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Berberine attenuates ischemia–reperfusion injury through
inhibiting HMGB1 release and NF-κB nuclear translocation
Jun-rong Zhu1,2, Hai-dan Lu1,2, Chao Guo3, Wei-rong Fang1, Hong-dong Zhao4, Jun-shan Zhou4, Feng Wang5, Yan-li Zhao1,2,
Yun-man Li1, Ying-dong Zhang1,4, Chang-qing Yang1 and Jian-guo Sun6

Inflammatory damage plays an important role in cerebral ischemic pathogenesis and represents a new target for treatment of
stroke. Berberine is a natural medicine with multiple beneficial biological activities. In this study, we explored the mechanisms
underlying the neuroprotective action of berberine in mice subjected transient middle cerebral artery occlusion (tMCAO). Male
mice were administered berberine (25, 50 mg/kg/d, intragastric; i.g.), glycyrrhizin (50 mg/kg/d, intraperitoneal), or berberine (50 mg/
kg/d, i.g.) plus glycyrrhizin (50 mg/kg/d, intraperitoneal) for 14 consecutive days before tMCAO. The neurological deficit scores were
evaluated at 24 h after tMCAO, and then the mice were killed to obtain the brain samples. We showed that pretreatment with
berberine dose-dependently decreased the infarct size, neurological deficits, hispathological changes, brain edema, and
inflammatory mediators in serum and ischemic cortical tissue. We revealed that pretreatment with berberine significantly enhanced
uptake of 18F-fluorodeoxyglucose of ischemic hemisphere comparing with the vehicle group at 24 h after stroke. Furthermore,
pretreatment with berberine dose-dependently suppressed the nuclear-to cytosolic translocation of high-mobility group box1
(HMGB1) protein, the cytosolic-to nuclear translocation of nuclear factor kappa B (NF-κB) and decreased the expression of TLR4 in
ischemic cortical tissue. Moreover, co-administration of glycyrrhizin and berberine exerted more potent suppression on the
HMGB1/TLR4/NF-κB pathway than berberine or glycyrrhizin administered alone. These results demonstrate that berberine protects
the brain from ischemia–reperfusion injury and the mechanism may rely on its anti-inflammatory effects mediated by suppressing
the activation of HMGB1/TLR4/NF-κB signaling.
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INTRODUCTION
Ischemic stroke remains one of the most common causes of death
and disability throughout the word. Ischemic stroke can be
induced by several factors, such as high blood pressure, transient
ischemic attack, diabetes, high cholesterol, and atrial fibrillation
[1]. As a medical emergency, timely restoration of blood flow and
reoxygenation, which reduces the irreversible damage caused by
ischemic stroke, is still the only globally approved treatment
method [2, 3]. However, the restoration of blood flow following
cerebral ischemia initiates an inflammatory cascade that causes
secondary neuronal injury [4].
The high-mobility group box 1 (HMGB1) protein is a nuclear

nonhistone protein that can be secreted into the extracellular
space as a proinflammatory cytokine during injury, infection, and
inflammation responses [5]. Elevated serum HMGB1 levels are
associated with poor clinical outcome of ischemic stroke and
provide accurate prognostic information after ischemic stroke [6].
In the ischemic brain, HMGB1 is released from necrotic and dying
neural cells and then binds to myeloid differentiation factor 2, an
extracellular adaptor molecule of the Toll-like receptor 4 (TLR4)

signalosome, inducing TLR4 signaling and subsequent proinflam-
matory cytokine synthesis [7]. TLR4, a member of the TLR family,
plays a role in immune defense and regulation by recognizing and
binding multiple endogenous and exogenous ligands. In cerebral
ischemia, TLR4 can modulate the expression of inflammation
mediators and activate downstream signaling, including nuclear
factor kappa B (NF-κB) [8, 9], which is a transcription factor that
can specifically bind promoters and enhancers of many genes and
thus participate in multiple cell functions, such as inflammation,
immune response, hematogenesis, cell proliferation, and apopto-
sis [10]. Finally, these signaling pathways and molecules cause
neuroinflammatory responses and injury after ischemic stroke [11,
12]. Accordingly, a therapeutic strategy targeting HMGB1/NF-κB
signaling may ameliorate cerebral stroke damage by restricting
neuroinflammatory processes. Therefore, corresponding anti-
inflammatory drug development may be beneficial in treating
ischemic stroke-induced brain injury [13, 14].
Berberine, an alkaloid isolated from Chinese herb Coptis chinensis

(Huang lian), has been used extensively in China as an antidiabetic,
antihyperlipidemic, antidepressant, anti-inflammatory,
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antibacterial, and anticancer agent [15]. Accumulating evidence
demonstrates that berberine possesses potent neuroprotective
effects against many neurological disorders, such as anxiety, brain
stroke, and Alzheimer’s disease [16, 17]. Based on the involvement
of inflammatory stress in the pathogenesis of ischemic brain injury
and the proposed activity of berberine as an anti-inflammatory
agent, berberine may be used as a new choice for cerebral
ischemia pretreatment. With this background, the present study
aimed to investigate the neuroprotective role of berberine in
ischemic stroke and illustrate the potential mechanism involved in
the HMGB1 and NF-κB signaling pathways.

MATERIALS AND METHODS
Animals and groups
Male C57BL/6 J mice (25–30 g) were provided by Vital River
Laboratories (Beijing, China). The animals were housed under a 12/
12-h dark/light cycle and were allowed free access to food pellets
and water. All animal experiments were approved by the Ethics
Committee for Animal Experimentation and were carried out in
accordance with the National Institutes of Health “Guidelines for
Care and Use of the Laboratory Animals”.
Mice were randomly divided into six groups: (1) sham group:

mice intragastric (i.g.) administered 0.5% carboxymethylcellulose
sodium; (2) vehicle group: mice i.g. administered 0.5% carbox-
ymethylcellulose sodium; (3) berberine-L group: mice i.g. adminis-
tered berberine (25 mg/kg); berberine-H group: mice i.g.
administered berberine (50 mg/kg); Glycyrrhizin (Gly) group: mice
interperitonial (i.p.) administered glycyrrhizin (50 mg/kg); berber-
ine-H+ Glycyrrhizin group: mice i.g. administered berberine (50
mg/kg), and i.p. administered glycyrrhizin (50 mg/kg). The
described treatments were given to all groups once a day for 14
consecutive days before tMCAO.

Animal model of tMCAO
tMCAO surgical procedures were performed on mice by the
intraluminal suture method originally described by Longa et al.
[18] with some modifications. Mice were anesthetized with chloral
hydrate (400 mg/kg, i.p.). In brief, after a midline skin incision, the
right common carotid artery, external carotid artery (ECA), and
internal carotid artery (ICA) were exposed. A 6-0 suture coated
with silicone (0623, Yunshun, Heinan) was introduced into the ECA
and advanced from the ICA to the opening of the middle cerebral
artery (MCA) until a slight resistance was felt, and the filament
was inserted ~ 9–10mm from the carotid bifurcation,
effectively blocking the MCA. The diameter of the tip of the
coated suture was between 0.21 and 0.23mm, and the diameter
of the rest of the suture was 0.126 mm. The 6-0 suture was
withdrawn after 60 min of occlusion, followed by reperfusion.
Animals in the sham-operated group underwent the same surgical
procedures except the thread was not inserted. The mice were
allowed to recover on a warm blanket with free access to food and
water.

Regional CBF measurement
Mice subjected to tMCAO surgeries underwent repeated measure-
ments of regional cerebral blood flow (CBF) before ischemia, 5 min
after tMCAO injury and 5min after reperfusion using the Perfusion
speckle image system (FLP12, Gene&I, Beijing).

Neurological score determination
At 24 h after tMCAO, neurological deficit scores were evaluated
according to the method described by Longa et al. [18] by an
examiner blinded to the experimental groups. A score of 0
indicates no neurologic deficit. A score of 1 indicates that that the
mouse fails to extend the left forepaw, 2 reflects the appearance
of circling to the left, 3 refers to the failure to turn to the left, and 4
indicates that the mouse cannot walk spontaneously and exhibits

a depressed consciousness. The higher the neurological deficit
score, the more severe the motor injury.

18F-FDG PET/CT scan
18F-fluorodeoxyglucose (18F-FDG) microPET/CT images of the
mouse brain were acquired 24 h after tMCAO surgery. Before
scanning, all mice were fasted for 12 h before intravenous (IV)
administration of 3.7 MBq 18F-FDG in 0.1 mL saline. Under
anesthesia using isoflurane (1%), mice were placed supine near
the center of the field of view of the scanner 45 min after IV
injection of 18F-FDG. Image acquisition was performed using a
small-animal positron emission tomography–computed tomogra-
phy (PET/CT) scanner (Inveon, Germany SIMENS company) with a
microPET acquisition time of 5 min and an energy window of
350–650 keV. MicroCT imaging was performed with a radiographic
tube voltage of 80 kV, a current of 500 µA, and an exposure time
of 255 ns. The list-mode PET data were post-processed using a
three-dimensional ordered subset expectation maximization
algorithm (OSEM3D) with CT-based attenuation correction into
256 × 256 × 95 matrices with a voxel size of 1.5 mm3.

Infarct volume evaluation
At 24 h following tMCAO, mice were killed under deep anesthesia
for brain tissue collection. The brain was cut into four slices of 2
mm thickness and stained with 2% 2,3,5-triphenyltetrazolium
chloride (TTC) at 37 °C in a water bath for 20min to evaluate the
infarct volume. Infarct size was determined by digital planimetry
of the slices using ImageJ analysis software [19]. Infarct volumes
were calculated (in mm3) by multiplying summed section infarct
areas by section thickness. The percentage of hemisphere lesion
volume was finally calculated. To compensate for the effect of
brain edema, the percentage hemisphere lesion volumes were
calculated by the following formula: infarct size= (contralateral
volume – ipsilateral non-infarct volume)/contralateral volume ×
100%.

Measurements of brain edema
Brain tissue was weighed immediately (wet weight) and after
dehydration (dry weight) at 100 °C for 24 h. Brain edema was
determined using the following formula: brain water content=
[(wet weight-dry weight)/wet weight] × 100% [20].

Hematoxylin and eosin staining
After the behavior examination at 24 h, the mice were reanesthe-
tized with chloral hydrate and perfused with normal saline
followed by 4% paraformaldehyde in 0.1 mol/L phosphate-
buffered saline (PBS) for fixation. Then, the mouse brain was
sliced into 5-µm-thick sections. After hematoxylin and eosin
staining, pathological changes in the tissues were analyzed, and
all attempts were made to use the same region of cortex as was
used for the hematoxylin–eosin evaluation.

ELISA for TNF-α, IL-1β, and IL-6 serum concentrations
Before animals were killed, whole blood was drawn from the orbit
of mice and then centrifuged at 4000 r/min for 5 min. The TNF-α,
IL-1β, and IL-6 levels in serum were determined using a
corresponding ELISA kit (Maijian Biotechnology Center, China).

Real-time reverse transcription-quantitative PCR (RT-qPCR) for
mRNA expression
At 24 h after tMCAO, mice were anesthetized, and the ipsilateral
cortex tissue was rapidly dissected for RT-qPCR experiments. Total
RNA was extracted from the ischemic cortex using an RNA
extraction kit and reverse-transcribed to cDNA with a commer-
cially available kit according to the manufacturer’s manual (Abm,
China). Real-time PCR was performed using the ABI 7500 sequence
detection system (Applied Biosystems, Foster City, CA) with a
reaction mixture that consisted of SYBR Green 2 × PCR master Mix
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(Abm, China), cDNA template, and forward and reverse primers.
Thirty-five cycles were conducted as follows: 95 °C for 15 s
(denaturation step) and 60 °C for 60 s (to allow extension and
amplification of the target sequence). The following primers were
used: HMGB1: forward GGATGCTTCTGTC- AACTTCTC, reverse
TTCATAACGAGCCTTGTCAG; TLR4: forward GTCAGTGTGATTGTGG-
TATCC, reverse ACCCAGTCCTCATTCTGACTC; NF-κB p65: forward
AGTATTCCTGGCGAGAAAG, reverse CTGTTCCTGGTCCTGTGTAG;
TNF-α: forward CAGGCGGTGCCTATGTCTC, reverse CGATCACCCC-
GAAGTTCAGTA; IL-1β: forward TGACCTGGGCTGTCCTGATG,
reverse GGTGCTCATGTCCTCATCCTG; IL-6: forward CCACTTCA-
CAAGTCGGAGGC, reverse GCAAGTGCATCATCGTTGTTCAT; GAP
DH: forward GCAGTGGCAAAGTGGAGATTG, reverse TGCAGGATG-
CATTGCTGACA. Data were analyzed using the ABI 7500 sequence
detection system software. The quantity of HMGB1, TLR4, NF-κB,
TNF-α, IL-1β, and IL-6 mRNA was normalized to that of GAPDH
using the comparative (2-△△Ct) method [21].

Immunohistochemical examination
Brain tissue from each group was fixed in 4% paraformaldehyde
for 24 h at 4 °C, dehydrated with alcohol, embedded in paraffin
and sliced into 5-µm-thick sections. Sections were incubated with
3% H2O2 and 3% normal goat serum and incubated with the
primary antibodies of interest in 0.01 mol/L phosphate-buffered
saline overnight. Rabbit monoclonal antibody anti-HMGB1 (1:400,
Abcam Biotechnology), mouse monoclonal antibody anti-TLR4
(1:200, Santa Cruz Biotechnology), and rabbit monoclonal anti-
body anti-NF-κB (1:400, Abcam Biotechnology) were used to
detect expression of the corresponding proteins. The secondary
antibodies, secondary biotinylated conjugates, and diaminobenzi-
dine were from the Vect ABC kit (zsgb-bio, China). Five visual fields
of the ischemic region of the infarct were selected, and slides were
viewed and photographed with a × 400 light microscope. The
analyses of the results were performed using Image-Pro Plus
software.

Western blot analysis
Total protein and cytosolic and nuclear protein in the ischemic
cortex tissue were extracted with the corresponding protein
extraction kit (Key GEN Biotech, China) following the manufac-
turer’s protocols, and the protein quantity was assessed with the
BCA protein assay kit (Key GEN Biotech, China). Finally, the protein
samples were subjected to sulfate polyacrylamide gel electro-
phoresis (8–12%), separated electrophoretically and transferred to
polyvinylidene difluoride membranes (Millipore, USA). After the
membranes were blocked for 2 h with 5% milk solution (nonfat
dry milk in TBS-Tween 20 (TBST)), they were incubated overnight
at 4 °C with rabbit monoclonal antibody anti-HMGB1 (1:2000,
Abcam Biotechnology, ab79823), mouse monoclonal antibody
anti-TLR4 (1:1000, Santa Cruz Biotechnology, sc-293072), rabbit

monoclonal antibody anti-NF-κB (1:1000, Abcam Biotechnology,
ab32536), anti-nuclear-β-actin and anti-cytosolic-β-actin (1:1000,
Beyotime, China). The membranes were washed three times for
10min each time, incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody (1:5000, zsgb-bio,
China) at room temperature for 1 h and washed again three
times in TBST buffer. Specific protein signals were visualized on X-
ray film using the Super ECL Plus Detection Reagent (Key GEN
Biotech, China). The bands were scanned and analyzed quantita-
tively by densitometry with ImageJ analysis software.

Statistical analyses
All data were expressed as the mean ± SD. Group data in this
study were analyzed using SPSS 18.0 software, and a P-value of <
0.05 was considered statistically significant. Statistical analysis was
performed by one-way analysis of variance followed by LSD test
for intergroup comparisons. An unpaired Student’s t test was used
to compare the difference in 18F-FDG uptake between two groups.
All statistical figures were performed with Graph Pad Prism
Version 5.0 (GraphPad Software, La Jolla, CA).

RESULTS
Regional CBF
CBF occlusion was characterized by a reduction in CBF down to
24.22% ± 4.03% of baseline, and a CBF up to 50.6% ± 5.70% of
baseline demonstrated the success of reperfusion (Fig. 1a, b). The
results are presented as percent change compared with baseline.

Berberine attenuated the neurological deficits
The survival rate was estimated at 24 h after reperfusion. In total,
150 animals were used for experiments, including 21 mice for
sham operation. The mortality rate was ~ 30%, and the success
rate in compliance with the stroke score standard was ~ 60% in
experiments. Neurological deficits were examined and scored on a
5-point scale at 24 h after tMCAO. The scores of the sham group
were zero, indicating no neurological deficits, whereas the scores
of the vehicle group were significantly higher than those of the
sham group. The scores of the berberine-L group and berberine-H
group were significantly lower than those of the vehicle group
(berberine-L group vs. vehicle group, P < 0.01; berberine-H group
vs. vehicle group, P < 0.01, Fig. 2a). There was no significant
difference in scores between the berberine-L group and the
berberine-H group (P > 0.05, n= 12).

Berberine increased 18F-FDG uptake
With the substantial technological advances in small-animal
imaging, microPET imaging with 18F-FDG has been successfully
used to monitor metabolic changes associated with seizure
severity and neuronal activity [22]. To determine whether

Fig. 1 The change in rCBF in the MCAO region. a Representative images of cerebral blood flow for baseline, ischemia, and reperfusion during
tMCAO. b Percent change in rCBF compared with baseline during occlusion and reperfusion (n= 5)
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berberine could improve cerebral ischemic brain injury, 18F-FDG
PET/CT scans were performed in mice up to 24 h after tMCAO. As
illustrated in Fig. 2b, c, the 18F-FDG uptake ratio in the ischemic
hemisphere in the berberine-H group was significantly higher
than that in the vehicle group at 24 h after tMCAO (P < 0.05, n= 3).
The results indicated that the metabolic condition of the
berberine-H group was superior to that of the vehicle group
and that berberine treatment alleviated the degree of ischemia in
experimental stroke.

Berberine reduced the brain infarction volume
Cerebral infarction was detected by TTC staining and is shown in
Fig. 3a. No infarction was observed in the sham group, whereas
extensive lesions developed in the ipsilateral cortex in the vehicle
group. In the berberine-L group and berberine-H groups, infarct
size was significantly reduced compared with that in the vehicle
group (P < 0.01, n= 5) (Fig. 3b). There was a significant difference
in infarct size between the berberine-L and berberine-H groups (P
< 0.05), indicating that the effect of berberine on infarct area was
concentration-dependent.

Berberine decreased the brain water content
The water content of the brain was significantly greater in the
vehicle group than in the sham group. The brain water content
was significantly reduced by berberine-L and berberine-H treat-
ment in comparison with that in the vehicle group (vehicle group
vs. berberine-L group: 82.61% ± 0.40% vs. 81.28% ± 0.35%, P <
0.01; vehicle group vs. berberine-H group: 82.61% ± 0.40% vs.
80.23% ± 0.46%, P < 0.01) (Fig. 3c). There was a significant
difference in brain water content between the berberine-L and
berberine-H groups (P < 0.05, n= 5).

Berberine alleviated the pathological damage of brain tissue
HE staining showed histological changes in the ischemic cortex of
vehicle-treated mice compared with that of mice in the sham
group. As shown in Fig. 4a–d, the sham group showed normal
round intact neurons in the cortex with normal nuclei and
integrated tissue structures. HE staining revealed nucleus pykno-
sis, vacuolation, and shrunken neuronal bodies in the focal point
of the infarcted region of the cortex in vehicle-treated mice. After
pretreatment with berberine (25 and 50mg/kg), the focal point of
the infarction was significantly shrunken when compared with
that in the vehicle control group. Despite partial neuronal loss,
many intact cells were still observed. Neurons that had nucleus
pyknosis, vacuolation, karyorrhexis, and shrunken cell bodies were
defined as ischemically injured cells. The percentages of injured
cells in the ischemic cortex region were significantly lower in the
berberine-L and berberine-H groups than in the vehicle group (P
< 0.01), and there was a significant difference between the
berberine-L group and the berberine-H group (P < 0.05, n= 3)
(Fig. 4e).

Berberine decreased serum inflammatory cytokine levels
As shown in Fig. 5a, the serum concentrations of the systemic
inflammatory cytokines TNF-α, IL-1β, and IL-6 were significantly
increased in the vehicle group relative to those in the sham group
at 24 h after the induction of ischemia and reperfusion injury (P <
0.01). Compared with the concentrations in the vehicle group, the
serum TNF-α, IL-1β, and IL-6 concentrations were significantly
downregulated in the berberine-L and berberine-H groups (P <
0.01, P < 0.05, n= 5). Furthermore, there was a significant
difference in serum concentrations between the berberine-L and
berberine-H groups (P < 0.05).

Fig. 2 The neuroprotective effect of berberine treatment in ischemic stroke. a Evaluation of the neurological deficit. Pretreatment with
berberine significantly decreases neurological deficit scores (n= 12). b Above are the horizontal sections from mice in the vehicle group and
berberine-H group. The uptake of 18F-FDG decreases from red to blue. The area indicated by the arrow in the diagram is the area of interest.
c Quantitative 18F-FDG uptake in the different groups at 24 h after cerebral reperfusion (n= 3). Data are presented as the mean ± SD. *P < 0.01
versus the vehicle group
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Fig. 3 Effects of berberine on infarct volume and brain edema in ischemic stroke (n= 5). a Representative images of TTC-stained brain
sections of cerebral ischemia–reperfusion mice with berberine pretreatment, vehicle or sham. b Quantification of the infarct volume in the
vehicle or berberine pretreatment groups. c Brain water content. Data are presented as the mean ± SD. #P < 0.01 versus the sham group; *P <
0.01 versus the vehicle group

Fig. 4 Representative images of ischemic brain tissue with hematoxylin and eosin staining (n= 3). Scale bar, 20 µm. Magnification of the
microphotograph, × 400. Arrows indicate injured cells in the ischemic cortex region. a Sham group, b vehicle group, c berberine-L group,
d berberine-H group. e Percentage of injured cells in the vehicle, berberine-L, and berberine-H groups in the cerebral cortex. Data are
presented as the mean ± SD. *P < 0.01 versus the vehicle group
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Berberine downregulated HMGB1, TLR4, NF-κB, and inflammatory
cytokine mRNA levels
As shown in Fig. 5b, HMGB1, TLR4, and NF-κB mRNA levels were
significantly upregulated in the vehicle group compared with
those in the sham group and were suppressed by berberine-L and
berberine-H group administration. Finally, the proinflammatory
cytokine mRNA levels of TNF-α, IL-1β, and IL-6 were also decreased
by berberine-L and berberine-H treatment (P < 0.01, n= 5) (Fig. 5c),
and there was a significant difference in mRNA levels between the
berberine-L and berberine-H groups (P < 0.05).

Berberine inhibited the HMGB1/ TLR4/ NF-κB signaling pathway
Previous studies have demonstrated that HMGB1, TLR4, and NF-κB
are important proinflammatory mediators involved in ischemic
brain injury. Therefore, we sought to investigate whether
berberine treatment influenced the expression of proinflamma-
tory mediators in the ischemic brain after tMCAO. To evaluate the
potential mechanism, the total protein expression of molecules in
the HMGB1/TLR4/NF-κB pathway was detected 24 h after tMCAO.
As shown in Fig. 6a, the immunohistochemistry results showed
that more cells in the cortex of the vehicle group were
immunoreactive for HMGB1, TLR4, and NF-κB than in that of the
sham group. As expected, the administration of berberine (25 and
50mg/kg) and glycyrrhizin remarkably decreased the number of

cells positive for HMGB1, TLR4, and NF-κB in ischemic brain tissue
at 24 h after tMCAO (P < 0.01, n= 3) (Fig. 6b). Notably, the
inhibitory effects on HMGB1, TLR4, and NF-κB were weaker in the
berberine (25 mg/kg)+ glycyrrhizin group than in the berberine
(50 mg/kg)+ glycyrrhizin group.

Berberine suppressed the protein expression of inflammatory
proteins induced by ischemia–reperfusion injury in the brains of
mice
We also detected the expression of nuclear and cytoplasmic
HMGB1, nuclear and cytoplasmic NF-κB and TLR4 in the ischemic
brain tissue. As shown in Fig. 7, the vehicle group exhibited lower
nuclear HMGB1 and cytoplasmic NF-κB and higher cytoplasmic
HMGB1, nuclear NF-κB, and TLR4 than the sham group. Compared
with the vehicle group, all groups given berberine and glycyrrhizin
exhibited suppressed expression of cytoplasmic HMGB1, nuclear
NF-κB, and TLR4 but upregulated expression of nuclear HMGB1
and cytoplasmic NF-κB (P < 0.01, n= 3 per group). Co-treatment
with glycyrrhizin and berberine (50 mg/kg) exerted a greater
inhibitory effect on cytoplasmic HMGB1, nuclear NF-κB, and TLR4
expression than treatment with glycyrrhizin or berberine (25 and
50mg/kg) alone. Finally, there was a significant difference
between the berberine-L group and the berberine-H group in
the expression of cytoplasmic HMGB1 and TLR4 (P < 0.05).

Fig. 5 Berberine improved brain injury by suppressing the inflammatory response through HMGB1/TLR4/NF-κB inhibition in mice after
cerebral ischemia–reperfusion injury (n= 5). a Serum proinflammatory cytokine levels were measured using ELISA kits. b HMGB1, TLR4, and
NF-κB mRNA expression in tMCAO-treated mice. c TNF-α, IL-1β, and IL-6 mRNA expression in tMCAO-treated mice. Data are presented as the
mean ± SD. #P < 0.01 versus the sham group; ※P < 0.05 versus the vehicle group; *P < 0.01 versus the vehicle group
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DISCUSSION
In this study, we found that treatment with berberine improved
neurological function and decreased cerebral infarct volume and
brain edema after ischemia–reperfusion injury. More importantly,
berberine significantly suppressed neuroinflammation via the
HMGB1/TLR4/NF-κB signaling pathway. We further explored the
possible mechanisms responsible for the anti-inflammatory effect
of berberine on cerebral ischemic stroke.
One commonly held view is that inflammation responses

contribute to cerebral ischemic stroke injury and secondary
damage [23, 24]. HMGB1 regulates transcription to stabilize
nucleosomes under normal conditions and is considered a late
inflammatory cytokine in many neurodegenerative diseases [25]. A
previous study found that the plasma level of HMGB1 is elevated
by up to 10-fold in stroke patients and is considered an
independent predictor of long-term clinical outcomes in ischemic
stroke [26]. HMGB1 translocation and release could activate
immunity by inducing proinflammatory cytokine production
through its interaction with TLR4, which is one of the main
receptors of HMGB1, and the HMGB1-TLR4 pathway contributes to
inflammation via multiple mechanisms [27]. Some reports have

shown that excessive inflammation resulting from activation of
the HMGB1/TLR4 pathway in the brain has been implicated in
traumatic brain injury and ischemia–reperfusion injury [12, 28].
Therefore, blocking HMGB1/TLR4 signaling may downregulate the
expression of inflammatory pathway genes in cerebral ischemic
stroke.
TLR4 has been shown to be one pathway by which HMGB1 can

act in a potential feed-forward mechanism, resulting in NF-κB
translocation from the cytosol to the nucleus depending on the
Myd88 or non-Myd88 pathway, thereby increasing the expression
of proinflammatory cytokines [28, 29]. As a signal protein, NF-κB
plays a pivotal role in the regulation of immune and inflammatory
responses including the expression of p65 and p50 subunits,
which are distributed in the cytoplasm. Blocking TLR4 signaling
with a specific inhibitor prevented the loss of neurons and
suppressed the activation of NF-κB p65 after cardiac arrest and
cardiopulmonary resuscitation, suggesting that HMGB1-induced
postresuscitation brain damage is probably related to the TLR4-
NF-κB pathway [30].
As a transcription factor, NF-κB regulates the expression of

many growth factors, immunoreceptors, oxidative stress-related

Fig. 6 a Enlarged images from representative immunohistochemistry photographs of HMGB1, TLR4, and NF-κB in different groups (n= 3). The
original images were placed on the top left corner of each photograph. Scale bar, 20 µm. Magnification of the microphotograph, × 400.
b Number of cells with positive staining for HMGB1, TLR4, and NF-κB. Data are presented as the mean ± SD. #P < 0.01 versus the sham group;
*P < 0.01 versus the vehicle group
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enzymes, and cytokines, such as TNF-α, IL-1β, and IL-6, to initiate
inflammatory responses [31]. A previous study reported that the
inhibition of NF-κB signaling is neuroprotective because it reduces
infarct size, improves neurological deficits, and leads to the
inhibition of the expression of inflammatory response genes [32],
suggesting that targeting NF-κB activity after acute cerebral
infarction may be a potential therapeutic strategy.
Proinflammatory cytokines have long been suggested to

contribute to ischemic injury owing to their roles in inducing the
infiltration of inflammatory cells and accelerating the pathological
process of ischemic stroke. Attenuated levels of proinflammatory
cytokines may be associated with poor outcome after stroke
[33, 34]. In the present study, HMGB1, TLR4, NF-κB proteins, and
inflammatory factors, including TNF-α, IL-1β, and IL-6, were all

upregulated in the vehicle group compared with those in the sham
group. Berberine interventions obviously reverse these alterations,
demonstrating that berberine-inhibiting inflammatory responses
were likely to contribute to improving brain function. In addition,
the HMGB1 inhibitor glycyrrhizin was also used to further
demonstrate that berberine plays a neuroprotective role through
the HMGB1/TLR4 signaling pathway.

18F-FDG is an inflammation biomarker for imaging dengue virus
infection and assessing treatment response during therapeutic
intervention trials, which has been reported in atherosclerosis [35,
36]. A previous study found that imaging with 18F-FDG/PET
enabled the detection and quantification of ischemia-induced
metabolic deficits and provided a sensitive and reliable means of
assessing cerebral ischemic lesions compared with conventional

Fig. 7 Effects of berberine on the expression of nHMGB1, cyHMGB1, nNF-κB, cyNF-κB, and TLR4 by western blot analysis at 24 h after cerebral
ischemia–reperfusion injury (n= 3). Nuclear and cytosolic protein extracts were prepared and assayed for HMGB1 and NF-κB by western blot
analysis. Total protein extracts were prepared for analysis of TLR4 expression. a Representative photographs of western blot for nHMGB1,
cyHMGB1, nNF-κB, cyNF-κB, and TLR4. b Ratio of cyHMGB1 to nHMGB1. c Ratio of nNF-κB to cyNF-κB. d Ratio of TLR4 to β-actin. Data are
presented as the mean ± SD. #P < 0.01 versus the sham group; *P < 0.01 versus the vehicle group
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neurological scoring systems [37]. In the present work, we found
that 18F-FDG uptake was significantly higher in the frontal cortex
in the berberine-H group than in the vehicle group. The
correlation between 18F-FDG uptake and inflammation in cerebral
stroke suggests a promising role for 18F-FDG PET imaging in the
evaluation of neuroinflammation.
Berberine is a well-known natural compound that has various

biological functions. Because of its advantages in the treatment
and prevention of disease, studies have already discovered that
administration of berberine could reduce cerebral
ischemia–reperfusion injury by regulating the Akt/GSK signaling
pathway and alleviating the inflammatory response [38]. In our
study, similar to previous studies, we demonstrated that berberine
had a neuroprotective effect on ischemia–reperfusion injury, but
we also revealed a novel mechanism of action through the
HMGB1/TLR4/NF-κB pathway. Moreover, berberine pretreatment
significantly hampered the nuclear-to-cytosolic translocation of
HMGB1 and the cytosolic-to-nuclear translocation of NF-κB. Both
25mg/kg and 50mg/kg berberine pretreatment relieved nerve
defects, reduced brain edema, and decreased infarct size as well
as the cortical area affected by ischemic stroke demonstrated by
HE staining in vivo. The chosen dose of berberine (25 mg/kg) in
the current study was from a previous study, and our study found
that a higher dosage (50 mg/kg) yielded more significant
neuroprotective effects than the lower dosage. Glycyrrhizin
effectively inhibited HMGB1 expression. Moreover, co-
administration of glycyrrhizin and berberine exhibited a more
potent inhibitory effect on the HMGB1/TLR4/NF-κB pathway than
the administration of berberine or glycyrrhizin alone, suggesting
that HMGB1 might play a key role in the protective mechanism of
berberine on ischemia–reperfusion injury. We found that the
different doses of berberine inhibited the HMGB1/TLR4 signaling
pathway to different degrees but had the same downstream effect
on NF-κB.
In summary, the results of the current study suggested that

berberine exhibits significant neuroprotective effects during
cerebral ischemia–reperfusion injury, possibly by reducing
HMGB1 secretion and nuclear translocation of NF-κB, either
directly or indirectly by reducing neuroinflammation. Therefore,
we believe that the modulation of interactions among HMGB1,
TLR4, and NF-κB by berberine should be considered a useful
strategy for pretreatment to protect against ischemia stroke,
which features delayed damage after acute and massive neuroin-
flammation. Of course, further investigations are needed to further
elucidate the mechanisms of berberine before its application in
patients affected by cerebral ischemic attack.
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