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Abstract
Evidence suggests that microglia/macrophages can change their phenotype to M1 or M2 and participate in tissue damage 
or repair. Berberine (BBR) has shown promise in experimental stroke models, but its effects on microglial polarization and 
long-term recovery after stroke are elusive. Here, we investigated the effects of BBR on angiogenesis and microglial polariza-
tion through AMPK signaling after stroke. In the present study, C57BL/6 mice were subjected to transient middle cerebral 
artery occlusion (tMCAO), intragastrically administrated with BBR at 50 mg/kg/day. Neo-angiogenesis was observed by 
68Ga-NODAGA-RGD micro-PET/CT and immunohistochemistry. Immunofluorescent staining further exhibited an increase 
of M2 microglia and a reduction of M1 microglia at 14 days after stroke. In vitro studies, the lipopolysaccharide (LPS)-
induced BV2 microglial cells were used to confirm the AMPK activation effect of BBR. RT-PCR, Flow cytometry, and 
ELISA all demonstrated that BBR could inhibit M1 polarization and promote M2 polarization. Furthermore, treatment of 
human umbilical vein endothelial cells (HUVEC) with conditioned media collected from BBR-treated BV2 cells promoted 
angiogenesis. All effects stated above were reversed by AMPK inhibitor (Compound C) and AMPK siRNA. In conclusion, 
BBR treatment improves functional recovery and promotes angiogenesis following tMCAO via AMPK-dependent microglial 
M2 polarization.
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Introduction

After cerebral infarction occurs, a process of angiogen-
esis is triggered in the ischemic penumbra, where angio-
genesis is a critical compensation route and the course 
of regenerating new blood vessels by sprouting to meet 
the biological functions of local tissues effectively (Huang 
et al. 2016; Madelaine et al. 2017; Seto et al. 2016). It 
is largely dependent on the balance of a mix of angio-
genic growth factors and angiostatic factors to promote 
or sustain endothelial cell proliferation and migration 
(Liu et al. 2014; Manavski et al. 2018). Several lines of 
documents have highlighted that there is an encouraging 
relationship between angiogenesis and stroke outcome (Li 
et al. 2018b). Clinically, higher microvessel density in the 
ischemic border is associated with a better long-term prog-
nosis in stroke patients (Krupinski et al. 1994). Hence, it 
is now recognized that pro-angiogenesis may represent a 
potent therapeutic strategy for long-term recovery after 
ischemic stroke.

Previous studies suggested that microenvironment in 
brain tissue plays a contributing role in cerebral ischemia 
and reperfusion injury (CI/RI) (Xiong et al. 2016). Resi-
dent microglia and infiltrated macrophages exert the initial 
action of active immune defense in the central nervous sys-
tem (CNS), which respond dynamically to the regulation of 
inflammatory condition in the injured brain (Liu et al. 2018, 
2017). Actually, the dual roles of microglia/macrophages are 
throughout the course of ischemic injury (Kabba et al. 2018). 
Within the symptom initiation, microglia/macrophages show 
a transient M2 phenotype in the ischemic penumbra and 
then secrete high levels of neurotrophic factors, including 
TGF-β, IL-10, and VEGF to prolong neuron survival, lessen 
cerebral infarction volume, and participate in forming new 
blood vessels, and then activated microglia/macrophages 
whose shift to the M1 phenotype could exacerbate brain 
injury by releasing multiple pro-inflammatory cytokines, 
such as TNF-α, IL-1β, and IL-6 (Xiang et al. 2018; Jiang 
et al. 2018; Ganta et al. 2017). In essence, when reperfu-
sion begins, microglia/macrophages start to expand cellular 
protrusions toward the adjacent blood vessels, and the role 
of M2 polarization in modulating an angiogenic response 
in ischemia has gained enormous acceptance worldwide 
(Donners 2013; Lin et al. 2014). Interestingly, there is evi-
dence that adenosine 5′-monophosphate-activated protein 
kinase (AMPK) activation is responsible for neuroinflam-
mation alleviation and macrophage/microglial polarization 
to the M2 phenotype (Sag et al. 2008; Wang et al. 2018a, b). 
Therefore, pharmacologically promoting the transition from 
the M1 to M2 phenotype would be a challenge of vascular 
remodeling and perfusion recovery by targeting AMPK after 
ischemic stroke.

Berberine (BBR), a common isoquinoline alkaloid 
extracted from traditional Chinese medicine, has the phar-
macological and bioactive properties for treatment of CNS 
disorders, such as Alzheimer’s disease and cerebral ischemia 
(Lin and Zhang 2018; Sohn et al. 2019). The ability of BBR 
to transport cross the blood–brain barrier and accumulate 
in the brain to function with neurons provokes research-
ers’ interest (Lu et al. 2010). Based on our previous animal 
experiments, we chose 50 mg/kg as the representative con-
centration to investigate the mechanisms of brain protec-
tive function in tMCAO mice (Zhu et al. 2018); however, 
the potential mechanisms of such a phenomenon remain 
unclear. According to the published data, we hypothesis that 
BBR could facilitate angiogenesis against ischemic stroke 
through modulating microglial polarization toward M2 type 
via AMPK signaling.

Materials and Methods

Animal Model and Drug Administration

All experiments were approved by the Ethics Committee 
of Nanjing First Hospital, Nanjing Medical University, 
and animal experimental procedures were conducted in 
accordance with the ARRIVE (Animal Research: Report-
ing In Vivo Experiments) guidelines. A total of 350 healthy 
adult male C57BL/6 mice, weighed 20–24 g, were purchased 
from Vital River Laboratories (Beijing, China). Mice were 
randomly divided into BBR, vehicle, and sham groups, 
intragastrically administrated with 50  mg/kg/day BBR 
solution (Berberine hydrochloride (BP1108, Sigma, USA) 
dissolved in 0.5% carboxymethyl cellulose sodium) and 
equivalent solvent, respectively. Mice underwent tMCAO 
surgery as described previously (Zhu et al. 2018). Animals 
were anesthetized by 4% chloral hydrate (400 mg/kg, i.p.). 
In brief, a midline skin in the neck was incised, then the 
right common carotid artery(CCA), external carotid artery 
(ECA), and internal carotid artery (ICA) were separated at 
the same time. A silicon-coated 6-0 suture (0623, Yunshun, 
Heinan) was inserted into the ECA and advanced from the 
ICA to the opening of the middle cerebral artery (MCA). 
The suture was withdrawn after 45 min of occlusion, fol-
lowed by reperfusion. Regional cerebral blood flow (rCBF) 
was monitored by Perfusion Speckle Image System (FLP12, 
Gene & I, Beijing) throughout the ischemia and reperfusion 
in all stroke mice. Results were presented as percent change 
compared to baseline.

Assessment of Neurological Function

Neurological deficit scores were measured according to the 
method of Longa et al. (1989) by an examiner blinded to the 
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experimental groups on days 1, 7, 14, and 28 after tMCAO. 
Neurological functions were scored on a five-point scale: 
0, no neurological deficit; 1, the failure to extend left paw 
fully; 2, circling to left; 3, falling to left; 4, the failure to 
walk spontaneously and lack of consciousness.

Corner Test

The sensorimotor function after tMCAO was examined by 
the corner test on days 1, 7, 14, and 28. Mice were placed 
between two cardboards with an angle of 30°. When mice 
faced the deepest part of the corner, they turned either right 
or left to the open side. However, when mice were suffered 
surgery, they preferred to turn selectively to right. The num-
bers of right turns over 10 trials were recorded.

Rotarod Test

Motor coordination was examined by comparing the ability 
to stay on the accelerating rotating rod. At first, mice were 
trained for 3 days before the surgery until they reached the 
same level around 5 min. Then, mice were tested on days 
1, 7, 14, and 28 after tMCAO. All mice were placed on 
an accelerating rotating rod at an increasing speed from 4 
to 40 rpm within 5 min for 3 times, and the time until the 
mouse fell onto the platform below was recorded.

Measurement of Cerebral Infarction

After 24 h reperfusion, mice were eventually anesthetized 
and sacrificed by decapitation. The brains were cut into 4 
slices (2 mm thickness each) and stained with 2% 2,3,5-tri-
phenyltetrazolium chloride (TTC) in 37 °C water bath for 
30 min in the dark. After TTC staining, the colored and the 
non-colored areas of the slices were measured by ImageJ, 
respectively. The results were calculated and expressed as 
percentage infarction area, described as brain infarction 
size = (contralateral volume − ipsilateral non-infarction vol-
ume)/contralateral volume × 100%.

Determination of Cerebral Edema

To determine cerebral edema, brains were quickly removed 
at 24 h after reperfusion and immediately weighed (wet 
weight). After dehydration at 105 °C for 24 h, brains were 
weighed again (dry weight). Brain edema was determined 
using the following formula: brain water content = [(wet 
weight − dry weight)/wet weight] × 100%.

Hematoxylin and Eosin (HE) Staining

On day 14 after surgery, mice were deeply anesthetized with 
chloral hydrate, and intracardially perfused with 200 mL 

normal saline and 200 mL 4% paraformaldehyde. Their 
brains were cut into 5-μm-thick slices and stained by HE; 
histological changes were observed under the Olympus 
CX23 microscope (Olympus, Shinjuku, Tokyo, Japan).

Immunohistochemistry and Immunofluorescence 
Staining

The brains were harvested on day 14 post-tMCAO for 
immunohistochemistry and immunofluorescence staining, 
as described elsewhere (Jin et al. 2014). The sections were 
embedded in paraffin and further sliced into 5-μm-thick sec-
tions for immunohistochemistry. The samples were incu-
bated with anti-mouse polyclonal antibody against CD31 
(1:100; CST, USA) at 4 °C for 12 h, followed by peroxi-
dase-conjugated goat anti-rabbit IgG (1:1000; Zhongshan 
Golden Bridge Biotechnology, Beijing, China) as the sec-
ondary antibody for 30 min at 37 °C. The proteins were 
detected by using the DAB kit (Zhongshan Golden Bridge 
Biotechnology, Beijing, China) following the manufac-
turer’s instructions. Finally, the distribution of CD31 cells 
was observed using a light microscope (BH-2; Olympus, 
Tokyo, Japan). On the other hand, the brain slices acquired 
above were subjected to immunofluorescence staining. Non-
specific staining was blocked with 10% normal serum. Then, 
brain slices were incubated with primary antibodies against 
Ki67 (1:500, GB13030-2), CD31 (1:100, GB13063), Iba1 
(1:200, GB12015), CD16 (1:200, GB14026), CD206 (1:200, 
GB11062) overnight at 4 °C. Then the slices were treated 
with fluorescent-labeled secondary antibodies: Cy3 mark 
donkey anti-goat (1:300), FITC mark donkey anti-rabbit 
(1:200), Cy3 mark goat anti-mouse (1:300), and 488 mark 
goat anti-rabbit (1:400), at room temperature for 50 min, 
respectively. The nuclei of cells were stained with DAPI 
(G1012) before photographing. The above antibodies were 
provided by Servicebio (Wuhan, China). All images were 
captured with a fluorescence microscope (NIKON ECLIPSE 
C1, Nikon, Germany). In brief, observation was conducted 
at a lower magnification firstly, then switched to high mag-
nification in the target region, and the number of stained 
cells was counted. The stained cell number was calculated 
from six randomly selected microscopic fields across six 
consecutive sections. Data were presented as mean ± SD of 
the number of CD31+ cells and the percentage of CD16+ or 
CD206+ cells to the Iba-1+ cells of view.

68Ga‑NODAGA‑RGD Micro‑PET/CT Imaging

Imaging of the mouse brains was performed using a micro-
PET/CT scanner (Inveon, Siemens Medical Solutions, 
Germany) on day 14 after tMCAO surgery. All group mice 
were administered with 3.7 MBq 68Ga-NODAGA-RGD via 
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tail vein injection under isoflurane anesthesia. A 10-min 
static PET scan was acquired at 35 min after injection with 
an energy window of 350–650 keV. The CT images were 
acquired with the radiographic tube voltage of 80 kV, current 
of 500 µA, exposure time of 255 ns. The list-mode PET data 
were post-processed using a 3-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.

Cell Culture Methods

BV-2 microglial cells and HUVEC, provided by Prof. Yun-
man Li, China Pharmaceutical University, were cultured 
in RPMI medium 1640 (Gibco, Life Technologies, USA) 
supplemented with 10% fetal bovine serum (Everygreen, 
Tianhang Biotechnology, China) and 100 U/mL penicillin 
and 100 μg/mL streptomycin (Gibco, Life Technologies, 
USA) at 37 °C in an atmosphere of 95% air and 5% CO2. 
The medium was changed every 2 days. The cells were split 
with 0.25% trypsin, 0.02% EDTA (Gibco, Life Technologies, 
USA) when they reached 80% confluence, and subcultured 
for further passages. Cell viability was determined using 
the CCK-8 assay (C0041, Beyotime, China). Briefly, 2 × 103 
cells per well were plated in 96-well plates and incubated for 
24 h. The cells were then treated with different concentra-
tions (0, 0.5, 1, 3, 10, or 20 μM) of BBR for 24, 48, 72 h, 
respectively. Then the cells were treated with 100 μL of 
10% CCK-8 and incubated for 2 h at 37 °C. Absorbance was 
measured at 450 nm in a BD plate reader. The experiments 
were performed in triplicate, independently.

Transfection

BV-2 cells cultured in 6‐well plates were transfected with 
scrambled control siRNA (UUC​UCC​GAA​CGU​GUC​ACG​
UTT) and AMPKα siRNA (GAG​AAG​CAG​AAG​CAC​GAC​
GTT). These specific siRNA reagents were synthesized by 
GenePharma (Shanghai, China). Lipofectamine 2000 (Inv-
itrogen) and siRNA were premixed in OPTI‐medium (Inv-
itrogen) according to the manufacturers’ instructions and 
applied to the cells. After 6 h of transfection, the OPTI‐
medium was replaced by RMPI 1640 medium without 
FBS. Then the transfected BV-2 cells were treated with 
BBR (1 μM) for another 24 h, followed by exposure to LPS 
(100 ng/mL) for 24 h.

Flow Cytometry

To further determine whether the neuroprotective effect of 
BBR could be associated with the promotion of microglial 
polarization toward the M2 phenotype, we assessed the 
membrane protein expression of CD16/32 and CD206 in 

LPS-stimulated BV-2 cells by flow cytometry. BV-2 cells 
were seeded in 6-well plates (5 × 105 cells/well) and treated 
with LPS, and after 24 h treatment with BBR, Compound C 
(S7840, Selleck, China), and AMPK siRNA, respectively. 
After 24 h, the cells were harvested for analysis. The M1 
cells presented membrane protein CD16/32 were detected by 
direct immunofluorescence staining with FITC-conjugated 
monoclonal rat CD16/32 antibody (ab210219, Abcam, 
UK) at 4 °C for 1 h, washed with phosphate-buffered saline 
(PBS), and then suspended in PBS in the dark at 4 °C. 
The M2 cells presented membrane protein CD206 were 
detected by indirect immunofluorescence staining with PE-
conjugated monoclonal mouse CD206 antibody (ab64693, 
Abcam, UK) at 4 °C for 2 h. Finally, the cells were washed 
with PBS, and suspended in PBS in the dark at 4 °C. FITC- 
and PE-conjugated monoclonal antibodies with irrelevant 
specificity were used as negative controls. Light scatter 
characteristics of 106 cells of each sample were analyzed 
using flow cytometry (FACSCalibur, BD, USA). Data were 
acquired using a FACSCanto II flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ, USA).

Real‑Time PCR for mRNA Expression

Total RNA was extracted from ischemic brain of C57BL/6 
mice on days 3, 7, 14, and 28 after tMCAO (Jin et al. 2014) 
or from the treated BV-2 microglial cells by TRIzol (Inv-
itrogen). Real-time PCR was performed as follows: RNA 
samples were reverse-transcribed to cDNA with a commer-
cially available kit according to the manufacturers’ protocol 
(ABM, Canada), forward and reverse primers, and SYBR 
Green 2 × PCR master Mix (ABM, Canada) by ABI 7500 
sequence detection system (Applied Biosystems, Foster 
City, CA, USA). Thirty-five cycles were conducted as fol-
lows: 95 °C for 15 s (denaturation step), 60 °C for 60 s (to 
allow extension and amplification of the target sequence). 
The PCR results were normalized to GAPDH expression 
and quantified by the comparative 

(

2
−ΔΔC

t

)

 method (Livak 
and Schmittgen 2001). The primer sequences of M1 markers 
(IL-1β, CD32, TNF-α, and iNOS) and M2 markers (CD206, 
Arg-1, IL-10, and Ym1/2) are listed in Table 1.

Cytokine Enzyme‑Linked Immunosorbent Assays 
(ELISA)

On days 3 and 14 after tMCAO (Jin et al. 2014), infarcted 
brain sections were collected and homogenized for ELISA 
analysis. After BV-2 cells being treated above, culture super-
natants were collected for ELISA analysis. TNF-α, IL-1β, 
IL-6, and IL-10 levels were determined by corresponding 
ELISA kit (Maijian Biotechnology Center, China) according 
to the manufacturers’ instructions.
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Western Blot Analysis

Proteins from the ipsilateral and contralateral brains on days 
3 and 14 after tMCAO (Jin et al. 2014) or from the treated 
BV-2 cells stated above were extracted by protein extraction 
kit (Key GEN Biotech, China) following the manufacturer’s 
protocols, and the quantity of total proteins was assessed 
by the BCA protein assay kit (Key GEN Biotech, China). 
The protein samples (20 μg each) were separated on 10% 
SDS-PAGE gel, transferred on a polyvinylidene difluoride 
(PVDF) membranes (Millipore, USA), and blocked in 5% 
non-fat milk (BD, USA) in TBS-Tween 20 (TBST), follow-
ing incubation overnight at 4 °C with rabbit monoclonal 
antibody against AMPK (1:1000, Cell Signaling), phospho-
rylated AMPK (1:1000, Abcam Biotechnology), and β-actin 
(1:1000, Beyotime, China), respectively. The membranes 
were washed three times with TBST for 10 min each time 
and then incubated with the following appropriate second-
ary antibodies for 1 h at room temperature: anti-rabbit IgG 
HRP-linked antibody (1:6000), or anti-mouse IgG HRP-
linked antibody (1:6000, Zhongshan Golden Bridge Bio-
technology, China). Labeled proteins were visualized with 
Image Quant LAS 4000 mini system using a New Super 
ECL Assay (KeyGEN BioTECH, China). β-actin was used 
as a loading control. The optical densities of the protein 
bands were semi-quantified with ImageJ (NIH, Bethesda, 
MD, USA), and the results were expressed as the ratio of the 
phosphorylated protein to the corresponding total protein.

HUVEC Migration

HUVEC migration was assessed by the scratch wound assay 
and 8.0 μm transwell inserts (Corning, USA). BV-2 cells were 
treated as mentioned above. After treatment, the culture super-
natants were collected as conditioned medium (DM). When 
the HUVEC growth reached 90% fusion in 6-well plates, a 
scratch was made in the well bottom by using a sterile 10-μL 
spear in cultured cells. The pictures of cell migration were 
taken on day 0 and 1 after scratch. The migration rate of each 
group was calculated by ImageJ. On the other hand, HUVEC 

was resuspended in serum-free 1640, and 3 × 104 cells per 
well were seeded into the transwell inserts to allow the cells to 
migrate through the 8.0-μm pore polycarbonate membrane to 
the underside with DM for 24 h. At the time point, the inserts 
were removed and the cells in the upper inserts were wiped 
with a cotton swab. Then, the cells on the bottom of the inserts 
were stained with 0.1% crystal violet, and the stained cells 
attached to the base membrane of the inserts were counted by 
a fluorescence inverted microscope (NIKON ECLIPSE C1, 
Nikon, Germany).

Matrigel Tube Formation Assay

Briefly, 96-well plates were filled with 50 μL Matrigel (Corn-
ing, USA) and allowed to solidify at 37 °C for 30 min. Then, 
HUVECs (4 × 104 cells/50 μL) were gently seeded on top of 
the gel. Subsequently, microglial DM was collected from BV-2 
cells that were treated as described above. After incubation 
of 8 h, the total number of the pro-angiogenic tube structures 
was quantified by a fluorescence inverted microscope (NIKON 
ECLIPSE C1, Nikon, Germany). The results were presented as 
the total number of pro-angiogenic structures/well.

Statistical Analyses

All measurement data were presented as mean ± SD and dif-
ferences of means across multiple groups were compared 
using one-way analysis of variance (ANOVA), followed by 
LSD test. Student’s t test was used for comparisons of neu-
rological scores between two experimental groups. All tests 
were performed by SPSS 24.0 software (IBM, USA), and p 
value of less than 0.05 was considered statistically significant. 
All statistical figures were performed with GraphPad Prism 7 
(GraphPad Software, La Jolla, USA).

Table 1   Primers used for 
RT-PCR analysis

Gene Forward primer Reverse primer

IL-1β 5′-CAG​GCT​CCG​AGA​TGA​ACA​AC-3′ 5′-GGT​GGA​GAG​CTT​TCA​GCT​CATA-3′
CD32 5′-AAT​CCT​GCC​GTT​CCT​ACT​GATC-3′ 5′-GTG​TCA​CCG​TGT​CTT​CCT​TGAG-3′
TNF-α 5′-TAT​GTC​TCA​GCC​TCT​TCT​CAT​TCC​-3′ 5′-TGA​GTG​TGA​GGG​TCT​GGG​C-3′′
iNOS 5′-TTG​ACC​AGA​GGA​CCC​AGA​GA-3′ 5′-AGC​TGG​TAG​GTT​CCT​GTT​GT-3′
CD206 5′-ACC​CTG​TAT​GCC​TGT​GAT​TC-3′ 5′-ACT​CTG​TGC​CCT​TGA​TTC​C-3′
Arg-1 5′-GGG​AAA​GCC​AAT​GAA​GAG​-3′ 5′-AGG​GGA​GTG​TTG​ATG​TCA​G-3′
IL-10 5′-GAA​GAC​AAT​AAC​TGC​ACC​CACT-3′ 5′-CTT​AAA​GTC​CTG​CAT​TAA​GGA​GTC​G-3′
Ym1/2 5′-GCT​GCT​ACT​CAC​TTC​CAC​AGG-3′ 5′-GGA​CTA​TTT​TCT​CCA​GTG​TAG​CCA​-3′
GAPDH 5′-TCC​TGC​ACC​ACC​AAC​TGC​-3′ 5′-ACG​GCC​ATC​ACG​CCAC-3′
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Results

BBR Significantly Ameliorates Ischemia/Reperfusion 
Lesion after tMCAO

The experimental procedures are shown in Fig. 1a. In total, 
350 mice were used for experiments, including 32 mice 
for the sham group. The mortality rate was approximately 
35%. The animal model tMCAO in this study was proved 
with successful reperfusion by the result that CBF down to 
21.3 ± 4.23%, and a CBF up to 52.3 ± 5.86% compared to 
baseline (Fig. 1c). The effects of BBR on neurological dys-
functions induced by tMCAO were analyzed by the method 
of Longa, confirming that the score of BBR group decreased 
significantly compared with vehicle group on days 14, and 
28 after tMCAO (p < 0.05, p < 0.01, respectively; Fig. 1d). In 
addition, Corner test and Rotarod test were conducted to test 
the sensorimotor function of mice after tMCAO. As shown 
in Fig. 1e, we found that mice in the BBR group had a lower 
number of right turns on days 1, 7, and 14 after tMCAO 
(p < 0.01, p < 0.05, p < 0.05, respectively). In the Rotarod 
test, all mice subjected to surgery showed severe impairment 
and the time of BBR‐treated mice was significantly longer 
than that of the vehicle group on days 7, 14, and 28 after 
tMCAO (p < 0.05, p < 0.01, p < 0.01, respectively; Fig. 1f). 
As measured with TTC staining of brain infarction, BBR 
exhibited a significant reduction in infarction size compared 
with vehicle group (p < 0.01, Fig. 1h). As expected, admin-
istration of BBR diminished more brain water content than 
vehicle group (p < 0.05, Fig. 1i).

HE staining revealed histological changes in the ischemic 
cortex. As shown in Fig. 1j, sham group showed homoge-
neous color, with clear and integrated tissue structures. In 
the vehicle group, a large-scale loss of cerebral structure, 

absence of neurons, and cytoplasm with red-dyed particles 
were observed. Inflammatory cell infiltration was also obvi-
ous. While in the BBR group, the infarction area was found 
to be significantly shrunken. Only partial neuronal loss was 
found in the ischemia center, and the neurons in the corti-
cal area were relatively intact in structure and alignment; 
inflammatory cell infiltration was also decreased. The per-
centage of injured cells in ischemic cortex region was signif-
icantly lower in BBR group than in vehicle group. (p < 0.01, 
Fig. 1k) Taken together, these findings indicated that BBR 
could serve as a feasible agent to attenuate ischemia/reperfu-
sion injury in animal model.

BBR Facilitates Angiogenesis in the Ischemic Brain

To determine whether BBR could promote ischemic cer-
ebral angiogenesis, 68Ga-NODAGA-RGD PET/CT scan 
was used. As shown in Fig. 2a, cerebral ischemia induced 
an augment in the uptake of 68Ga-NODAGA-RGD in mice, 
while a significant upregulated uptake of 68Ga-NODAGA-
RGD was observed in BBR group on day 14 after tMCAO. 
Meanwhile, we counted the number of microvessels stained 
with CD31 in all groups and found that it was significantly 
increased in BBR group compared to others on day 14 after 
tMCAO (p < 0.01 vs. vehicle group, Fig. 2c). In addition, 
we performed dual-IF staining for the endothelial marker, 
CD31, and the cell proliferation marker, Ki67. Cells posi-
tive dual for CD31/Ki67 were significantly increased in 
BBR group compared with vehicle group, indicating brain 
endothelial cell proliferation and angiogenic remodeling 
(p < 0.01, Fig. 2e). We also found that many Ki67-positive 
cells were CD31-negative, suggesting the presence of other 
proliferating cell types. Taken together, these results sug-
gested that BBR could enhance vascular density during the 
recovery phase following stroke.

BBR Inhibits M1 Polarization and Promotes M2 
Polarization of Microglia/Macrophages

To examine whether BBR could affect macrophage/microglial 
polarization, RT-PCR was first used to detect mRNA expres-
sion levels of M1 phenotype markers (IL-1β, CD32, TNF-α, 
and iNOS) and M2 phenotype markers (CD206, Arg-1, IL-10, 
and Ym1/2). As shown in Fig. 3, compared with the vehicle 
control, BBR decreased levels of IL-1β (3, 7, and 14 days, 
p < 0.01; 28 days p < 0.05), CD32 (3, 7, 14, and 28 days, 
p < 0.01), TNF-α (7, 14, and 28 days, p < 0.01), iNOS (28 days, 
p < 0.01), and increased levels of CD206 (3, 7, 14, and 28 days, 
p < 0.01), Arg-1(3, 7, 14, and 28 days, p < 0.01), IL-10 (7 and 
14 days, p < 0.01; 28 days, p < 0.05), and Ym1/2 (3 and 7 days, 
p < 0.01). Then, we performed ELISA to measure the system-
atic inflammatory cytokines in ischemic brains on days 3 and 
14 after tMCAO, showing that BBR reduced the secretion 

Fig. 1   The neuroprotective effect of BBR treatment in ischemic 
stroke. a Timeline for determining the role of BBR in macrophages/
microglial polarization and angiogenesis after tMCAO in mice. BBR 
(50  mg/kg/day) was administrated intragastrically. b, c Representa-
tive images of cerebral blood flow during tMCAO and percent change 
of rCBF compared to baseline in occlusion and reperfusion (n = 6). 
d Evaluation of neurological deficit on days 1, 7, 14, and 28 after 
tMCAO (n = 12–18). e Evaluation of sensorimotor function by cor-
ner test on days 1, 7, 14, and 28 after tMCAO (n = 12–18). f Evalua-
tion of sensorimotor function by Rotarod test on days 1, 7, 14, and 28 
after tMCAO (n = 12–18). g Representative images of TTC-stained 
brain sections of cerebral ischemia–reperfusion mice treated with 
BBR, vehicle control, or sham at 24 h after tMCAO (n = 8). h Quanti-
fication of infarct volume in the vehicle or BBR pretreatment groups. 
i Quantification of mice brain water content in the vehicle versus 
BBR groups (n = 6). j Photomicrograph of mice brain tissues region 
by HE staining. Scale bar: 50  μm. Magnifications of the micropho-
tograph, × 20, × 40, respectively. The arrows point to inflammatory 
infiltrating cells. k Quantification of injured cells in the vehicle or 
BBR groups (n = 6). Data were presented as mean ± SD. *p < 0.05, 
**p < 0.01

◂
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of the pro-inflammatory cytokines, including TNF-α, IL-1β, 
and IL-6 and increased the secretion of the anti-inflammatory 
cytokine IL-10 relative to the vehicle group (Fig. 4). To further 
verify the RT-PCR and ELISA results, we detected microglial 
polarization markers by immunofluorescent in the brain after 
tMCAO. As shown in Fig. 5, the percentage of CD16+Iba1+ 

cells among total Iba1+ microglia was significantly higher 
in vehicle-treated mice than in BBR-treated tMCAO mice 
(p < 0.01, Fig. 5b). Moreover, BBR administration signifi-
cantly increased the percentage of CD206+Iba1+ M2 micro-
glia after tMCAO (p < 0.05, Fig. 5d). Taken together, these 
results demonstrated that BBR promoted M2 polarization and 

Fig. 2   BBR induced post-ischemic angiogenesis in mice brain. a 
Above are the coronal sections of the mice in sham group, vehicle 
group, and BBR group. The colors from yellow to blue represent 
the uptake of 68Ga-NODAGA-RGD from high to low. The area indi-
cated by the arrow in the diagram is the area of interest (right). b 
Representative images showing capillary densities by IHC analyses 
of CD31 in ischemic brain from stroke mice on day 14. Scale bar: 
50  μm. Magnifications of the microphotograph, × 20, × 40, respec-

tively. c The number of microvessels with staining positive for CD31. 
d Representative images of immunostaining of the newborn blood 
vessels (cells dual positive CD31 and Ki67) in ischemic brains from 
stroke mice on day 14. Scale bar: 50 μm. e Quantitative data of post-
ischemic angiogenesis, as indicated by the number of CD31 and 
Ki67 dual positive cells. Data were presented as mean ± SD (n = 6). 
*p < 0.05, **p < 0.01
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inhibited M1 polarization after tMCAO, consistent with the 
above results.

BBR Increases Microglial AMPK Activation Following 
tMCAO

To investigate the molecular mechanism by which BBR 
promoted M2 microglia/macrophage, Western blot 

analysis showed that cerebral-phosphorylated AMPK 
activation was significantly increased by BBR compared 
to the vehicle-treated brains on days 3 and 14 in the ipsilat-
eral brain (p < 0.01, Fig. 6a, b). The results suggested that 
the AMPK signaling pathway was involved in the BBR 
enhancing M2 microglia/macrophages in the ischemic 
brains.

Fig. 3   BBR treatment inhibits 
M1 polarization and promotes 
M2 polarization of microglia/
macrophages after tMCAO. 
RT-PCR was performed on 
mRNA collected from ischemic 
ipsilateral brain on days 3,7,14, 
and 28 after tMCAO. a BBR 
decreased the mRNA expres-
sion of M1 polarization after 
tMCAO. b BBR increased 
the mRNA expression of M2 
polarization markers after 
tMCAO. Data were presented 
as mean ± SD (n = 6). *p < 0.05, 
**p < 0.01
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Fig. 4   BBR suppresses pro-inflammatory cytokines and increases 
anti-inflammatory cytokines in ischemic ipsilateral brain on days 
3 and 14 after tMCAO. a, b The concentrations of inflammatory 

cytokines (TNF-α, IL-1β, IL-6, and IL-10) were measured by ELISA. 
Data were presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01

Fig. 5   BBR treatment enhances M2 polarization and suppresses M1 
polarization of microglia/macrophages in the ischemic cortex on day 
14 after tMCAO. Representative dual-immunofluorescence stain-
ing for CD16 or CD206 and Iba-1 markers in brain sections obtained 
from BBR or vehicle-treated mice on day 14 after tMCAO, or from 
sham-operated mice. Scale bar: 20 μm. a Cortex sections co-stained 

for CD16 (M1 marker) (green), Iba-1 (red), and DAPI (blue). b 
Quantification of the percentage of CD16+/Iba-1+ cells among total 
Iba-1+ cells. c Cortex sections co-stained for CD206 (M2 marker) 
(green), Iba-1 (red), and DAPI (blue). d Quantification of the percent-
age of CD206+/Iba-1+ cell among total Iba-1+ cells. Data were pre-
sented as mean ± SD (n = 6). *p < 0.05, **p < 0.01
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BBR Activated AMPK in LPS‑Stimulated BV‑2 Cells

The BV-2 microglial cell line was used to further confirm the 
effects of BBR on microglial polarization in vitro. First, to 
evaluate the effects of BBR on BV-2 cells proliferation, we 
conducted CCK-8 assays and found this was greatly reduced 
by BBR in a concentration-dependent manner (Fig. 7a). To 
generate a model of macrophage/microglial polarization, M1 
phenotype was induced by 100 ng/mL LPS and M2 pheno-
type was induced by 20 ng/mL IL-4. Thus, we used 0.5,1, 
and 3 μM BBR to detect the effect on M2 polarization by 
RT-PCR. The results indicated the mRNA expression of M1 
markers (IL-1β, CD32, TNF-α, and iNOS) was increased 
drastically after stimulation with LPS, but IL-1β, CD32, and 
TNF-α were remarkably decreased by 3 μM BBR (p < 0.01, 
Fig. 7b). However, the mRNA expression of iNOS was not 
notably reduced by BBR. In contrast, the mRNA expres-
sion of M2 markers (CD206, Arg-1, IL-10, and Ym1/2) was 
reduced after stimulation with LPS and enhanced after stim-
ulation with IL-4, while 1 μM BBR reversed the reduction of 
M2 markers obviously compared with LPS stimulation alone 
(p < 0.01, Fig. 7c). Thus, the optimal and beneficial effects 
were observed at 1 μM, and as such, this concentration was 
used in all subsequent experiments to explore the role of 
BBR in microglial polarization.

Similar to the in vivo experiments, we examined the 
expression levels of AMPK and p-AMPK in LPS-stimulated 
BV-2 cells. First, we chose 4 h for the most expression of 
p-AMPK (Fig. 8a). To further observe the effects of BBR 
on AMPK, cells were treated with 5 μM Compound C, and 
the increased expression of p-AMPK by BBR was reversed 
(p < 0.01, Fig. 8b). Then, we assayed the transfection effi-
ciency of AMPK siRNA and found it could partially silence 
AMPK (Fig. 8c). Collectively, the in vivo and in vitro results 
verified that AMPK activation is indispensable for the pro-
motion of macrophage/microglial polarization toward M2 
phenotype.

BBR Promotes M2 Polarization and Inhibits M1 
Polarization In Vitro Through AMPK Activation

To determine whether BBR could promote M2 polari-
zation dependent on AMPK signaling, the mRNA lev-
els of M1/M2 phenotype were assessed by RT-PCR. As 
shown in Fig. 9a, b, BBR-mediated downregulation of 
M1 markers (IL-β, CD32, and TNF-α) and upregulation 
of M2 markers (CD206, Arg-1, IL-10, and Ym1/2) were 
all reversed by the AMPK inhibitor and AMPK siRNA, 
respectively; however, there was no significant differ-
ence in iNOS levels after Compound C administration. 

Fig. 6   BBR enhances AMPK activation in the ischemic brain follow-
ing tMCAO. Western blot was performed using brain tissue on days 3 
and 14 after tMCAO or from sham-operated mice. β-actin was used 
as a loading control. a, b Representative images of Western blot anal-

ysis and quantitative data of the ratio of phosphorylated/total AMPK 
in the ischemic brain. Ipsil: ipsilateral sides, Contra: contralateral 
sides. Data were presented as mean ± SD (n = 6). **p < 0.01
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Meanwhile, we measured the membrane protein expres-
sion of CD16/32 and CD206 in LPS-stimulated BV-2 
cells by flow cytometry. The CD16/32 was significantly 
downregulated in the LPS-stimulated BV-2 cells treated 
with BBR, in contrast, the CD206 was significantly 
upregulated. However, the reversed effect of BBR was 
observed in use of the AMPK inhibitor or siRNA, respec-
tively, shown in Fig. 9c. To further confirm the effect of 
BBR, we performed ELISA to measure the release of pro/

anti-inflammatory cytokines in LPS-stimulated and vari-
ous treatment of BV-2 cells. BBR significantly reduced 
the production of TNF-α, IL-1β, and IL-6(p < 0.01, 
Fig. 10a–c) and increased the secretion of IL-10 (p < 0.01, 
Fig.  10d). However, the reversed effect of BBR was 
observed in use of the AMPK inhibitor or siRNA. Taken 
together, our in vitro data demonstrated that BBR pro-
moted M2 polarization and inhibited M1 polarization of 
microglia through AMPK activation. 

Fig. 7   BBR treatment promotes M2 microglial polarization in BV-2 
microglial cells. BV-2 cells were stimulated with LPS (100  ng/mL) 
or IL-4 (20 ng/mL) for 24 h, and then treated with BBR at the con-
centrations of 0.5, 1, 3, 10, and 20  μM. a Cell viability after BBR 

treatment was assessed via CCK-8. b and c M1 markers (IL-β, 
CD32, TNF-α, and iNOS) and M2 markers (CD206, Arg-1, IL-10, 
and Ym1/2) were measured by RT-PCR. Data were presented as 
mean ± SD (n = 6). *p < 0.05, **p < 0.01
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BBR Promotes HUVEC Migration and Tube 
Formation

In order to determine the effects of BBR via M2 polariza-
tion on endothelial cells, we performed scratch wound assay 
and transwell in HUVEC. As shown in Fig. 11a, c, BBR 
increased the ability of HUVEC to repair the scratch injury 
and promoted more migrated number of cells in the tran-
swell assay. As expected, inhibition of AMPK by Compound 
C or AMPK siRNA reduced cell migrations in HUVEC. 
In addition, vascular formation ability was examined by 
Matrigel assay and showed that BBR increased the num-
ber of nodes and total tube length compared to Compound 
C or AMPK siRNA group, indicating its pro-angiogenesis 
ability (Fig. 11e). Above all, BBR showed these effects in 
angiogenesis-related process including migration and tube 
formation.

Discussion

It is well known that BBR has anti-inflammatory, anti-apop-
totic, and antioxidative stress effects against stroke and other 
neurological diseases (Yang et al. 2018; Zhang et al. 2016). 
The present study strikingly demonstrated that this protec-
tive effect subjected to ischemic stroke was probably attrib-
uted to AMPK-mediated modulation of M2 macrophage/
microglial polarization. To our knowledge, this is the first 
work investigating the function of BBR on angiogenesis by 
modulating M2 macrophage/microglial polarization through 
AMPK signaling after stroke.

Of note, numerous studies have proved the importance of 
microglia switching from M1 to M2 phenotype in response 
to ischemic insult and the benefits of regulation on micro-
glial M1/M2 phenotype have also catched more attentions 
recently (Yang et  al. 2017; Thakkar et  al. 2018). After 

Fig. 8   BBR increases AMPK activation in LPS-treated BV-2 micro-
glial cells. a Representative images of Western blot analysis for 
p-AMPK time-dependently manner and quantitative analysis of the 
ratio of phosphorylated to total AMPK in the time-dependent manner. 
b Representative images of Western blot analysis for p-AMPK with 
1 μM BBR or 5 μM AMPK inhibitor Compound C, respectively, and 

quantitative analysis of the ratio of phosphorylated to total AMPK. c 
Representative images of Western blot analysis for the expression of 
AMPK protein by transfection with 40  nM AMPK siRNA for 48  h 
and quantitative analysis of the ratio of AMPK to β-actin. Data were 
presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01



764	 Cellular and Molecular Neurobiology (2019) 39:751–768

1 3

ischemic stroke, there is an elevation of both M1 and M2 
markers in microglia/macrophages, with a M2-dominant 
phenotype on day 3 and a transition into M1-dominant 
responses on day 14 (Hu et al. 2012; Suenaga et al. 2015). 
Therefore, the 14th day was selected to determine the role 
of BBR on macrophage/microglial polarization and angio-
genesis. Consistent with previous findings, when exposed 
to tMCAO, M0 microglia/macrophages differentiate into 
“classically activated” M1 phenotypes. After BBR treat-
ment, the increased M1 markers were obviously reduced, 
except iNOS, whereas the “alternatively activated” M2 phe-
notypes’ markers were upregulated significantly. To further 
determine the effects of BBR on modulating microglia M1/
M2 polarization, we utilized BV-2 immune cell activated by 
LPS as an in vitro model of microglial inflammation. Results 
were coincided with the in vivo results. Collectively, this 

BBR-induced convert in macrophage/microglial polarization 
shows functional importance on neuroprotection after stroke.

Accumulated evidence has exhibited that the inflamed 
microenvironment immensely affects the phenotypic 
changes in microglia/macrophages, dependent on inflam-
matory factors (Pan et al. 2015; Hanisch and Kettenmann 
2007; Chen et  al. 2018). M1 polarization of microglia/
macrophages results in the production of pro-inflammatory 
cytokines, such as TNF-α, IL-1β, and IL-6, which exacer-
bates stroke-induced brain injury. While M2 polarization 
results in the release of anti-inflammatory cytokines, such 
as IL-4, IL-10, and so on, to promote the regeneration and 
repair of brain tissue. Blood vessels are essential for all 
endothelial growth and need to recruit numerous growth 
factors and cytokines from M2 microglia/macrophages to 
support their growth (Suarez-Lopez et al. 2018). Clinical 

Fig. 9   BBR inhibits M1 polarization and promotes M2 polarization 
in LPS-activated BV-2 cells, dependent on AMPK signaling. BV-2 
were stimulated with LPS (100 ng/mL), and then treated with 1 μM 
BBR, 5 μM AMPK inhibitor Compound C, or 40 nM AMPK siRNA, 
respectively. mRNA expression of M1 markers (a) (TNF-α, IL-1β, 

CD16, and CD32) and M2 markers (b) (CD206, Arg-1, IL-10, and 
Ym1/2) were measured by RT-PCR. c Flow cytometry analyses of the 
effects of BBR on CD16/32 and CD206 protein expression in LPS-
stimulated BV-2 cells. Data were presented as mean ± SD (n = 6). 
*p < 0.05, **p < 0.01
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studies and experimental outcomes also suggest that M2 
microglia/macrophages contribute to angiogenesis, progres-
sion, metastasis, and intravasation (Lambertsen et al. 2012; 
Hu et al. 2014). We obtained similar results indicating that 
BBR could inhibit release of pro-inflammatory mediators 
in M1 microglia/macrophage and increase the secretion of 
anti-inflammatory mediators in M2. Hence, the pivotal role 
of M2 phenotype in promoting brain restorative processes 
on angiogenesis should be focused. The present study of 
BBR has further supported long-term functional recovery 
as well as vascular remodeling effects remarkably. With 
the rapid development of molecular imaging technology, 
angiogenesis imaging in ischemic diseases is experienc-
ing a major breakthrough. Several previous studies found 
NODAGA-RGD illustrated the neo-angiogenesis process 
with tracer uptake clearly localized in non-FDG-avid per-
ilesional structures (Shu et al. 2017; Haubner et al. 2016). 
Neo-vessel is characterized by ανβ3 integrin expression at 
the lesion surface of activated endothelial cells (Van Der 
Gucht et al. 2016). Therefore, we also observed the condi-
tion of new blood vessels in ischemic brain on day 14 after 
tMCAO by 68Ga-NODAGA-RGD PET/CT. Meanwhile, an 
in vitro angiogenesis model was used to further verify the 
related link between the BBR-enhanced M2 polarization 

of microglia/macrophages and tissue repair. A remarkable 
increase of angiogenesis can be observed in HUVEC cul-
tured with conditioned media from BBR-polarized micro-
glia. These results are primarily due to the effect of BBR on 
angiogenesis by enhancing M2 polarization.

There is growing evidence that inflammation involves in 
the control of metabolic reprogramming and functional pheno-
types of immune cells, including microglia. AMPK, a hetero-
trimeric serine/threonine kinase, has been proposed to inhibit 
inflammation of macrophage, microglia, and astrocytes (Sekar 
et al. 2018; Ji et al. 2018), and recently it has been verified 
to promote the alternative activation of M2 microglia/mac-
rophages (Li et al. 2018a). In line with our study, p-AMPK 
levels were notably elevated after treatment by BBR, and inno-
vatively established the relationship between AMPK activation 
and BBR-enhanced M2 polarization of microglia/macrophages 
in experimental stroke. However, AMPK can be activated by 
various forms of stress, including liver kinase B1 (LKB1), 
calcium/calmodulin‐dependent protein kinase kinase beta 
(CaMKKβ), and low ATP/AMP ratios (Zhang et al. 2018). 
In addition, AMPK is an upstream kinase that regulates per-
oxisome proliferator-activated receptor γ (PPARγ) activa-
tion, a ligand-activated nuclear receptor with the capability 
of anti-inflammation and energy regulation (Yazawa et al. 

Fig. 10   BBR suppresses inflam-
matory cytokines in LPS-treated 
BV-2 microglial cells. BV-2 
cells were stimulated with 
LPS (100 ng/mL), and then 
treated with vehicle or 1 μM 
BBR or 5 μM AMPK inhibitor 
Compound C or 40 nM AMPK 
siRNA. The concentrations of 
inflammatory cytokines [TNF-α 
(a), IL-1β (b), IL-6 (c), and 
IL-10 (d)] were measured by 
ELISA. Data were presented as 
mean ± SD (n = 6). *p  < 0.05, 
**p   < 0.01
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2010). Therefore, it is exciting for us to further investigate 
the detailed link between BBR-induced AMPK activation and 
M2-polarized pro-angiogenesis.

Conclusions

This work demonstrated that BBR could enhance the post-
ischemic M2 polarization of microglia/macrophages in the 
ischemic brain and improve angiogenesis following tMCAO. 

In total, BBR may serve as a potent therapeutic agent to 
promote functional recovery for ischemic stroke and other 
neurological diseases.
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