in the experiments. The
rats were housed under standard laboratory conditions at a
temperature of 20-22°C and 12 h light-dark cycle and given
access to food and water. All procedures performed in studies
involving animals were in accordance with the ethical stan-
dards of the institution or practice at which the studies were
conducted. The study protocol was approved by the local
Ethics Committee of the 117th Hospital of PLA. Rapamycin,
AG490, and curcumin were purchased from Sigma-Aldrich
(St. Louis, MO, USA). A TNF-o ELISA Kit, IL-1p ELISA
Kit, and IL-6 ELISA Kit were purchased from Beyotime
Biotechnology (Haimen, China). Antibodies against HMGBI,
JAK2, p-JAK2, STAT3, p-STATS3, and the internal standard
GAPDH (all from Affinity Biosciences, Cincinnati, OH, USA)
were used for western blot analysis and immunohistochemical
(IHC) analysis. The secondary antibody was a ready-to-use
goat-anti rabbit (or goat-anti-mouse, or donkey-anti-goat)
HRP-IgG dilution purchased from Beyotime Biotechnology
(Haimen, China).

Preparation of focal cerebral ischemia model in rats. Rats
were fasted overnight before the operation with free access to
drinking water. The rats were anesthetized with intraperitoneal
injection of anesthetic and fixed in supine position. The hair in
the median position of the neck was removed and disinfected,
and the skin was covered with dressing. The middle part of the
neck was incised to expose the right common carotid artery,
internal carotid artery, and extracranial branch (pterygopala-
tine artery), and the external carotid artery and its branches
(occipital artery and its superior thyroid artery). The occipital
artery, superior thyroid artery, and pterygopalatine artery
were clipped and the occipital artery and superior thyroid
artery were sliced off. The distal segment of the external
carotid artery was ligated, and with a slipknot at the proximal
end. A small hemostatic clamp was used to clamp down the
common carotid artery and the internal carotid artery. This
was followed by a slight incision with micro scissor on the
distal end of external carotid artery (proximal end of ligature).
A single-head vein indwelling needle sealed up with heparin
was inserted along the small cut all the way to the bifurcation
of the common carotid artery. The stylet was removed and
the micro hemostatic clamp was removed from the internal
carotid artery. After completely drilling the blood and gas,
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the prepared embolus was slowly injected into the internal
carotid artery (preparation of embolus: Collect blood samples
and centrifuged at 3,000 rpm for 10 min, followed by addi-
tion of CaCl, and thrombin. The mixture was injected into an
anesthesia catheter and the tube was placed in a 37°C water
bath for 15 min. Then, the gel was sliced into 0.8-1.5 mm-long
segments. Then, 4-6 segments were selected and placed in
1 ml PBS solution). After complete injection of the embolus,
the micro hemostatic clamp was removed from the internal
carotid artery and the blood flow was restored for 1 min. Then,
the venous indwelling needle was withdrawn, the external
carotid artery was ligated, and the neck skin was stitched. The
mice in the sham group were given the same treatment, except
no embolus was injected. Twenty-four hours after surgery,
the rat was incised in the chest under anesthesia to expose
the thoracic cavity. The right atrial appendage was cut open
and perfused with physiological saline from the left ventricle
until clear fluid flowed out. Then, the ischemic tissue of the
right cerebrum was collected to prepare tissue homogenate or
paraffin sections with 4°C physiological saline in the propor-
tion of 1:10 by weight.

ELISA. The rat brain tissue homogenate was prepared and
centrifuged at 12,000 x g and 4°C for 15 min. The superna-
tant was collected. Standard control and tissue homogenate
was added separately into the well of coated plate. The plate
was covered with plate sealing film and incubated at 37°C for
30 min. Then, the plate was washed 5 times, followed by addi-
tion of 50 ul of ELISA reagents. Repeat the incubation and
washing steps, then add coloring agent 50 ul, coloring agent B
50 ul and finally the termination solution 50 yl to stop the
reaction. The absorbance was measured in a microplate reader
and a histogram was drawn.

Western blotting. Every 20 mg of rat brain tissue homogenate
was mixed with 200 pl lysate. The mixture was treated with
homogenizer until complete lysis. Then, the sample was
centrifuged at 4°C, 12,000 g for 15 min. The supernatant was
collected to measure the protein concentration with BCA
kits (Bio-Rad, Hercules, CA, USA). The denatured protein
sample was mixed into the sample buffer and added to the
sample lanes. After 70 min electrophoresis, the protein was
transferred to PVDF membrane (Millipore, Bedford, MA,
USA) and blocked with 1X TBST solution containing 5% skim
milk for 1 h. This was followed by overnight incubation at 4°C
with primary antibody, the membranes were washed 4 times
with 1X TBST for 10 min each time. Then, the membrane
was incubated with secondary antibody at room temperature
for 1 h, then washed 4 times with 1X TBST for 10 min each.
Finally the fluorescence was developed, enhanced and fixed
with enhanced chemiluminescence ECL kit (Pierce, Rockford,
IL, USA).

Immunohistochemistry. Paraffin sections were dewaxed
and hydrated and placed in EDTA-containing antigen repair
buffer (pH 9.0). Antigen retrieval was performed in a micro-
wave oven. The slices were placed in 3% hydrogen peroxide
solution to block endogenous peroxidase and blocked with
5% BSA solution at room temperature for 30 min. Then, the
slices were incubated with primary antibody at 4°C overnight,
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Figure 1. Changes of TNF-a expression in rat brain after cerebral ischemia.
Sham group and MCAO group, 5 rats in each group. The brain tissues were
harvested 24 h after the operation, and the TNF-a content in the cerebral
tissue homogenate was measured using ELISA (“P<0.01).

followed by incubation with secondary antibody for 50 min
at room temperature. Then, the slices were washed with PBS
for 15 min. Finally, DAB color developing solution was added
dropwise. The development time was controlled by observing
the slides under a microscope. Positive staining was indi-
cated with brown spots. The development was terminated by
washing with tap water. The nuclei were stained with Harris
hematoxylin, and each slice was dehydrated and sealed.

Statistical analysis. Data are expressed as the mean + standard
error of the mean (SEM) of at least three independent experi-
ments. Standard error bars were included for all data points.
Statistical analysis was performed using Student's t-test when
only two groups were present or a one-way analysis of vari-
ance followed by the Student-Newman-Keuls test when more
than two groups were compared. Statistical analyses were
conducted with SPSS 17.0 software (SPSS, Inc., Chicago, IL,
USA). P<0.05 was considered significant.

Results

Changes of TNF-a expression in rat brain after cerebral
ischemia. Rats were allocated into two groups, a sham group
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and a MCAO group, with 5 rats in each group. ELISA was
performed to detect the TNF-a change in cerebral tissue in
each group. As indicated in Fig. 1. The amount of TNF-a in
the brain tissue homogenate of MCAO group was significantly
higher than in the sham group (P<0.01).

Changes in HMGBI, JAK2, p-JAK2, STAT3, and p-STAT3
expression in brain tissue of rats after cerebral ischemia.
Rats were allocated into two groups, a sham group and
MCAO group, with 3 rats in each group. The expression of
HMGBI,JAK?2, p-JAK?2, STAT3, and p-STAT3 were assessed
by western blot analysis in the brain tissue of the rats in both
groups. As indicated in Fig. 2, the concentration of HMGBI1
protein in MCAO group was significantly higher than in the
sham group (P<0.01). The relative levels of p-JAK2/JAK?2
and p-STAT3/STAT3 in brain tissue homogenate of MCAO
group were significantly higher than in the sham group
(P<0.01), suggesting that cerebral ischemia activates the
JAK?2/STATS3 signaling pathway and promotes HMGBI over-
expression. There remains some question regarding whether
the JAK2/STATS3 signaling pathway is involved in HMGBI
induction and its induced inflammatory response.

Effects of rapamycin, AG490, and curcumin on expression of
TNF-a, IL-10, and IL-6 in brain tissue of rats with cerebral
ischemia. Rats were allocated into 5 groups of 3 rats each: a
cerebral ischemia group (MCAO), inhibitor-treated group
(MCAO +saline),STAT3inhibitor-treatedgroup(MCAO + RPM),
JAK?2 inhibitor-treated group (MCAO + AG490), and
curcumin-treated group (MCAO +curcumin). The expression
of TNF-a, IL-1f, and IL-6 in brain tissue of four groups were
detected by ELISA. As indicated in Fig. 3, the concentrations of
TNF-a,IL-1B,and IL-6 in cerebral tissue homogenate of MCAO
group and MCAO +saline group were comparable (P>0.05).
Compared with MCAO +saline group, the contents of TNF-a,
IL-1p, IL-6 in MCAO+RPM group, MCAO + AG490 group,
and MCAO +curcumin group were significantly lower than in
the MCAO +saline group (P<0.01), suggesting that inhibition of
JAK?2/STATS3 signaling pathway such as curcumin reduces the
release of inflammatory factors after cerebral ischemia.
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Figure 2. Changes in HMGBI, JAK2, p-JAK2, STAT3, and p-STAT3 expression in brain tissue of rats after cerebral ischemia. Sham group and MCAO group,
3 rats in each group. The brain tissues were harvested 24 h after operation and change of HMGBI, JAK2, p-JAK2, STAT3, and p-STAT3 contents in the
cerebral tissue homogenate was measured using western blotting. (A) Protein bands of cerebral tissue homogenate; (B) Relative expression of the target protein
in the homogenate of brain tissue was calculated using the ImageJ image analysis software (Bethesda, MD, USA) (“P<0.01, "P<0.05).
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Figure 3. Effects of rapamycin and AG490 on expression of TNF-a, IL-1f3, and IL-6 in brain tissue of rats with cerebral ischemia. MCAO group without
pre-treatment before operation; inhibitor-treated group (MCAO +saline group, saline was injected via the tail vein 1 h before the MCAO operation); STAT3
inhibitor-treated group (MCAO +RPM group, 0.5 mg/kg rapamycin was injected via the tail vein 1 h before the MCAO operation); JAK?2 inhibitor-treated group
(MCAO +AG490 group, 8 mg/kg AG490 was injected via the tail vein 1 h before performing MCAO operation); curcumin-treated group (MCAO +curcumin
group, 40 mg/kg curcumin was injected right away via the tail vein after the MCAO operation). 3 rats were treated in each group. The rats were sacrificed

24 h after the operation and the brain tissue was harvested. The levels of (A) TNF-a, (B) IL-13, and (C) IL-6 in the brain tissue of four groups were detected
by ELISA (“P<0.01).
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Figure 4. Effects of rapamycin and AG490 on the expression of HMGBI, JAK2, p-JAK?2, STAT3, and p-STAT3 in brain tissue of rats with cerebral ischemia.

Expression of HMGBI, JAK2, p-JAK2, STAT3, and p-STATS3 in the rat brain were detected by (A, B) Western blot analysis and (C) immunohistochemistry
(magnification, x200) (“P<0.01, "P<0.05).
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Effects of rapamycin, AG490, and curcumin on the expres-
sion of HMGBI, JAK2, p-JAK2, STAT3, and p-STAT3 in
brain tissue of rats with cerebral ischemia. The expression
levels of HMGBI, JAK?2, p-JAK2, STAT3, and p-STAT3 were
detected by Western Blot and immunohistochemistry. As
indicated in Fig. 4, the expression of HMGBI, JAK?2, p-JAK2,
STATS3, and p-STAT?3 in the brain tissue homogenate of the
MCAO +saline group was comparable to that of the MCAO
group (P>0.05). The concentrations of p-JAK2/JAK2 and
p-STAT3/STAT3 in MCAO +RPM group, MCAO + AG490
group, and MCAO + curcumin group were significantly
lower than in the MCAO +saline group (P<0.01), suggesting
that inhibition of JAK2/STAT?3 signaling pathway such as
curcumin can reduce the expression of HMGBI in ischemic
brain tissue.

Discussion

The pathogenesis of ischemic stroke is very complex.
Evidence has shown that inflammation is the most important
pathophysiology of cerebral ischemia (21,22). In case of
cerebral ischemia, the generation of mediators of inflamma-
tion, breakdown of blood-brain barrier, inflammatory cell
activation and infiltrate (23,24) can provoke and exacerbate
the inflammatory response and lead to brain damage after a
series of complex pathological and physiological reactions.
HMGBI plays an important role in the inflammatory cascade
after cerebral ischemia and promotes the expression of inflam-
matory factors (TNF-a, IL-1, IL-6), leading to nerve injury
and dysfunction (11-14). This study also showed that, in rats
with cerebral ischemia, the brain can show high expression of
HMGBI and various inflammatory factors. HMGBI is essen-
tially a nuclear protein. It is combined with DNA and stored
in the nucleus, and it affects the structure of the chromosome
to regulate transcription, repair and recombination, and other
functions (25). In normal brain tissue, most of the brain cells
do not express or express only low levels of HMGBI, only
under pathological conditions (ischemia, trauma, etc.) that
HMGBI expression increased by transferring cytoplasm and
out to the extracellular area. HMGBI generates important
pro-inflammatory mediators by binding to receptors on the
membrane (26). Previous studies have shown that HMGBI1
can be activated and significantly increased during the early
stage of cerebral ischemia and induce leukocyte infiltration
and glial cell activation after ischemia, leading to pathological
inflammatory response; while activated inflammatory cells
can continue to secrete HMGBI1 aggravate inflammatory
injury (27). HMGBI also activates astrocytes in the cerebral
ischemic region to secrete MMP-9 to disrupt brain tissue
and blood-brain barrier and aggravate the inflammatory
response (28). HMGBI1 shRNA injection into the striatum can
reduce the expression of inflammatory cells in brain tissue,
reducing neuronal death. Injection of HMGBI into the brain
tissue of normal mice can induce the expression of inflam-
matory factors in the tissues (29). The use of anti-HMGBI1
neutralizing antibody could significantly reduce the inflam-
matory reaction and ischemic brain injury (30). In this way,
the development of HMGBI as the target of neuroprotective
agents for the clinical treatment of cerebral ischemic injury
may provide a new means of intervention.
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The mechanism by which HMGBI1 becomes activated
in patients after ischemic stroke is still not clearly described.
JAKSs/STATs are important intracellular signal transduction
pathways mediated by cytokines, oxidative stress, etc. The
JAK protein family includes JAK1, JAK2, JAK3, and TYK2.
The STAT protein family includes STATI1, STAT2, STATS3,
STAT4, STAT5a, STATSb, and STAT6 (31-34), among which
JAK?2/STATS3 is closely related to cerebral ischemia and it
can be activated during an early stage of cerebral infraction,
thus inducing enhanced expression of pro-inflammatory
factors (18,19,35-37). Liu et al reported in a study of periph-
eral macrophages that activation of the JAK2/STAT3 pathway
induced higher expression of HMGBI1, HMGBI further
promoting the release of cytokines such as TNF-a (20).
Zhang et al found that rapamycin inhibited JAK2/STAT3
signaling pathway to reduce the expression of HMGBI after
acute liver injury, thereby reducing inflammation caused by
liver damage (38). Li ef al in a study of the intestine, found that
activation of JAK2/STAT?3 signaling pathway could induce
inflammatory reaction, which could be reduced by rapamycin
and AG490. However, HMGBI was not evaluated in the present
study (39). In the present research, we found that cerebral expres-
sion of HMGBI and TNF-a would be significantly increased
after cerebral ischemia, thus inhibiting the JAK2/STAT?3
pathway. Meanwhile, the expression of HMGBI and inflamma-
tory factors in brain tissue was significantly decreased. We here
concluded that inhibition of the JAK2/STAT3 signaling pathway
can reduce the expression of HMGBI, thereby significantly
reducing the inflammatory response after cerebral ischemia.

Curcumin is a naturally occurring yellow acidic phenol
widely found in the rhizoma of turmeric plants such as
curcuma longa and curcuma zedoary (40), and has become a
research focus given its effects including anti-inflammatory,
anti-oxidation, anti-tumor, anti-virus, anti-atherosclerosis and
lipid-lowering effects and retarding brain degeneration (41).
JAK?2/STATS3 signaling pathway is activated after cerebral
ischemia, leading to increased expression of HMGBI and
aggravating the postischemic inflammatory responses. In
tumor cells and microglia, curcumin has been found to inhibit
the activation of JAK2/STAT3 signaling pathway (42,43).
Therefore this study also involved curcumin intervention
in rats with cerebral ischemia, noting that curcumin could
inhibit JAK2/STAT3 signaling pathway and reduce expres-
sion of HMGBI and inflammatory factors. The above findings
suggest that curcumin has a protective effect on cerebral
ischemic injury, potentially by the mechanism of inhibiting
JAK?2/STAT3 signaling pathway to reduce HMGBI1 expres-
sion and alleviate the inflammatory responses.

In conclusion, the JAK2/STAT3 signaling inhibitors such
as curcumin have protective effects on cerebral ischemic
injury, potentially by the mechanism of reducing HMGBI1
expression, thus reducing expression of the inflammatory
factors and alleviating the inflammatory responses.
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