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Abstract
Microglia are the inherent immune effector cells in the central nervous system (CNS), are activated rapidly when the CNS is 
stimulated by ischaemia, infection, injury, etc. and participate in and aggravate the development of inflammatory reactions 
in the CNS. During the process of microglial activation, inflammatory factors such as TNF-α and IL-1β and an abundance 
of reactive oxygen species (ROS)/reactive nitrogen species (RNS), are released by damaged nerve cells. LXW7 is a small 
molecule peptide and specifically binds with integrin αvβ3. Cerium oxide nanoparticles (nanoceria) are strong free radical 
scavengers and are widely used in many studies. In this research, a model of inflammation was established using lipopolysac-
charide (LPS) to induce BV2 microglia activation, and the effects of CeO2@PAA (synthetic nanoscale cerium oxide parti-
cles), LXW7 and CeO2@PAA-LXW7 were evaluated. We detected the expression level of inflammatory factors, the release 
of NO in BV2 cells and the generation of intracellular ROS. The expression levels of focal adhesion kinase (FAK) and signal 
transducer and activator of transcription 3 (STAT3) and their phosphorylated proteins were detected in BV2 microglia. We 
found that CeO2@PAA, LXW7 and CeO2@PAA-LXW7 all effectively inhibited the activation of BV2 microglia, reduced 
the production of cytokines and the release of NO and reduced the production of intracellular ROS. The three treatments all 
inhibited the phosphorylation of FAK and STAT3 in BV2 microglia. Regarding these effects, CeO2@PAA-LXW7 was more 
effective than the other two monotherapies. Our data indicate that CeO2@PAA, LXW7 and CeO2@PAA-LXW7 can exert 
a neuroprotective function by inhibiting the inflammatory response of LPS-induced BV2 microglia. LXW7 may inhibit the 
activation of FAK and STAT3 signals in combination with integrin αvβ3 to restrain neuroinflammation and the antioxidative 
stress effect of cerium oxide; hence, CeO2@PAA-LXW7 can exert a more robust anti-inflammatory and neuroprotective 
effect via synergistically suppressing the ability of LXW7 to influence the integrin pathway and the free radical-scavenging 
ability of CeO2@PAA.
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Introduction

Microglia are the innate immune cells of the central nervous 
system (CNS) and are one of the most important cellular 
components that induce the neuroinflammatory response. 
Under physiological conditions, microglia exhibit a multi-
branched, long convex shape. By constantly stretching and 
contracting their protrusions protuberances, microglia inter-
act with neurons, astrocytes and blood vessels to monitor 
the CNS and synapses to detect tissue damage and pathogen 
infection. Microglial activation is a fundamental response to 
almost all CNS damage, including neurodegenerative dis-
eases, local or systemic infections, cerebral ischaemia and 
trauma. Microglia can respond rapidly to the pathological 
stimulation of the CNS, become activated and undergo an 
obvious morphological change from branch-shaped cells 
to round, amoeba-shaped cells with short protrusions and 
phagocytic activity (Liddelow et al. 2017).

When the CNS is damaged, microglia can become acti-
vated and proliferate to remove tissue metabolites, apop-
totic cells, damaged tissue and cell debris and help repair 
the damaged nervous system. However, continuously 
activated microglia secrete a large number of inflamma-
tory mediators, such as TNF-α and IL-1β, reactive oxygen 
species (ROS) and reactive nitrogen species (RNS), etc., 
thus impairing mitochondrial function, leading to neuronal 
degeneration and necrosis, and further aggravating CNS 
damage (Thameem Dheen et al. 2007). Activated micro-
glia can be induced by various stimuli, such as lipopoly-
saccharide (LPS), leading to the release of inflammatory 
cytokines, chemokines and ROS/RNS, which essentially 
cause neurotoxic reactions.

Integrins, which are cell adhesion molecules, are trans-
membrane glycoproteins that are widely found in cells. 
Integrins mediate the interaction of cells with the extracel-
lular matrix, recognize and bind to corresponding ligands 
in the extracellular matrix as cell surface receptors and 
participate in the regulation of cell movement, prolifera-
tion and apoptosis. In addition, they can mediate synaptic 
reorganization and regulation and receptor localization 
in dendritic neurons (Cabodi et al. 1999; Goodman and 
Picard 2012; Kerrisk and Koleske 2013; Scheiffele et al. 
2000). Many pathological processes, such as inflamma-
tion, thrombosis, invasion and metastasis, are associated 
with the abnormal regulation of integrins (Becchetti and 
Arcangeli 2010). Many previous studies have shown that 
many integrins (including αv and β1, β3, β5 and β8) local-
ize to the postsynaptic regions of hippocampal neurons 
(Chan et al. 2003, 2006; Kramar et al. 2003; Mazalouskas 
et al. 2015; Nishimura et al. 1998; Pozo et al. 2012).

Integrin αvβ3 is a vitronectin receptor that is bidirec-
tionally linked to the extracellular matrix (ECM) and 

intracellular signal transduction pathways (Hynes 2002). 
The binding of integrin αvβ3 to its ligand depends on the 
ligand’s unique Arg-Gly-Asp (RGD) sequence. The struc-
ture of cyclo-Arg-Gly-Asp-D-Phe-Val (cyclo-RGDfv) is 
similar to that of the RGD sequence, so it can specifi-
cally bind to αvβ3, thereby blocking its binding to the 
ligand and suppressing the signalling pathway in which 
integrin αvβ3 participates (Roland Haubner et al. 1996). 
Research by Mazalouskas has demonstrated that integrin 
αvβ3 is widely expressed in the synapses of nerve end-
ings in different brain regions and plays a key role in the 
regulation of many receptor-triggered intracellular signal 
transduction pathways (Mazalouskas et al. 2015). Many 
studies have shown that anti-angiogenic and anti-tumour 
effects can be exerted by binding to integrin αvβ3 on vas-
cular endothelial cells and tumour cells (Chen et al. 2012; 
Diao et al. 2012; Gao et al. 2015; Wu et al. 2013). Some 
studies have demonstrated that integrin-associated signal-
ling pathways play a vital role in regulating the activity 
of antioxidant enzymes and are involved in H2O2-induced 
apoptosis and ROS production in multifarious cell types 
(Liu et al. 2016; Yasuda et al. 2017). Integrin αvβ3 is 
involved in inflammatory and apoptotic processes by 
regulating intercellular signalling. In addition, integrin 
αvβ3 regulates the function of mitochondrial and cellular 
activity via modulating the focal adhesion kinase (FAK) 
and signal transduction and activation of transcription 3 
(STAT3) pathways (Visavadiya et al. 2016). The inhibition 
of integrin αvβ3 reduces FAK phosphorylation, which is 
associated with decreased ROS production, suggesting that 
the integrin-FAK pathway is involved in the regulation of 
ROS production in glioma cells (Xu et al. 2015).

Nano cerium oxide (CeO2) is a new type of powerful free 
radical-scavenging drug that can overcome the shortcom-
ings of former therapies for ischaemic damage. Many studies 
have shown that CeO2 particles can potently resist oxida-
tive stress, indicating that they have the protective effect of 
scavenging ROS. They can reversibly combine with oxygen 
and transition to a Ce4+ or Ce3+ state during the redox reac-
tion, making them able to actively scavenge oxygen (Esch 
et al. 2005; Robinson et al. 2002). Many studies have shown 
that nano CeO2 can strongly induce antioxidant stress. For 
example, Schubert et al. (2006) found that CeO2 can pro-
tect hippocampal neurons against oxidative stress. Niu et al. 
(2007) found that CeO2 can reduce the production of NO and 
peroxynitrite in a mouse model of myocardial ischaemia. In 
addition, Estevez’s study found that nano CeO2, as an effec-
tive treatment, can reduce oxidation and nitrification after 
stroke in the hippocampus of an ischaemic mouse model 
(Estevez et al. 2011). These studies demonstrate that nano 
CeO2 protects the CNS via scavenging ROS and RNS.

LXW7 is a small cyclic peptide designed and synthe-
sized using one-bead one-compound (OBOC) combinatorial 
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chemistry and high-efficiency screening technology. It can 
be specifically combined with integrin αvβ3 to hinder the 
binding of integrin αvβ3 to its ligands (Hao et al. 2017). 
LXW7 has a molecular structure similar to that of cyclo-
RGDfv, which can bind to integrin αvβ3 and block pathways 
in which integrins are involved. Some studies have shown 
that LXW7 can attenuate the activation of microglia in rats 
with middle cerebral artery occlusion (MCAO), reduce 
the secretion of inflammatory factors and the infarct size 
and have a certain neuroprotective effect (Fang et al. 2016; 
Wang et al. 2016; Xiao et al. 2010). LXW7 is a small octa-
meric peptide surrounded by a disulfide bond; it contains 
unnatural amino acids and is more resistant to proteolysis 
than linear peptides and peptides composed of natural amino 
acids. It has a built-in handle (a functional carboxyl) at the 
C-terminus that, through chemical bonds, can unite a variety 
of different functional substances, including specific drugs, 
imaging agents and nanomaterials (Xiao et al. 2010). Due 
to the special spatial structure of LXW7, it can bind to 
other small molecules such as nano CeO2 without having 
an impact on its biological function (Xiao et al. 2010). We 
combined CeO2@PAA, which formed from CeO2 and PAA 
(polyacrylic acid), and biotinylated LXW7 to synthesize a 
novel biocomposite carrier (CeO2@PAA-LXW7) by EDC 
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) reaction. 
CeO2@PAA and biotinylated LXW7 were combined after 
CeO2 and PAA were synthesized by EDC reaction to syn-
thesize a new type of biological composite carrier. CeO2@
PAA, which is more stable, is synthesized by modifying 
PAA functional groups on the surface of CeO2. We previ-
ously found that CeO2@PAA has a diameter of 2-5 nm by 
TEM, and XPS spectroscopy of Ce 3d showed many oxy-
gen vacancies in CeO2@PAA. The surface characteristics of 
CeO2@PAA-LXW7 were analysed by FT-IR spectroscopy. 
The peaks at 3500–2500 cm−1, 1702 cm−1 and 2550 cm−1 
illustrate O–H, C=O and –C=C– stretching vibration, and 
the bands at 1450 cm−1 and 1162 cm−1 represent the pres-
ence of COO– and C–O functional group (Jia et al. 2018).

Therefore, we investigated whether this complex can inte-
grate the ability of LXW7 to block the integrin pathway and 
the ability of CeO2@PAA to scavenge ROS for neuropro-
tection, as well as the molecular mechanisms that may be 
involved in these processes.

Methods

Preparation and Administration of Drugs

LXW7 is commercially available, and biotinylated LXW7, 
CeO2@PAA and CeO2@PAA-LXW7 were all provided 
by Dr. Changyan Li and her team at the Inner Mongolia 
University School of Chemical Engineering. The synthesis 

process was consistent with the method used in our previous 
studies (Jia et al. 2018). CeO2@PAA, LXW7 and CeO2@
PAA-LXW7 were diluted to 100 μg/mL with PBS for use. 
The concentration of the drugs used in the experiment was 
determined by combining existing studies with our previous 
experimental results (Zhang et al. 2018).

Cell Culture and Treatment

Murine BV2 microglial cells were purchased from the Cell 
Resource Center, Peking Union Medical College. BV2 
microglia were incubated in high-glucose Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco, China) with 10% 
(v/v) foetal bovine serum (FBS) (Gibco, America) and 1% 
penicillin–streptomycin in a humidified incubator at 37 °C 
with a 5% CO2 atmosphere. BV2 microglia were seeded in 
6-well plates at a density of 2 × 105 cells/well and cultured 
for 24 h for subsequent experiments. The BV2 microglia 
were treated with 1 mg/L LPS for 24 h to generate a model 
of inflammation. The cells were divided into (a) the con-
trol group, (b) the LPS alone group (1 mg/L LPS for 24 h), 
(c) the CeO2@PAA + LPS group (1 μM CeO2@PAA for 
24 h followed by LPS for 24 h), (d) the LXW7 + LPS group 
(1 μM LXW7 for 24 h followed by LPS for 24 h) and (e) 
the CeO2@PAA-LXW7 + LPS group (1 μM CeO2@PAA-
LXW7 for 24 h followed by LPS for 24 h).

Cell Viability Measurement

Cell viability was analysed using the cell counting kit-8 
(Beyotime, China). BV2 cells were seeded in 96-well plates 
at the destiny of 1 × 106 cells/well. Then, 10 μL/well of 
CCK8 solution was added to each well, and the plates were 
incubated at 37 °C for 2–3 h. The number of viable cells 
was represented by the optical density (OD), which was 
measured using a multimode detector (Beckman Coulter, 
DTX880) at 450 nm. The OD value of the control group was 
set as 100% percent of cell viability.

Reverse Transcription and Real‑Time PCR

Total RNA was extracted from BV2 microglia with TRI-
zol reagent (Takara, Japan) according to the manufacturer’s 
instructions. cDNA was synthesized by reverse transcription 
using the PrimeScriptTM RT reagent kit. Real-time PCR was 
performed with the LightCycler® 96 Real-Time PCR system 
(Roche Molecular Systems, USA) using SYBR® Premix Ex 
Taq™ II. The relative expression of the target gene was cal-
culated using the 2−ΔΔCT method. All PCR primers used are 
shown in Table 1.
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Enzyme‑Linked Immunosorbent Assay (ELISA)

The supernatant of BV2 microglia was collected after cen-
trifugation. The TNF-α and IL-1β ELISA kit (R&D systems, 
MN, USA) was used to detect the secretion of TNF-α and 
IL-1β in the supernatant, and the specific steps were carried 
out according to the manufacturer’s protocols. The absorb-
ance at 450 nm of each well was measured with a multi-
mode detector (Beckman Coulter, DTX880). According to 
the absorbance of the different concentration standards, the 
curve and equation of the measured cytokine content at the 
absorbance value were obtained. According to this equation, 
the content of the measured cytokines in each group was 
calculated. The equations for the measured cytokine con-
tent at the absorbance value were based on the instructions 
provided with the ELISA kit [TNF-α: y = 440.91x − 20.248, 
R2 = 0.99139 and IL-1β: y = 455.89x − 31.58, R2 = 0.99407 
(y: cytokine content, pg/mL: x: absorbance value, OD)].

Immunofluorescence Staining

BV2 microglia were fixed with 4% paraformaldehyde in PBS 
and blocked in 5% bovine serum albumin (BSA) at room 
temperature. The cells were then exposed to a primary anti-
body overnight at 4 °C followed by incubation with Alexa 
Fluor 488 (Cell Signalling Technology, USA) for 30 min at 
room temperature. Images were captured using a fluores-
cence microscope (Leica DMi8).

Detection of Nitric Oxide (NO) Contents

The supernatant of BV2 microglia was collected after cen-
trifugation and the NO concentration was detected using the 
Griess reagent (Beyotime Biotechnology, China) for 10 min 
at room temperature. The production of NO was evaluated 
by measuring the absorbance at 540 nm using a microplate 
reader. All experiments were performed in triplicate.

Measurement of ROS

Intracellular ROS levels were detected by 2,7-dichlorofluo-
rescein diacetate (DCFH-DA). The cells were incubated 
in 10 μmol/L DCFH-DA for 30 min at 37 °C in the dark. 

The intracellular ROS levels were represented by the fluo-
rescence intensities determined by the flow cytometer (BD 
Accuri C6 Plus).

Immunoblot Analysis

Protein samples were extracted from BV2 microglia using 
RIPA buffer and were measured with a BCA kit. The pro-
tein was isolated on SDS-PAGE gels and transferred onto 
polyvinylidene difluoride (PVDF) membranes, and then 
the membranes were blocked with 5% non-fat milk in Tris-
Buffered saline with Tween-20 (TBST) buffer for 1 h. Then, 
the PVDF membranes were incubated with primary antibod-
ies against FAK (1:1000, CST), pY397-FAK (1:500, CST), 
STAT3 (1:1000, CST), pS727-STAT3 (1:400, CST) and 
β-actin (1:1000, Abcam) at 4 °C overnight. Then, the cells 
were incubated with a secondary antibody (1:1000, CST) 
for 1 h at room temperature. The blots were developed using 
the enhanced chemiluminescence (ECL) detection system 
(Tanon 5220S). β-actin was used to confirm a comparable 
amount of protein in each lane.

Statistical Analysis

Statistical analysis was performed using SPSS 21.0 statistical 
software. All data are from three independent experiments. 
The measurement data are expressed as the mean ± standard 
deviation (X ± SD). T test was used for comparisons between 
two groups, and one-way ANOVA followed by the SNK post 
hoc test was used for multiple groups. p < 0.05 was defined 
as a significant difference.

Results

Effects of CeO2@PAA, LXW7 and CeO2@PAA–LXW7 
on the Viability of BV2 Microglia

It is apparent from Fig. 1 that very few differences exist 
between all groups. There was no significant effect of LPS 
on the viability of BV2 microglia. We also detected the 
effect of CeO2@PAA, LXW7 and CeO2@PAA-LXW7 on 
BV2 microglia. These results suggest that CeO2@PAA, 
LXW7 and CeO2@PAA-LXW7 exhibit little cytotoxicity 
on BV2 microglia.

Table 1   Primers used in this 
study

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

TNF-α CCC​TCA​CAC​TCA​GAT​CAT​CTTCT​ GCT​ACG​ACG​TGG​GCT​ACA​G
IL-1β GCA​ACT​GTT​CCT​GAA​CTC​AACT​ ATC​TTT​TGG​GGT​CCG​TCA​ACT​
iNOS GTT​CTC​AGC​CCA​ACA​ATA​CAAGA​ GTG​GAC​GGG​TCG​ATG​TCA​C
β-actin GGC​TGT​ATT​CCC​CTC​CAT​CG CCA​GTT​GGT​AAC​AAT​GCC​ATGT​
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Determination of Experimental Drug Concentration

We used qPCR to detect the effects of different concentra-
tions of drugs on TNF-α mRNA expression and to compare 
the different effects of concentrations of 100 ng/mL, 1 μM 
and 10 μM. In the three administration groups, the 1 μM and 
10 μM concentrations inhibited TNF-α more strongly than 
the 100 ng/mL concentration, while the effects of 1 μM and 
10 μM did not differ significantly (Fig. 2).

Expression Levels of TNF‑α and IL‑1β in BV2 
Microglia

As illustrated in Fig. 3a, the mRNA expression levels of 
TNF-α and IL-1β in the LPS-activated BV2 microglia were 
significantly improved compared with those in the control 
group (**p < 0.01, **p < 0.01). The mRNA expression levels 
of TNF-α and IL-1β in the CeO2@PAA, LXW7 and CeO2@
PAA-LXW7 groups were decreased to different degrees than 
those in the LPS-activated group. The decreased levels of 
mRNAs were increased in the CeO2@PAA-LXW7 group 
compared to the CeO2@PAA group (**p < 0.01, **p < 0.01) 
and LXW7 group (*p < 0.05, **p < 0.01), and the differ-
ence was statistically significant. There was no significant 
difference in the expression of mRNAs between the CeO2 
and LXW7 groups, except for that of TNF-α in the LXW7 
group, which was slightly lower than that in the CeO2 group 
(*p < 0.05).

We used an ELISA kit to detect the release of TNF-α 
and IL-1β in the cell culture supernatant of LPS-activated 

BV2 microglia (Fig. 3b). The results show that the amount 
of TNF-α and IL-1β secreted in the culture supernatant of 
LPS-activated BV2 microglia increased more than that in the 
control group (***p < 0.001), while there was a reduction in 
the increased level of TNF-α and IL-1β in the CeO2@PAA, 
LXW7 and CeO2@PAA-LXW7 groups. Compared with 
that in the CeO2@PAA and LXW7 groups, the secretion of 
TNF-α (**p < 0.01) and IL-1β (**p < 0.01, *p < 0.05) was 
reduced in the CeO2@PAA-LXW7 group, and the difference 
was statistically significant. In addition, the mRNA expres-
sion of TNF-α and IL-1β in the CeO2@PAA-LXW7 group 
was not significantly different from that in the control group. 
However, when we detected extracellular secreted inflam-
matory factors, we found that the secretion in the CeO2@
PAA-LXW7 group was higher than that in the control group.

The expression and localization of inflammatory fac-
tors in the cytoplasm of BV2 microglia were observed 
by immunofluorescence staining. The results were basi-
cally consistent with the results of qPCR and ELISA; the 
expression of inflammatory factors in the BV2 cells in the 
control group was very low, and TNF-α and IL-1β were 
significantly expressed in the cytoplasm of BV2 micro-
glia after LPS activation. A decrease in the expression of 

Fig. 1   The viability of BV2 microglia in each group after LPS treat-
ment for 24 h. BV2 microglia were pre-incubated with CeO2@PAA, 
LXW7 and CeO2@PAA-LXW7 for 24 h, LPS was added for 24 h and 
the viability of the BV2 microglia was detected by the CCK8 kit

Fig. 2   The mRNA expression of TNF-α in BV microglia pretreated 
with CeO2@PAA, LXW7 and CeO2@PAA-LXW7 at concentrations 
of 100  ng/mL, 1  μM and 10  μM and activated by LPS (*p < 0.05, 
**p < 0.01)
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inflammatory factors was observed in the groups treated 
with CeO2@PAA, LXW7 and CeO2@PAA-LXW7, of 
which the CeO2@PAA-LXW7 group exhibited the high-
est degree of reduction (Fig. 3c).

CeO2@PAA‑LXW7 Inhibits the Release of ROS 
and NO in BV2 Microglia Activated by LPS

The release of ROS and NO in BV2 microglia was detected 

Fig. 3   The expression of TNF-α, IL-1β in LPS-activated BV2 micro-
glia. a The relative mRNA expression of TNF-α and IL-1β in each 
group. b The secreted amount of TNF-α and IL-1β in the superna-
tant of BV2 microglia. c The expression of TNF-α and IL-1β in 
each group (green fluorescence; × 200 magnification) (*p < 0.05, 

**p < 0.01, ***p < 0.001 compared with the LPS group; #p < 0.05, 
##p < 0.01 compared with the CeO2@PAA-LXW7 group; the remain-
ing differences are marked above the connecting line between the two 
groups, ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001)
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by the DCFH-DA fluorescence probe method and a NO test 
kit, respectively, and the iNOS mRNA level was detected by 
qPCR. As shown in Fig. 4, after LPS activation, the expres-
sion of iNOS mRNA and the secretion of NO and ROS were 
significantly increased (***p < 0.001) in BV2 microglia, and 
CeO2@PAA, LXW7 and CeO2@PAA-LXW7 were able to 
reduce the production of ROS and NO to varying degrees. 
However, the administration of these treatments did not 
diminish the levels of ROS and NO secretion in LPS-induced 
BV2 microglia to levels similar to those in the control group. 
The degree to which the levels were reduced in the CeO2@
PAA-LXW7 group was higher than that in the CeO2@PAA 
(***p < 0.001) and LXW7 (***p < 0.001) groups, and the 
difference was statistically significant. In addition, the secre-
tion of NO and ROS in the LXW7 group was slightly lower 
than that in the CeO2 group (**p < 0.01, *p < 0.05).

CeO2@PAA‑LXW7 Inhibits Integrin αvβ3 
in LPS‑Activated BV2 Microglia

The expression of integrin αvβ3 in BV2 microglia was 
detected by immunofluorescence staining. As shown in 
Fig. 5, integrin αvβ3 expression was significantly enhanced 
by LPS activation compared with that in control BV2 micro-
glia. Both LXW7 and CeO2@PAA-LXW7 inhibited the 
expression of integrin αvβ3, while the CeO2@PAA group 
did not differ significantly from the LPS group. LXW7 and 
CeO2@PAA-LXW7 had similar inhibitory effects, but still 
induced a certain degree of enhancement compared to that 
in the control group.

CeO2@PAA‑LXW7 Inhibits the Phosphorylation 
of FAK and STAT3 in LPS‑Activated BV2 Microglia

To explore the mechanism of CeO2@PAA-LXW7, we tested 
the protein expression of FAK and STAT3 and their phos-
phorylated forms (p-FAK and p-STAT3) in BV2 micro-
glia. As shown in Fig. 6, we found that the total protein 

Fig. 4   The mRNA expres-
sion of iNOS and intracellular 
NO and ROS release from the 
culture supernatant of BV2 cells 
in each group 24 h after LPS 
induction. a The relative mRNA 
expression of iNOS and NO 
production. b Intracellular ROS 
production in the cell superna-
tant of each group (**p < 0.01, 
***p < 0.001 compared with the 
LPS group, ###p < 0.001 com-
pared with the CeO2@PAA-
LXW7 group; the remaining 
differences are marked above 
the connecting line between 
the two groups, ΔP < 0.05, 
ΔΔP < 0.01, ΔΔΔP < 0.001)
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expression levels of FAK and STAT3 in each group were 
substantially unchanged, while the protein expression of 
p-FAK and p-STAT3, the activated forms, were signifi-
cantly higher in the LPS-activated group than that in the 
control group. Both LXW7 and CeO2@PAA-LXW7 were 
able to reduce the expression of p-FAK and p-STAT3. We 
also found that the phosphorylation level in the CeO2@PAA 
group was lower than that in the LPS group, and the differ-
ence was significant.

Discussion

Many studies have found that the gene expression of inflam-
matory factors, such as TNF-α and IL-1β, is significantly 
upregulated within a few hours after cerebral ischaemia or 
hypoxic injury (Amantea et al. 2014; Tuttolomondo et al. 
2014). TNF-α and IL-1β are very important pro-inflamma-
tory factors that can directly induce the formation of many 
other inflammatory factors, further aggravating inflamma-
tion and increasing the number of toxic products in the CNS. 
Nitric oxide (NO) is an endogenous small molecule that acts 
as both a cellular messenger and a neurotransmitter, and it 

plays a wide-ranging role as a neurotransmitter in the CNS. 
Under the pathological conditions of inflammation after 
CNS injury, cells can produce a large amount of inducible 
nitric oxide (iNOS), which catalyses the production of NO 
by l-arginine. At present, it is through that, under pathologi-
cal conditions in the CNS, reactive microglia overexpress 
iNOS to synthesize a large amount of the toxic free radical 
NO, which may be involved in apoptosis, mediate oxidative 
stress damage and cause neuronal damage (Jeon et al. 2014). 
Therefore, inhibiting the excessive activation of microglia 
and reducing the production of pro-inflammatory cytokines 
and toxic substances is the research focus of brain protec-
tion therapy.

We examined the mRNA expression of TNF-α in LPS-
induced BV2 microglia after the administration of three dif-
ferent concentrations of drugs on, and we ultimately selected 
1 μM as the experimental concentration. In our study, we 
also found that the expression levels of TNF-α, IL-1β and 
iNOS in BV2 microglia were significantly increased after 
LPS stimulation, and the secretion of TNF-α and IL-1β, 
ROS and NO also increased accordingly. Meanwhile, in 
the CeO2@PAA, LXW7 and CeO2@PAA-LXW7 pretreat-
ment groups, the expression levels of these proteins were 

Fig. 5   Expression of integrin 
αvβ3 in LPS-activated BV2 
microglia, as detected by fluo-
rescence inverted microscopy. 
The expression of integrin αvβ3 
in each group was displayed by 
red fluorescence (× 200 magnifi-
cation)
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decreased to different degrees compared with those in the 
control group, with the CeO2@PAA-LXW7 group exhibit-
ing the highest degree of decline and being significantly dif-
ferent from the other two groups. This indicates that CeO2@
PAA, LXW7 and CeO2@PAA-LXW7 have anti-inflamma-
tory effects, which can inhibit the activation of BV2 micro-
glia to a certain extent, while the anti-inflammatory effect 
of CeO2@PAA-LXW7 is stronger than that of the other two 
drugs.

Studies have shown that FAK expression is increased in a 
model of LPS-induced microglial activation, and because of 
the specificity of FAK and the fact that it is not expressed in 
immature astrocytes and oligodendrocyte lysates, it can be 
used as a potential target for inhibiting microglial activation 
(Krady et al. 2002). FAK can mediate the integrin pathway, 
is involved in the regulation of cell migration, proliferation 

and phagocytosis and is closely related to the activation 
of microglia (Chen and Guan 1996; Miranti et al. 1998; 
Takeuchi et al. 1997). Our study also found a significant 
increase in FAK phosphorylation in LPS-induced activated 
BV2 microglia.

The RGD sequence specifically binds to integrin αvβ3, 
blocks the integrin pathway and reduces FAK activation. 
The current study found that osteopontin (OPN), which con-
tains the RGD sequence, binds to endogenous integrin αvβ3 
in primary cultured microglia to inhibit iNOS expression and 
has neuroprotective and anti-inflammatory effects (Jin et al. 
2015). Studies have shown that cyclic RGDfV can signifi-
cantly attenuate the upregulation of activated microglia in 
the mouse brain after 1-methyl-4-phenyl-1,2,3,6 tetrahydro-
pyridine (MPTP) injury, demonstrating that cyclic RGDfV 
has neuroprotective effects (Patel et al. 2011). Our study 

Fig. 6   Effects of CeO2@PAA, 
LXW7 and CeO2@PAA-LXW7 
on the protein expression 
of p-FAK, FAK, p-STAT3, 
STAT3 in LPS-activated BV2 
microglia. a Changes in the 
expression of p-FAK, FAK, 
p-STAT3, STAT3 in BV2 cells. 
b–e The results of the semi-
quantitative analysis of protein 
greyscale (*p < 0.05, **p < 0.01, 
***p < 0.001 compared with the 
LPS group; #p < 0.05, ##p < 0.01, 
###p < 0.001 compared with the 
CeO2@PAA-LXW7 group; 
the remaining differences are 
marked above the connecting 
line between the two groups, 
ΔΔp < 0.01, ΔΔΔp < 0.001)



1134	 Cellular and Molecular Neurobiology (2019) 39:1125–1137

1 3

used CeO2@PAA-LXW7 to reduce the phosphorylation of 
FAK in LPS-induced BV2 microglia by blocking the integ-
rin pathway via cyclic RGDfV. The phosphorylation of FAK 
is closely related to the inflammatory response of BV2 cells, 
which is consistent with the trend of inflammatory factors, 
ROS and NO release. CeO2@PAA-LXW7 and LXW7 may 
inhibit the increase of the inflammatory response by inhibit-
ing the excessive activation of FAK.

As an important immune signalling molecule, STAT3 is 
widely expressed in the CNS and plays an important role in 
regulating microglia activation and inflammatory responses 
(Dinapoli et al. 2010; Huang et al. 2008). STAT3 is an 
important factor in the regulation of inflammatory factor 
gene expression and a major indicator of CNS damage (Pla-
nas et al. 1996). Studies have shown that elevated levels of 
phosphorylated STAT3 expression are detected in activated 
microglia during cerebral ischaemic injury (Schäbitz et al. 
2003). The activation of abnormally activated STAT3 is also 
involved in neuroinflammatory damage triggered by ischae-
mic stroke. Studies have found that STAT3 phosphorylation 
induced by focal ischaemia is localized to various cell types, 
including microglia, macrophages, astrocytes and neurons 
(Justicia et al. 2000; Planas et al. 1996; Suzuki et al. 2001). 
Our study also found that phosphorylated STAT3 expression 
is significantly increased after LPS-induced BV2 microglia, 
which is consistent with previous studies. CeO2@PAA-
LXW7 can significantly inhibit the increase of p-STAT3, 
inhibit the production of inflammatory factors and weaken 
the inflammatory response.

In recent years, many studies have shown that CeO2 can 
freely shift between the trivalent state (Ce3+) and the tetrava-
lent state (Ce4+), which enhances it antioxidant capacity and 
its ability to scavenge free radicals by sensitizing superox-
ide dismutase and catalase (Celardo et al. 2011; Clark et al. 
2011; Li et al. 2014; Pirmohamed et al. 2010; Pourkhalili 
et al. 2011). Our findings are consistent with those of pre-
vious studies, which showed that the potential of CeO2@
PAA to decrease intracellular ROS and antioxidative stress 
damage. The LXW7 and CeO2@PAA-LXW7 treatment 
groups also showed similar changes as those in the CeO2@
PAA treatment group. CeO2@PAA formed after coating 
CeO2 and PAA can react with LXW7 through EDC reac-
tion to form the novel compound CeO2@PAA-LXW7. We 
anticipate that CeO2@PAA-LXW7 can synthesize LXW7 
to block the integrin pathway and CeO2@PAA to scavenge 
oxygen free radicals and exert neuroprotective effects on oxi-
dative stress-induced apoptosis. According to our previous 
research, CeO2@PAA-LXW7 can significantly diminish the 
infarct area and neuronal apoptosis and attenuate oxidative 
stress in MCAO rats (Zhang et al. 2018).

Integrin is widely expressed on a variety of cell sur-
faces and participates in various physiological processes, 
such as apoptosis, angiogenesis and cell migration. LXW7 

(cGRGDdvc) is a small cyclic RGD peptide that specifi-
cally binds to integrin αvβ3 (Xiao et al. 2010). Some studies 
have demonstrated that LXW7 can reduce the infarct size in 
MCAO rats and attenuate the apoptosis of neurons (Fang 
et al. 2016; Wang et al. 2016; Xiao et al. 2010). Biotinylated 
LXW7 has a high affinity for integrin; in particular, it can 
bind to integrin αvβ3 to block its binding to ligands. Our 
study illustrated that the expression of αvβ3 in the LXW7- 
or CeO2@PAA-LXW7-pretreated group was significantly 
lower than that in the LPS-activated BV2 microglia, dem-
onstrating that LXW7 and CeO2@PAA-LXW7 can inhibit 
the expression of αvβ3. Our previous studies have shown 
that CeO2@PAA-LXW7 can reduce neuronal apoptosis by 
inhibiting the integrin pathway and the phosphorylation of 
FAK and STAT3, therefore exerting neuroprotective effects.

In summary, this study demonstrates that CeO2@PAA, 
LXW7 and CeO2@PAA-LXW7 have no significant cyto-
toxic effects against BV2 microglia and have no significant 
effect on cell viability. CeO2@PAA, LXW7 and CeO2@
PAA-LXW7 all reduce the release of TNF-α and IL-1β from 
LPS-induced BV2 microglia, and both LXW7 and CeO2@
PAA-LXW7 significantly reduce p-FAK and p-STAT3 
expression, with the latter being more powerful than the 
former. Based on these results, we hypothesize that CeO2@
PAA-LXW7 can suppress the phosphorylation of FAK and 
STAT3 by inhibiting the integrin pathway, thereby inhibiting 
the activation of microglia and the release of inflammatory 
factors, resulting in neuroprotective effects (Fig. 7). At the 
same time, we also found that CeO2@PAA also reduces the 
expression of p-FAK and p-STAT3, and the degree of reduc-
tion in the CeO2@PAA-LXW7 group was higher than that 
in the LXW7 group. This suggests that CeO2 may also par-
ticipate in the regulation of inflammation-related pathways, 
but the concrete mechanism needs further study.

In this study, we found that CeO2@PAA-LXW7 can 
significantly inhibit LPS-induced BV2 microglia overac-
tivation, reduce the release of inflammatory factors, ROS 
and RNS and attenuate the inflammatory response in BV2 
cells, and its effect is stronger than that of CeO2@PAA 
or LXW7 alone. By detecting FAK and STAT3 phospho-
rylation levels, we found that CeO2@PAA-LXW7 signifi-
cantly attenuates the phosphorylation of FAK and STAT3 
in overactivated BV2 microglia, suggesting that CeO2@
PAA-LXW7 may suppress the inflammatory response by 
inhibiting FAK and STAT3 signalling. Our previous study 
found that the effects of the FAK and STAT3 pathways are 
also observed in PC12 cells. The activation of FAK and 
STAT3 promotes apoptosis in H2O2-induced PC12 cells, 
whereas CeO2@PAA-LXW7 inhibits apoptosis by inhib-
iting the phosphorylation of FAK and STAT3(Jia et al. 
2018). Combined with this study, we believe that FAK 
and STAT3 signalling is involved not only in the apoptosis 
of PC12 cells but also in the activation of BV2 microglia. 



1135Cellular and Molecular Neurobiology (2019) 39:1125–1137	

1 3

CeO2@PAA-LXW7 can inhibit the activation of integrin 
αvβ3 and the phosphorylation of FAK and STAT3. There-
fore, we suspect that CeO2@PAA-LXW7 can simultane-
ously resist neuronal apoptosis and microglial activation, 
which provides a theoretical basis for future research 
in vivo. Our findings provide a new and viable treatment 
for preventing further neurological damage following 
central nervous system injury. However, further research 
is needed to prove the safety, long-term effects and side 
effects of the drug.

There are some shortcomings of this study. We estab-
lished the drug concentration through the literature and a 
preliminary experiment but did not refine the drug concen-
tration. In the future, we should further study the effect of 
the drug concentration on neurological function and deter-
mine the best drug concentration. Our study found that 
CeO2@PAA alone has a certain anti-inflammatory effect 
and has a certain inhibitory effect on the phosphorylation 
of FAK and STAT3, but we did not study the mechanism of 
action. Thus, it is necessary to further explore and study the 
specific mechanism. Integrins may be involved in a variety 
of signalling pathways in CNS diseases, and other impor-
tant factors may be involved in the regulation of FAK and 

STAT3 signalling pathways. Further experimental research 
is needed in the future.
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Fig. 7   Model of the mechanism 
by which CeO2@PAA-LXW7 
inhibits inflammation in BV2 
microglia. LPS induces an 
inflammatory response to BV2 
microglia, releases inflam-
matory factors and causes 
oxidative stress, which causes 
cells to release large amounts 
of ROS and RNS. CeO2@
PAA-LXW7 via inhibiting the 
binding of integrin αvβ3 to its 
ligand, sequentially suppresses 
the phosphorylation of FAK 
and STAT3, further prohibit-
ing inflammatory responses. In 
addition, CeO2@PAA-LXW7 
also inhibits oxidative stress and 
reduces the production of ROS 
and RNS
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