
Vol.:(0123456789)1 3

Neurochemical Research (2019) 44:905–916 
https://doi.org/10.1007/s11064-019-02726-3

ORIGINAL PAPER

Resistin-Inhibited Neural Stem Cell-Derived Astrocyte Differentiation 
Contributes to Permeability Destruction of the Blood–Brain Barrier

Liu Xiaoying1 · Tian Li1,2 · Shang Yu1 · Jiang Jiusheng1 · Zhang Jilin1 · Wei Jiayi1 · Liu Dongxin1 · Fang Wengang1 · 
Zhao Xinyue3 · Yu Hao3 · Chen Yuhua1,4 · Shang Deshu1,4 

Received: 8 July 2018 / Accepted: 9 January 2019 / Published online: 28 January 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Neuroinflammation is an important part of the development of neurodegenerative diseases such as Alzheimer’s disease 
(AD), Parkinson’s and amyotrophic lateral sclerosis. Inflammatory factors destroy the balance of the microenvironment, 
which results in changes in neural stem cell differentiation and proliferation behaviour. However, the mechanism underlying 
inflammatory factor-induced NSC behavioural changes is not clear. Resistin is a proinflammatory and adipogenic factor and 
is involved in several human pathology processes. The neural stem cell microenvironment changes when the concentration 
of resistin in the brain during an inflammatory response disease increases. In the present study, we explored the effect and 
mechanism of resistin on the proliferation and differentiation of neural stem cells. We found that intracerebroventricular 
injection of resistin induced a decrease in GFAP-positive cells in mice by influencing NSC differentiation. Resistin signifi-
cantly decreased TEER and increased permeability in an in vitro blood–brain barrier model, which is consistent with the 
results of an HBMEC-astrocyte coculture system. Resistin-inhibited astrocyte differentiation is mediated through TLR4 on 
neural stem cells. To our knowledge, this is the first study reporting the effect of resistin on neural stem cells. Our findings 
shed light on resistin-involved neural stem cell degeneration mechanisms.
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Introduction

Neuroinflammation is an inflammatory response after neuro-
degeneration or neurological damage in the central nervous 
system and is an important part of the development of neu-
rodegenerative diseases such as AD, Parkinson’s and amyo-
trophic lateral sclerosis [1]. The initial stimulus, such as a 
large number of proteins aggregating, activates a sustained 
inflammatory and cytotoxic response and expands the sec-
ondary neuroinflammatory process, which induces changes 
in a patient’s neurological function and the corresponding 
focal neurological dysfunction. Furthermore, neurodegen-
erative diseases are promoted by the worsening of inflamma-
tion or cytokines that pass through the blood–brain barrier 
(BBB) [2–4].

Neural stem cells (NSCs) are pluripotent cells that pro-
duce neuronal cells, such as neurons, astrocytes and oligo-
dendrocytes [5]. In the adult brain, the neural stem cell pools 
are in the subventricular zone (SVZ) in the lateral ventricle 
and the subgranular layer (SGZ) of the hippocampal dentate 
gyrus [6–10]. The microenvironment of adult neural stem 
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cells is composed of tissue matrix, supporting cell popula-
tions (microglia/astrocytes), blood vessels, adhesion factors, 
growth factors and so on [11–15]. Under normal circum-
stances, neural stem cells complete their proliferation and 
differentiation activities in the microenvironment. However, 
in the disease state, inflammatory factors destroy the balance 
of the microenvironment, which results in changes in neural 
stem cell differentiation and proliferation behaviour. It is 
important to understand the role and mechanism of inflam-
matory factors’ activity on neural stem cells in disease states, 
which is helpful for rationally interfering with the occur-
rence of inflammation in the brain and promoting the role 
of neural stem cells in the repair of disease.

Resistin is a proinflammatory and adipogenic factor. In 
rodents, resistin is mainly secreted by adipocytes; however, 
it is mainly secreted by monocytes and macrophages in 
humans [16]. It has been reported that resistin may play a 
role in obesity, insulin resistance, type II diabetes, inflamma-
tory response, tumourigenesis and atherosclerosis [17]. As 
a proinflammatory factor, resistin is involved in several pro-
cesses of human pathology. Studies have shown that serum 
resistin levels in Alzheimer’s disease (AD) were signifi-
cantly increased and associated with inflammatory markers 
such as CRP, IL-18, IL-6 and TNF-α [18, 19]. In addition, 
the resistin concentration in cerebrospinal fluid is positively 
correlated with serum concentrations in neuromyelitis optica 
[20]. The neural stem cell microenvironment will change 
when the concentration of resistin in the brain during an 
inflammatory response to disease increases. It is necessary 
to study the proliferation and differentiation effects of resis-
tin on neural stem cells.

In this study, we investigated the effect and mechanism 
of resistin on the proliferation and differentiation of neural 
stem cells. The results will provide useful information for 
the repair of nervous system cells in patients with neurologi-
cal inflammatory disease.

Methods

Animals and Experimental Groups

C57/BL6 mice (male) were obtained from the Lab Animal 
Center of China Medical University, and mice at 6–8 weeks 
of age and weighing 18–25 g were used in the experiments. 
All mice were housed in cages in a controlled environment 
(22–25 °C, 50% humidity). In the animal experiments on 
the first day, the mice were anesthetized with sodium pento-
barbital (40 mg/kg). Then, resistin (250 ng in 2 µl PBS) or 
PBS was injected stereotactically into the lateral ventricle 
(AP, ± 0.34 mm; ML, ± 1 mm; DV, ± 2.25 mm). Mice were 
injected intraperitoneally with BrdU twice at intervals of 
12 h. The mice were injected with CXCL1 or PBS with 

BrdU every 7 days. On the 21th day, mice were euthanized. 
Brain samples were collected and fixed in 4% paraformal-
dehyde (dissolved in 0.2 M PBS) for immunofluoresence 
staining.

Experimental procedures were conducted in accordance 
with the regulations of the animal protection laws of China 
and approved by the animal ethics committee of China 
Medical University (JYT-20060948). Efforts were made to 
minimize animal suffering and the number of animals used. 
The above protocols were reviewed and approved by the 
China Medical University Review Committee. All studies 
involving animals were performed in accordance with the 
animal research: reporting in vivo experiments (ARRIVE) 
guidelines.

Cell culture

The human brain microvascular endothelial cells (HBMECs) 
were obtained from surgical resections in 4- to 7-year-old 
children [21]. HBMECs were cultured in complete RPMI-
1640 medium containing 10% foetal bovine serum (FBS), 
10% Nu-serum (BD Biosciences, Franklin Lakes, NJ, USA), 
2 mM glutamine, 1 mM sodium pyruvate, 1 × nonessential 
amino acids and 1 × MEM vitamins.

Normal and GFP-labelled mouse NSCs (Cyagen Bio-
sciences, Guangzhou, China) were grown in DMEM/F12 
(1:1) supplemented with 2% B27, 10 ng/ml EGF, 20 ng/ml 
bFGF and 2 mmol/l glutamine (Thermo Fisher Scientific, 
Shanghai, China). The cells were split every 2 days when 
the neurospheres had a dark clump inside or when there was 
ruffling on the outside of the neurospheres.

In the induced astrocyte differentiation, the 10 cm cell 
culture dish (Corning, Inc., Corning, NY, USA) was coated 
with a 1:200 dilution of Matrigel (BD Biosciences, Frank-
lin Lakes, NJ, USA) at 37 °C for 2 h. Next, 1 × 106 NSCs 
were seeded on the dish and cultured for 24 h. Then, cul-
ture medium was replaced with the astrocyte differentia-
tion medium DMEM/F12 (1:1), supplemented with 0.5% 
N-2 (Thermo Fisher Scientific, Shanghai, China), 1% foe-
tal bovine serum and 2 mmol/L glutamine. Resistin (R&D 
Systems, Minneapolis, MN, USA) was added to the culture 
medium on days 3 and 5. Samples were collected on day 14.

All the cells were maintained in a cell incubator at 37 °C, 
5% CO2 and 100% humidity.

Cell Proliferation and Cytotoxicity Assays

The proliferation of NSCs was tested using Cell Counting 
Kit-8 (Beyotime Biotechnology, Shanghai, China) in accord-
ance with the manufacturer’s instructions. Briefly, different 
concentrations of resistin were applied to NSCs for 12 h, 
24 h, 36 h and 72 h. The medium was removed, and the cells 
were washed with PBS. Then, 90 µl of DMEM/F12 basal 
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medium and 10 µl of CCK-8 solution were added to each 
well, and the cells were cultured for another 4 h. The absorp-
tion of each well was measured using a microplate reader at 
a test wavelength of 450 nm and a reference wavelength of 
690 nm. All the experiments were performed in triplicate. 
The proliferation curve was plotted with the absorbance on 
the ordinate versus time on the abscissa.

Flow Cytometric Analysis

The effect of resistin on the cell cycle was assessed by flow 
cytometry after staining the NSCs with propidium iodide 
(PI). Briefly, different concentrations of resistin were added 
to the astrocyte differentiation medium. After 24 or 72 h, 
cells were centrifuged and washed at 4 °C with PBS. Cells 
were resuspended with 300 µl PBS and fixed at 4 °C for 24 h 
by adding 700 µl of anhydrous ice-cold ethanol slowly (to 
a concentration of 70% ethanol). After centrifugation, the 
precipitate was washed at 4 °C with PBS. PI staining solu-
tion was added to cell precipitates and incubated at 37 °C 
for 30 min. The DNA content of the cells was measured 
using a C6 flow cytometer, and the population of each phase 
was determined using CFlow Plus analysis software (Accuri 
Cytometers Inc., Ann Arbor, MI).

Immunofluorescence

NSCs were planted on the slides coated with Matrigel 
(1:200) and cultured at 37 °C for 24–48 h. The cell medium 
was changed to astrocyte differentiation medium when the 
cells reached 50–60% confluence. Immunofluorescence 
staining was performed 7 days later. Briefly, the cells were 
washed with PBS and fixed with 4% paraformaldehyde for 
15 min and then permeabilized with 0.05% Triton X-100 at 
room temperature for 5 min. After being blocked with 5% 
BSA at room temperature for 30 min, the cells were incu-
bated with anti-mouse GFAP (1:1000, Proteintech, IL, 
USA) or anti-mouse nestin (1:250, Abcam, Cambridge, 
USA) antibody in 1% BSA overnight at 4 °C. After wash-
ing, all cells were incubated at room temperature for 1 h with 
appropriate Alexa Fluor-conjugated secondary antibodies 

(Invitrogen) (1:1000) in PBS. Nuclei were stained with 
300 nM 4,6-diamidino-2-phenyl-indole (DAPI) for 5 min 
in the dark.

In other experiments, the cells were incubated with anti-
mouse nestin and anti-mouse S100B (1:250, Proteintech, IL, 
USA) antibodies in 1% BSA overnight at 4 °C. After wash-
ing, all cells were incubated at room temperature for 1 h with 
Alexa Fluor-conjugated secondary antibodies (Invitrogen) 
(1:1000) and Fluorescent-conjugated secondary antibodies 
(Beyotime Biotechnology, Shanghai, China) (1:500) in PBS.

In vivo immunofluorescence assays were performed 
as described [22]. Briefly, mice were anaesthetized with 
pentobarbital (40 mg/kg) and perfused from the left ven-
tricle with PBS to remove the blood cells, followed by 4% 
paraformaldehyde to fix the tissues. The mouse brain was 
sliced to approximately 50 microns in thickness and washed, 
blocked for 1 h in 8% (v/v) donkey serum (Sigma-Aldrich, 
Darmstadt, Germany) dissolved in 0.01 M PBS containing 
0.5% Triton-X 100 (Sigma-Aldrich, Darmstadt, Germany) 
and incubated at 4 °C overnight with anti-GFAP antibody 
diluted 1:100 in 0.01 M PBS containing 0.1% Triton-X 100 
and 1% (v/v) donkey serum. Alexa Fluor-conjugated IgG 
(Jackson Immuno Research, Hamburg, Germany), diluted 
1:250 in 0.01 M PBS containing 0.3% Triton-X 100, was 
used to detect the specific immunostaining. Nuclei were 
stained with DAPI for 20 min. All the samples were covered 
with mounting medium (VectorLabs) and viewed via confo-
cal microscopy (ZEN 2.1, Carl Zeiss, Germany).

RNA Interference

All siRNA sequences used in the study were designed and 
synthesized by Shanghai GenePharma Co., Ltd. siRNA 
sequences are listed in Table 1. The NSCs were transfected 
with non-silencing (NC) siRNA, siTLR4 (527, 1388 and 
1507 are different siRNA fragments targeting TLR4 gene) 
or siCD36 (Table 1), and 0.75 µl Lipofectamine 3000 in 
25 µl Opti-MEM after they adhered on 24-well plates. Cul-
ture medium was replaced with the astrocyte differentiation 
medium, supplemented with 10 or 100 ng/ml resistin, 24 h 
later.

Table 1   siRNA sequences Name Sequence

Sense (5′–3′) Antisense (5′–3′)

TLR4-527 GGA​UUU​AUC​CAG​GUG​UGA​ATT​ UUC​ACA​CCU​GGA​UAA​AUC​CTT​
TLR-1388 CCU​ACC​AAG​UCU​CAG​CUA​UTT​ AUA​GCU​GAG​ACU​UGG​UAG​GTT​
TLR-1507 CCA​UCA​UUA​UGA​GUG​CCA​ATT​ UUG​GCA​CUC​AUA​AUG​AUG​GTT​
CD36-1705 GAC​CUU​ACA​UUG​UAC​CUA​UTT​ AUA​GGU​ACA​AUG​UAA​GGU​CTT​
CD36-1324 GAU​CUG​AAA​UCG​ACC​UUA​ATT​ UUA​AGG​UCG​AUU​UCA​GAU​CTT​
CD36-758 CAC​AUA​CAG​AGU​UCG​UUA​UTT​ AUA​ACG​AAC​UCU​GUA​UGU​GTT​
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Western Blot

Cells were lysed in RIPA buffer (Beyotime, Nantong, China) 
containing protease inhibitor cocktail diluted 1:25 (Roche, 
Germany), for 30  min, and the lysates were centrifuged 
(13,000×g) at 4 °C for 15 min. Protein concentrations were 
quantified using a BCA protein assay kit (Pierce, Rockford, 
IL, USA). Different proteins were separated via SDS–PAGE 
and transferred to a PVDF membrane. After being blocked in 
5% non-fat milk in TBS containing 0.1% Tween-20 for 1 h, 
membranes were incubated overnight with primary antibod-
ies as follows: GFAP, Nestin (Beyotime, Shanghai, China), 
S100B (Proteintech, IL, USA), Vimentin (Proteintech, IL, 
USA), PCNA (Proteintech, IL, USA), TLR4 (WanLei, Shen-
yang, China), CD36 (WanLei, Shenyang, China) and GAPDH 
(KangChen Biotech, Shanghai, China). Following washing 
three times, all membranes were incubated with horseradish 
peroxidase-conjugated secondary antibody (Santa Cruz Bio-
technology, CA, USA) at room temperature for 1 h. Protein 
bands were visualized using SuperSignal West Pico Chemilu-
minescent Substrate (Pierce), and observed via an LAS-3000 
imaging system (Fujifilm, LAS3000 Luminescent Image Ana-
lyze, Japan). The relative signal densities were analysed using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA), and GAPDH density was used as the internal control.

Transendothelial Electrical Resistance 
and Endothelial Permeability Assay

NSCs were seeded on the Matrigel-coated reverse side of a 
0.4-µm Transwell (Corning Inc., Corning, NY, USA) upper 
chamber at 5 × 104 cells/well in NSCs culture medium. The 
Transwell upper chamber was kept upside down in the 24-well 
plate overnight to permit NSC attachment to the reverse side. 
Two days later, the NSCs culture medium was replaced with 
astrocyte culture medium, with resistin or PBS being added. 
After 5 days, 1 × 105 HBMECs were planted in the upper 
chamber of a Transwell insert. The integrity of the HBMEC 
monolayer was monitored by daily transendothelial electri-
cal resistance (TEER) measurements, using a Millicell-ERS 
endothelial volt-ohmmeter (World Precision Instruments Inc., 
Sarasota, FL, USA). The TEER values were measured at 7, 
8 and 9 days after replacement of astrocyte culture medium. 
FITC-glucan measurement was performed as follows. The 
cells were thoroughly rinsed with PBS. FITC-conjugated 
β-glucan (Sigma-Aldrich, Darmstadt, Germany) dissolved in 

serum-free DMEM without phenol red was added onto the 
Transwell insert to give a final concentration of 0.5 mg/ml. 
Two hours later, the medium in the lower chamber was col-
lected, and the FITC-conjugated β-glucan content was evalu-
ated at 492 nm. The permeability coefficient (Pe) of FITC-
dextran was calculated in centimetres/minute (cm2/min) as 
described by Vandenhaute et al. [23].

Gene Chip Analysis

The cells were washed thoroughly by PBS at 4 °C and the 
samples were administered Trizol reagent. Whole genome 
expression profile analysis was performed by Shanghai Zhuo 
Li Biological Technology. The samples were hybridized 
with a mouse MOA 2.1 Chip, and the arrays were scanned 
using an Agilent Microarray Scanner (G2505C).

Real‑time PCR

Total RNA was prepared using Trizol (Life Technologies: 
Carlsbad, USA) according to the manufacturer’s protocol, 
treated with RNase-free DNase I (TaKaRa Bio Inc., Kusatsu, 
Japan), and reverse-transcribed with M-MLV Reverse Tran-
scriptase (Promega, Madison, WI, USA). Real-time PCR 
was performed with SYBR Premix Ex Taq (Takara Bio-
technology, Dalian, China) according to the manufacturer’s 
protocol. Real-time PCR was performed using an ABI 7500 
real-time PCR system (Applied Biosystems, Foster City, CA, 
USA) with SYBR® Selected Master Mix (ABI) in accord-
ance with the manufacturer’s protocol. cDNAs were ampli-
fied in an amplification scheme as follows: (94 °C, 3 min; 
35 cycles of 94 °C, 30 s, 61 °C, 30 s and 72 °C, 30 s; 72 °C, 
10 min). All primers used are listed in Table 2.

Statistical Analysis

GraphPad Prism 5.0 software (GraphPad Software, Inc., 
La Jolla, CA, USA) was used to perform statistical analy-
sis. Statistical significance was assessed using two-tailed 
Student′s t-test (α = 0.05) between two groups. One-way 
ANOVA was followed by the post hoc Tukey test for multi-
ple comparisons. Differences were considered statistically 
significant at a p value < 0.05.

Table 2   Realtime PCR primer 
sequences

Name Sequence

Sense (5′–3′) Antisense (5′–3′)

CD36 CTC​ATG​CCA​GTC​GGA​GAC​AT GCC​ACG​TCA​TCT​GGG​TTT​TG
TLR4 TCT​GGG​GAG​GCA​CAT​CTT​CT AGG​TCC​AAG​TTG​CCG​TTT​CT
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Results

GFAP+/BrdU+ Cells Decreased in Resistin 
Intracerebroventricular‑Injected Mice

To test the effect of resistin on astrocyte proliferation, we 
intracerebroventricular injected BrdU with PBS or resis-
tin in C57 mice. The results showed that there were more 
GFAP/BrdU double-staining positive cells in the subven-
tricular zone of the mice without resistin injection. How-
ever, no GFAP/BrdU double-positive cells were detected 
in the subventricular zone of resistin-injected mice. This 

indicated that resistin might inhibit astrocyte differentia-
tion (Fig. 1).

Resistin Reduced the GFAP/GFP Double‑Positive 
Cell Number in the NSC‑Derived Astrocyte Culture 
System

To test whether the decrease in GFAP/GFP double-positive 
cell number was due to a decrease in the proliferation of 
transplanted NSCs, we treated NSCs with different concen-
trations of resistin first. The results of cell proliferation and 
cytotoxicity assays showed no significant difference between 
controls and resistin-treated cells (Supplemental data 1A). 
Consistent with this result, the cell cycle assays for flow 
cytometry also showed no difference between the two groups 
(Supplemental data 1B, C). This suggested that resistin alone 
does not affect the proliferation of NSCs in NSC culture 
medium.

To investigate the effect of resistin on NSC differentia-
tion, we removed EGF and bFGF from the NSC culture 
medium and used serum to simulate NSC differentiation. 
The proliferation state was first assayed in the differenti-
ated system. The flow cytometry results showed that the S 
phase cell numbers increased significantly after 24 or 72 h 
resistin (10, 100 ng/ml) incubation, greater than the controls 
(Fig. 2a, b). This indicated that in the differentiated state, 
resistin inhibited cell proliferation. It is necessary to inves-
tigate whether resistin further influences cell differentiation.

Resistin Influence on NSCs differentiation

GFAP is a type III intermediate filament protein and helps 
maintain astrocyte mechanical strength [24]. Nestin is a type 
VI intermediate filament (IF) protein [25] that plays a role 

Fig. 1   Immunohistofluorescence staining of injected NSCs differ-
entiation in hippocampus. BrdU with PBS (a) or resistin (b) were 
injected into 8-week mouse brain lateral ventricle (AP, ± 0.34  mm; 
ML, ± 1 mm; DV, ± 2.25 mm). Vibratome slices (50 µm thick) of the 
corpus striatums from the PBS and resistin groups were stained with 
GFAP (green) and DAPI (blue) at 21 days after the injection of BrdU. 
The figure in lower right corner is an enlargement image of the region 
indicated by the white box in larger figure. The GFAP+/BrdU+ astro-
cytes are indicated by the white arrows. Scale bar = 100 µm. (Color 
figure online)

Fig. 2   Effect of resistin on NSC cell cycle. a Effect of resistin on 
NSC cell cycle during spontaneous differentiation. NSCs were incu-
bated with resistin (10  ng/ml or 100  ng/ml) for 24 or 72  h, respec-
tively, then flow cytometry cell cycle analysis was performed. b 
Statistical analysis of S phase cell fraction. The results represent 

three independent experiments. One-way ANOVA was performed 
to compare resistin-treated groups and controls. Data are shown 
as the means ± standard deviations (SD). *p < 0.05 versus control. 
**p < 0.01 versus control
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in regulation of the assembly and disassembly of intermedi-
ate filaments and participates in cell remodelling [26]. Even 
though its exact function remains poorly understood, GFAP 
is extensively used as an astrocyte marker and nestin is 
regarded as an NSC marker. We performed a differentiation 
assay in both a unidirectional and a directional differentia-
tion (astrocyte) culture system and then observed the GFAP 
expression. The immunofluorescence results showed that 
in the unidirectional culture system, the number of GFAP-
positive cells significantly decreased (Supplemental data 
2A). However, the number of nestin-positive cells increased 
(Supplemental data 2A). Proliferating cell nuclear antigen 
(PCNA) acts as a processivity factor of DNA polymerase δ 
[27] and is thought to be related to cell proliferation. Incon-
sistent with the NSC proliferation assay, PCNA expression 
significantly decreased (Supplemental data 2B, C) in both 10 
and 100 ng/ml resistin-incubated cells at the indicated time 
points (day 3 and day 7).

Meanwhile, the effect of resistin on astrocyte differentia-
tion was investigated in the committed NSCs differentiation 
system. On the 7th day after astrocyte differentiation, the 
number of differentiated astrocytes in the resistin-treated 
group was significantly less than that of the cells without 
resistin treatment (Fig. 3a). The percentage of undifferen-
tiated cells significantly increased with the treatment of 
resistin (Fig. 3b). S100B is a Ca2+-binding protein pro-
duced mainly by astrocytes. A prominent role of this pro-
tein appears to be the promotion of vascular inflammatory 
responses through interaction with the receptor for advanced 
glycation end products (RAGE) [28]. Both nestin and vimen-
tin are currently widely used as neural progenitor cell (NPC) 
and NSC markers [29, 30].

The results of western blot showed that after 7 days 
of resistin treatment, the GFAP and S100B expression in 
100 ng/ml resistin-treated cells decreased significantly, while 
the expression of nestin and vimentin increased (Fig. 3c, d). 
With the treatment of different dose resistin, the number 
of S100β-positive cells decreased, however, the number of 
nestin-positive cell increased (Fig. 3e, f). The above results 
suggested that resistin inhibits astrocyte differentiation and 
maintains NSCs undifferentiated.

Resistin‑Inhibited Astrocyte Differentiation 
is Mediated Through TLR4

To investigate the mechanism underlying resistin inhibit-
ing astrocyte differentiation, a microarray study of resistin-
treated NSCs was performed. It showed that CD36 expres-
sion at the RNA level was upregulated in resistin-treated 
NSCs (Supplemental data 3A). CD36 is a type II clearance 
receptor involved in proinflammatory responses [31–33]. In 
a cerebral haemorrhage rat model, it was found that the level 
of CD36 expression is negatively regulated by inflammatory 

factors [34]. The inflammatory reaction downregulates the 
expression of CD36 protein and influences the haematoma 
phagocytosis and clearance [35, 36]. In addition, CD36 
may be involved in the formation of astrocytes following 
ischaemia [37]. To further verify the expression level, pro-
tein expression of CD36 was assayed using western blotting 
(Supplemental data 3B). This showed that resistin increased 
the protein expression of CD36 in differentiated astrocytes.

Resistin plays role in influencing the activity of target 
cells through the Toll-like receptor 4 (TLR4) [38, 39]. To 
further confirm the role of TLR4 in resistin-inhibited astro-
cyte differentiation, TLR4 in NSCs was interfered with 
by siRNA, with approximately 80% of cells successfully 
transfected (Supplemental data 4). This showed that TLR4 
expression at the mRNA and protein levels was downregu-
lated significantly in siTLR4-interfered NSCs (Fig. 4a, b). 
The resistin-induced decrease of GFAP-positive cell num-
ber was rescued significantly in siTLR4-pretreated cells 
(Fig. 4c).

Studies have shown that the TLR4 signalling pathway can 
downregulate the expression of CD36 in monocytes when 
monocytes phagocytose neutrophils via auto-apoptosis [9]. 
In TLR4−/− intracerebral haemorrhagic mice, the expression 
of CD36 around the haematoma is upregulated [40]. This 
indicates that CD36 expression may be regulated by TLR4.

To refine the mechanism of interaction between TLR4 
and CD36, effective TLR4 siRNA and CD36 siRNA were 
used to transfect NSCs. The astrocyte culture medium was 
administered 24 h later and the expression of TLR4 and 
CD36 was detected by observing mRNA and protein levels. 
This showed that resistin-induced upregulation of CD36 
expression was inhibited by TLR4 interference (Fig. 5a, 
b). However, CD36 interference did not influence resistin-
induced TLR4 increase (Fig. 5c, d). These results indicated 
that resistin affects the expression of CD36 by mediation of 
TLR4, which might be the receptor of resistin on astrocytes.

Resistin Increases Blood–Brain Barrier Permeability 
by Inhibiting Astrocyte Differentiation In Vitro

The blood–brain barrier (BBB) is a highly specialized 
structural and biochemical barrier regulating the entry of 
blood-borne molecules into the brain and preserving ionic 
homeostasis within the brain microenvironment [41]. Dis-
ruption of the BBB is an early feature of lesion formation 
that correlates with clinical exacerbation, leading to oedema, 
excitotoxicity, and entry of serum proteins and inflammatory 
cells. The activity of astrocytes is related to BBB integrity 
[42]. The restrictive nature of BBB is due to tight junctions 
between adjacent endothelial cells at the apical membrane, 
resulting in high TEER and low paracellular permeability 
[41]. To investigate whether resistin influences BBB integ-
rity by modulating astrocyte differentiation, we established 
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a BBB model in vitro by co-culture of human brain micro-
vascular endothelial cells (HBMECs) and NSCs-derived 
astrocytes (Fig. 6a). Brain microvascular endothelial cells 
serve as a readily available in vitro model for studying 
the properties of the human BBB [43]. Resistin treatment 
significantly decreased TEER (Fig. 6b) and increased per-
meability of HBMEC (Fig. 6c) in the HBMEC-astrocyte 
coculture group. In order to know whether HBMEC work 
well in the system, we analyzed the permeability difference 
between astrocyte with or without HBMEC. It showed that 
the permeability was different (Fig. 6c). It indicated that 
HBMEC in the system was working properly. All these 
results indicated that resistin influenced BBB permeability 

of astrocytes. The mechanism underlying resistin-inhibited 
astrocyte differentiation needs to be further studied.

Discussion

Different CNS diseases and trauma cause activation of the 
innate and adaptive immune responses that influence the 
NSCs [44]. Resistin is a hormone that was found being 
produced and released from adipose tissue to serve endo-
crine functions involved in insulin resistance in mice [45]. 
Recently, resistin was found to be present in human cerebral 
spinal fluid [46, 47] in various neurological diseases and to 

Fig. 3   Expression of astrocyte 
markers during NSCs commit-
ted differentiation. a NSCs were 
treated with resistin at 10 ng/
ml and 100 ng/ml, respectively. 
7 days later, GFAP expression 
was visualized by immuno-
fluorescence (red). DAPI was 
used to visualize cell nuclei 
(blue). Scale bar: 50 µm. b The 
GFAP-negative cell fraction 
was calculated. GFAP-negative 
cell fraction = (total cell num-
ber − positive cell number)/total 
cell number. c The expression 
of the NSC differentiation 
markers GFAP, S100B, nestin 
and vimentin were determined 
by Western blot. d Quantifica-
tion showing GFAP, S100B, 
nestin and vimentin expression. 
The results represent three 
independent experiments. One-
way ANOVA was performed to 
compare resistin-treated groups 
and controls. Data are shown as 
the means ± standard deviations 
(SD).*p < 0.05, **p < 0.01, 
***p < 0.0001 versus control. e 
The expression of S100B and 
nestin on resistin treated cells. 
Cells were stained with S100B 
(green), nestin (red) and DAPI 
(blue). Arrow indicated S100BS 
positive cells. Arrow head indi-
cated nestin positive cells. Scale 
bar: 50 µm. f Statistical analysis 
of S100B or nestin-positive cell 
fraction in total cells. (Color 
figure online)
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affect the function of neural tissue cells [48]. As an inflam-
matory factor, resistin participates in influencing proinflam-
matory cytokine release from human adipocytes, potentially 
via the integration of nuclear factor-κB and JNK signalling 
pathways [49]. Thus, it is necessary to investigate the role 
resistin plays in the brain.

Neuroinflammation has been demonstrated to affect 
important processes in the brain, such as adult neurogenesis. 
The initial pathological damage, such as massive protein 
aggregation, leads to a persistent inflammatory/cytotoxic 
reaction while enlarging the secondary neuroinflammatory 
reaction, leading to altered neurological function and neu-
rological deficits in the corresponding area of dementia [3, 
4]. Effects of different inflammatory factors on neurogenesis 
are dissimilar. For this reason, many therapeutic approaches 
have been developed to avoid or mitigate the deleterious 
effects caused by the chronic activation of the immune 
response [50]. Astrocytes form borders (glia limitans) that 
separate neural from non-neural tissue along perivascular 
spaces, meninges and tissue lesions in the central nervous 
system (CNS) [50]. Astrocytes are emerging as pivotal 
regulators of CNS inflammatory responses in restricting 

neurotoxic inflammation, such as restricting leukocyte traf-
ficking in the CNS, releasing proinflammatory factors, and 
anti-inflammation by forming astrogliosis and scar tissue 
[51]. In the present study, we found that resistin inhibited 
astrocyte GFAP expression. To determine whether the inhi-
bition of GFAP expression reflected a differentiation arrest 
rather than aberrant marker expression, we examined the 
expression of nestin and vimentin. The experiments showed 
that resistin-treated NSC-derived-astrocytes maintained nes-
tin and vimentin expression, which represented an astrocyte 
differentiation arrest. However, resistin does not influence 
the proliferation of neural stem cells. The role of resistin on 
astrocytes has not been previously reported, and it is there-
fore necessary to investigate the function of resistin-induced 
astrocyte differentiation inhibition.

The BBB is mainly composed of brain microvascular 
endothelial cells (ECs), astrocytic endfeet, pericytes and the 
basement membrane (BM) [52]. BBB has a series of addi-
tional properties in tightly regulating the movement of mol-
ecules, ions, and cells between the blood and the CNS [53]. 
BBB dysfunction can lead to ion dysregulation and altered 
signalling homeostasis, as well as the entry of immune cells 

Fig. 4   Effect of TLR4 interfer-
ence on NSC differentiation. 
NSCs were transfected with 
siTLR4, and the expression of 
TLR4 expression was detected 
by Real-time PCR (a) and 
Western blot (b). c Expres-
sion of GFAP in TLR4-siRNA 
interfered NSCs. TLR4-siRNA 
was added to resistin (100 ng/
ml)-incubated NSCs for 7 days. 
GFAP expression was visual-
ized by immunofluorescence 
(red). DAPI was used to visual-
ize cell nuclei (blue). Scale bar: 
50 µm. (Color figure online)
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and molecules into the CNS, processes that lead to neuronal 
dysfunction and degeneration. Our previous studies showed 
increased mononuclear cell transendothelial migration into 
the brain of APP/PS1 Alzheimer’s disease mice [54]. In 
addition to ECs, astrocytes are emerging as pivotal regula-
tors of endothelial blood–brain barrier properties that can, 
via specific molecular mechanisms, either open or maintain 
barrier functions, and do so in a context-dependent manner 
as regulated by specific signalling events [51]. This suggests 
that astrocytes may cause monocytes to enter the brain by 
altering BBB permeability. It has been reported that resistin 
promoted the recruitment of inflammatory monocytes and 
the establishment of an innate proinflammatory cytokine 
environment in multiple helminth infections [55]. Resistin 
exhibits mitogenic properties towards human endothelial 
[56, 57] and smooth muscle cells [58] by reducing eNOS 
expression, potentiating the expression of adhesion mol-
ecules (ICAM, VCAM, ET-1, PAI-1) [59]. These results 
indicated that resistin was able to promote BBB disruption. 
Using the in vitro Transwell co-culture system containing 
HBMEC and mNSCs-derived astrocytes, we loaded resis-
tin in the lower chamber of a Transwell plate mimicking 
the BBB microenvironment and found that resistin did not 
change the TEER or permeability of HBMEC. However, 
resistin significantly decreased the TEER and increased per-
meability of HBMEC in the HBMEC-astrocyte coculture 
group. The astrocyte structural proteins GFAP and vimentin 
[60] are required for astrocyte scar formation [61] and their 
absence markedly exacerbates the inflammation and tissue 
pathologies associated with autoimmune attack [62], stroke 
[63, 64] and neurodegeneration due either to lipid storage 
defects [65] or amyloid-beta accumulation [66]. This sug-
gested that intracerebral resistin increased BBB permeability 
by inhibiting astrocyte differentiation, and increased resis-
tin expression could be predictive of exacerbation of BBB 
disruption. These data indicated that resistin might increase 
influence of myeloid-derived factors on neural cells through 
weakened astrocyte function. These results also provide an 
experimental basis for the effect of resistin on the activity 
of neural stem cells and help us better understand the patho-
logical process of inflammation in brain diseases.

TLR4 is an important molecule that has been proposed 
to contribute to resistin-induced effects on target cell [38, 
39, 67]. The TLR4 and CD36 scavenger receptor belong to 
different membrane receptor families. Studies have shown 
that TLR4 signalling can downregulate the expression of 
CD36 in monocytes, when they engulf autologous apop-
totic neutrophils [68]. The expression of CD36 around the 
haematoma is upregulated in TLR4−/− mice after intracer-
ebral haemorrhage [69]. These data showed that resistin 
induced inflammation through mediation of TLR4. In the 
present study, we found that resistin inhibited NSC-derived 
astrocyte differentiation through TLR4. Resistin-induced 

Fig. 5   Interference effect of TLR4 or CD36 on expression of CD36 
or TLR4. NSCs were treated with resistin at 10 ng/ml or 100 ng/ml 
for 7 days. TLR4 expression was detected by Real-time PCR (a) and 
Western blot (b) in CD36-interfered NSCs. One-way ANOVA was 
used for repeated measurements. **p < 0.01 versus control. CD36 
expression was detected by real-time PCR (c) and western blot (d) 
in TLR4-interfered NSCs. One-way ANOVA was used for repeated 
measurements. **p < 0.01 versus control or NC. All the experiments 
were independently performed three times (n = 3)

Fig. 6   The integrity and permeability of BBB. a Schematic diagram 
of in  vitro BBB model. The NSCs cultured on the reverse side of 
Transwell insert were placed on a 24-well plate. Resistin (100  ng/
ml) was present in the lower chamber after NSCs attached to the 
membrane of the insert for 9 days. HBMECs were plated in 24-well 
fibronectin-coated Transwell insert plates (pore size: 0.4  mm) on 
5th day and grown for 4 days. Time-dependent changes in the TEER 
and permeability of the BBB were subsequently measured. b Time-
dependent changes in TEER. c Effect of resistin on BBB permeabil-
ity. Pe was calculated using the surface area of the Transwell insert 
(0.4 µm pore size, membrane surface 4.2 cm2) to divide the perme-
ability value for the endothelial monolayer and astrocyte co-culture. 
One-way ANOVA was used for repeated measurements. * p < 0.05, 
**p < 0.01, ***p < 0.0001 versus control, the experiment was inde-
pendently performed three times (n = 3)
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upregulation of CD36 expression was inhibited by TLR4 
interference. However, CD36 interference did not influ-
ence resistin-induced TLR4 increased expression. The 
detailed mechanism underlying TLR4-regulated CD36 
expression in astrocyte differentiation needs to be further 
investigated. These results indicate that resistin affects the 
expression of CD36 by mediation of TLR4 on astrocytes. 
However, these results are contrary to that of TLR4 nega-
tive regulation of CD36 on inflammatory cells. We think 
the reason is that CD36 and TLR4 molecules regulation 
might be different in various cells and diseases. In our 
study, we detected different CD36 and TLR4 expression 
mode. First, previous reports about CD36/TLR4 were 
mainly focus on monocyte or macrophage. NSCs are dif-
ferent to monocytes or macrophages. The pathways in 
inflammation cells cannot be fully copied in NSCs. Sec-
ond, the signal pathways involved in differentiation are 
not the same as inflammation. Our data might provide new 
functions of TLR-4/CD36 on astrocyte differentiation.

However, there are a few limitations to the present 
study. Lee et al. reported that adenylyl cyclase-associated 
protein 1 (CAP1) is a receptor for human resistin and 
mediates inflammatory actions of human monocytes [70]. 
Onuma et al. reported that plasma resistin is associated 
with single nucleotide polymorphisms of decorin gene in 
the general Japanese population. It is possible that human 
decorin is a human resistin receptor [71]. In the present 
study, we verified that resistin played role on target cell 
through TLR4, however, the expression of the reported 
resistin receptors on mice cell has not been tested. It is 

necessary to further identify resistin receptors on mouse 
neural stem cells in future studies.

In conclusion, our study revealed that resistin inhibits 
astrocyte differentiation via mediation of TLR4 and CD36 
in pathological condition. The inhibition of astrocyte differ-
entiation leads to the increase of BBB permeability (Fig. 7). 
These findings may provide useful clues to understanding 
the mechanisms underlying chronic inflammation activation 
in neurological diseases.
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