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Pazopanib alleviates neuroinflammation and protects
dopaminergic neurons in LPS-stimulated mouse model
by inhibiting MEK4-JNK-AP-1 pathway
Hong-yang Sun1, Jin Wu1, Rui Wang1, Shun Zhang1, Hao Xu1, Еlena Kaznacheyeva2, Xiao-jun Lu3, Hai-gang Ren1 and
Guang-hui Wang1,4

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the loss of dopaminergic (DA) neurons and
the accumulation of Lewy bodies (LB) in the substantia nigra (SN). Evidence shows that microglia-mediated neuroinflammation
plays a key role in PD pathogenesis. Using TNF-α as an indicator for microglial activation, we established a cellular model to screen
compounds that could inhibit neuroinflammation. From 2471 compounds in a small molecular compound library composed of
FDA-approved drugs, we found 77 candidates with a significant anti-inflammatory effect. In this study, we further characterized
pazopanib, a pan-VEGF receptor tyrosine kinase inhibitor (that was approved by the FDA for the treatment of advanced renal cell
carcinoma and advanced soft tissue sarcoma). We showed that pretreatment with pazopanib (1, 5, 10 μM) dose-dependently
suppressed LPS-induced BV2 cell activation evidenced by inhibiting the transcription of proinflammatory factors iNOS, COX2, Il-1β,
and Il-6 through the MEK4-JNK-AP-1 pathway. The conditioned medium from LPS-treated microglia caused mouse DA neuronal
MES23.5 cell damage, which was greatly attenuated by pretreatment of the microglia with pazopanib. We established an LPS-
stimulated mouse model by stereotactic injection of LPS into mouse substantia nigra. Administration of pazopanib (10 mg·kg-1·d-1,
i.p., for 10 days) exerted significant anti-inflammatory and neuronal protective effects, and improved motor abilities impaired by
LPS in the mice. Together, we discover a promising candidate compound for anti-neuroinflammation and provide a potential
repositioning of pazopanib in the treatment of PD.
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INTRODUCTION
Parkinson’s disease (PD) is the second most common neurode-
generative disease and affects more than 1% of the population
>65 years old. Epidemiological studies show that PD prevalence is
expected to double by 2030 [1, 2]. In the early stage, PD patients
show prodromal phenotypes such as rapid eye movement sleep
behavior disorder. Subsequently, movement phenotypes, includ-
ing resting tremor, myotonia and bradykinesia, gradually appear
with the development of PD, and psychological or cognitive
problems occur at the last stage. These clinical phenotypes are
related to the breakdown of the DA system and the occurrence of
neuroinflammation [3, 4]. However, the current therapeutic drugs
for PD are limited. DA-based therapies focus on stimulating the
remaining DA neurons to function but cannot block PD
progression. Based on pathogenic mechanism explorations,
disease-modifying therapeutic strategies have moved forward in
the PD clinic: prevention of the spread and aggregation of
pathogenic proteins [5, 6], acceleration of aggregated protein
clearance [7, 8], improvements in mitochondrial function [9], and

inhibition of neuroinflammation [10]. Neuroinflammation is a
common pathological feature in different subtypes of PD, which
leads to the production of neurotoxic factors in various regions
and facilitates α-synuclein pathology [11]. Therefore, neuroin-
flammation is a potential therapeutic target for PD intervention
[12]. Despite the difficulties of species differences and side effects
in the development of anti-neuroinflammation drugs, three
candidates (PMX205, azathioprine, AKST4290) have undergone
clinical trials for PD [13].
Neuroinflammation is an immune response characterized by glial

hyperactivation in the central nervous system (CNS). Microglia are
the first immune effectors to respond to external stimuli to mediate
neuroinflammation. When sensing damage-associated molecular
patterns (DAMPs) or pathogen-associated molecular patterns
(PAMPs), microglia convert to the proinflammatory state, manifest-
ing in proliferation, migration to the injury sites, and release of
proinflammatory factors, including TNF-α, interleukin-1beta (IL-1β),
interleukin-6 (IL-6) and prostaglandin E2 (PGE2) [14]. Mild neuroin-
flammation benefits neuronal repair and maintenance, while
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persistent uncontrolled glial activation and microenvironmental
disruption exacerbate neuronal damage and death in aging and
neurodegenerative diseases [15]. Thus, neuroinflammation is not
only a pathological marker of disease progression but also an
important factor aggravating the development of PD.
Microglia-mediated neuroinflammation has critical roles in many

neurodegenerative and neuroinflammatory diseases. Studies have
shown that blockade of microglial activation by compounds protects
neurons from microglia-mediated neuronal death in animal models
[16–18]. In MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) PD
animal models, the active compounds α-asarone [16] and
atractylenolide-1 [17] alleviate MPTP-induced DA neuronal loss
and improve animal behaviors. Moreover, both α-asarone and
atractylenolide-1 inhibited the LPS-induced activation of BV2 cells, a
mouse microglial cell line, suggesting direct inhibitory effects on
microglia. In addition, the active compound icariin can inhibit LPS-
induced microglial activation in vitro and in vivo [18]. At the same
time, it protects DA against LPS- or 6-OHDA (6-hydroxydopamine)-
induced cell death. These studies demonstrate the potential of
compounds that target microglia in PD treatment. It has been
reported that nonsteroidal anti-inflammatory drugs decrease the risk
of PD [19, 20].
Due to the great advantages of drug repositioning, we screened

potential anti-inflammatory drugs from an FDA-approved drug
library. Among the candidates from screen assays, the vascular
endothelial growth factor receptor tyrosine kinase inhibitor (VEGFR-
TKI) pazopanib effectively inhibits microglial hyperactivation and
protects dopaminergic neurons from neuroinflammation-induced
cell death in vitro and in vivo. Furthermore, pazopanib alleviates
LPS-induced neuroinflammation through the MEK4-JNK-AP-1 sig-
naling pathway. Thus, our study demonstrates the potential for the
repositioning of pazopanib, which targets microglia, as a promising
strategy in PD treatment.

MATERIALS AND METHODS
Experimental animals
Male C57BL/6 J mice (6–8 weeks) were purchased from Shanghai
SLAC Laboratory Animal (Shanghai, China). All animals were
raised in a 12-h light-dark cycle with ad libitum access to water
and rodent chow. All experiments were approved by the Animal
Committee of Soochow University. For drug treatment, all animals
were randomly assigned to 4 groups: (1) the solvent + PBS group;
(2) the pazopanib+ PBS group; (3) the solvent+ LPS group; and (4)
the pazopanib + LPS group. Mice in group (2) and group (4) were
administered pazopanib (10mg/kg per day) using intraperitoneal
injection for ten consecutive days. Mice in the other groups were
administered an equal volume of solvent. The solvent contained
10% DMSO and 90% corn oil. On day 10, mice were treated with LPS
(2 μg) or an equal volume of PBS by using stereotaxic injection at AP
−3.3 mm, ML ± 1.2 mm, DV −4.6 mm from bregma. All animals
were treated with pazopanib or solvent for another 7 days. Twenty-
four hours after completing all treatments, the animals were
sacrificed for immunocytochemistry staining. General anesthesia
was induced with intraperitoneal injection of pentobarbital
sodium at a dose of 40mg/mL (RWD Life Science Co., Shenzhen,
Guangdong, China). Pazopanib and LPS were purchased from
MedChemExpress (Monmouth Junction, NJ, United States). All
animal experiments were carried out according to the institutional
guidelines for the use and care of animals, and all procedures were
approved by the ethical committee of Soochow University.

Behavioral experiments
We performed behavioral tests to evaluate fine motor coordina-
tion and balance, including the pole test, beam walking test,
rotarod test and open field test. The behavioral instruments were
purchased from SANS Biological Technology, Nanjing, China. All
motor assessments were performed in identical animal facilities.

Animal training and test methods were performed according to
previous studies [21–24].

Pole test. A 50 cm high, 1 cm in diameter, rough-surfaced wood
pole was placed into the home cage. On the training day, each
mouse was placed on the top of the pole and allowed to crawl
downward from the top to the home cage three times. On the test
day, each mouse was placed head-down on the top of the pole
and the time taken to descend back into the cage was recorded.
The experiment was repeated three times for each mouse and the
average times were analyzed.

Beam walking test. The apparatus consisted of a 50 cm length,
5 cm width plastic beam that was 50 cm above the floor with a
10 cm3 enclosed box at the end of the beam. On the training day,
each mouse was placed at the initial 20 cm of the beam and was
trained to cross the beam to the enclosed box. On the test day,
the number of hind-limb slips of each mouse was calculated. The
experiment was repeated three times for each mouse and the
average times were analyzed.

Rotarod test. On the training day, each mouse was placed on the
rotarod and trained until it was able to remain on the rotarod for
more than 2min at a speed of 4 revolutions per minute (r/min). On
the test day, the speed of the rotarod was accelerated from 4 r/
min to 40 r/min in 5 min. Each mouse was allowed to walk freely
on the rotarod, and the latency time to fall was recorded. The
experiment was repeated three times for each mouse.

Open field test. A square arena (40 cm × 40 cm × 40 cm) was
divided into 16 equal-sized squares and the 4 squares in the
center were defined as the center area. The mouse was placed in
the corner of the square arena and video recorded for 15 min. The
travel distance in the center area of each mouse was analyzed.

Cell culture and drug treatment
All cells were cultured in a humidified incubator at 37 °C with 5% CO2.
BV2 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY, USA) with 10% heat-inactivated fetal bovine
serum (FBS), penicillin (100 μg/mL), and streptomycin (100 μg/mL).
Primary cultured microglia were isolated from 3-day-old C57BL/6 J

mice. In brief, the brain tissue was removed from neonatal mice, and
the meninges and blood vessels were stripped, digested and filtered
to obtain a mixed cell suspension. Finally, the cells were plated on
75 cm2 culture flasks coated with poly-D-lysine and cultured with
DMEM/F12 supplemented with 10% heat-inactivated FBS and the
antibiotics mentioned above. Microglia were harvested after 2 weeks
of culture by gently shaking the flasks and were replated onto the
indicated plates. Seeded cells were prepared for subsequent dosing
treatments. Pazopanib and LPS were purchased from MedChemEx-
press (Monmouth Junction, NJ, United States).

siRNA assay
JNK siRNAs were purchased fromGenePharma (Shanghai, China) with
the following sequences: si-NC sense: 5′-AUGGCAUCAUAAGCUGCA-
CAC-3′; si-JNK sense: 5′-UGAUUCAGAUGGAGUUAGA-3′ [25]. The
siRNA was performed with Lipofectamine RNAiMAX Transfection
Reagent (Invitrogen, USA) according to the manufacturer’s instruc-
tions. BV2 cells were transfected with 2 μM siRNA for 24 h, and then
the siRNA was removed. BV2 cells were cultured for another 24 h,
treatedwith pazopanib or DMSO for 4 h and then stimulatedwith LPS
or PBS for 20 h. The cells were collected for further assays.

Cell viability assay
Cell viability was detected with a Cell Counting Kit-8 (APExBIO
Technology LLC, Houston, USA) according to the manufacturer’s
instructions. In brief, cells were pretreated with various compounds
(10 μM) or varying doses (0, 1, 5, 10 μM) of pazopanib for 4 h and then
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treated with LPS (1 μg/mL) for another 20 h. The cells were incubated
with 10% CCK8 reagent at 37 °C for 3 h. The absorbance was detected
at 450 nm by a microplate reader to determine cell viability.

ELISA
For the screening assays, BV2 cells were subjected to small-
molecule compounds from an FDA-approved drug library for 4 h,
followed by LPS stimulation for another 20 h. The compounds were
excluded if they led cells to a poor condition or death. The culture
media were corrected and subjected to ELISAs to detect TNF-α with
a kit (BOSTER, Wuhan, China), which was described previously [26].
The details of the small-molecule compounds are available on the
following website: https://www.medchemexpress.cn/screening/
FDA-approved_Drug_Library.html.
For the detection of TNF-α, PGE2 and IL-6, the culture media

were subjected to ELISAs with ELISA kits (BOSTER, Wuhan, China).

Quantitative Real-Time PCR (qRT–PCR)
Total cellular RNA was extracted using a TRIzol commercial kit
(Invitrogen, Carlsbad, CA, USA) according to the protocol described
previously [27, 28]. RNA was reverse-transcribed into cDNA with
HiScript II Q RT SuperMix (Vazyme Biotech, Nanjing, China).
Quantitative real-time PCR analysis was implemented on an ABI
7500 PCR instrument (Applied Biosystems, Carl) with a SYBR green
kit (Takara, Carlsbad, CA, USA). The sequences of the primers used
were as follows: mouse iNOS sense: 5′-TCCCAGCCTGCCCCTTCAAT-3′
and 5′-CGGATCTCTCTCCTCCTGGG-3′; mouse COX2 sense: 5′-CAGG
CTGAACTTCGAAACA-3′ and 5′-GCTCACGAGGCCACTGATACCTA-3′;
mouse TNF-α sense: 5′-CATCTTCTCAAAATTCGAGTGACAA-3′; and
5′-CTAGGTTTGCCGAGTAGATC-3′; mouse IL-6 sense: 5′-GCTATGAAG
TTCCTCTCTGC-3′ and 5′-CTAGGTTTGCCGAGTAGATC-3′; mouse IL-
1β sense: 5′-TGGCAACTGTTCCTG-3′ and 5′-GGAAGCAGCCCTTCA
TCTTT-3′; mouse β-actin sense: 5′- GACCTGACTGACTACCTC-3′ and
5′-GACAGCGAGGCCAGGATG-3′. The relative mRNA expression level
was calculated by the 2^(-ΔΔCT) method and quantified and
normalized to β-actin.

Immunoblot analysis and antibody information
BV2 cells or primary microglia were collected and lysed in cell lysis
buffer, and the cell lysate was boiled with an equal volume of
loading buffer to denature the samples. Equal amounts of protein
samples were separated in SDS–PAGE gels and transferred to
PVDF membranes (Millipore). The PVDF membranes were blocked
with 5% skimmed milk and probed with primary antibodies.
Immunoblot analyses were performed with the following primary
antibodies: anti-iNOS, anti-COX2, anti-Histone 2B, anti-NF-κB/p65,
anti-IκBα and anti-tubulin (Abcam, Cambridge, MA, USA); anti-c-
Fos, anti-c-Jun, anti-phospho-c-Jun (Ser73), anti-phospho-c-Fos
(Ser32), anti-phospho-p65, anti-SAPK/JNK and anti-phospho-SAPK/
JNK (Thr183/185) (Cell Signaling Technology, Danvers, MA, USA);
and anti-phospho-Erk1/2, anti-ERK1, anti-p38, anti-phospho-p38
and anti-β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The membranes were incubated with the indicated primary
antibodies overnight. They were then incubated with goat anti-
mouse or anti-rabbit IgG-HRP secondary antibodies (Thermo
Fisher Science, Waltham, MA, USA) for 2 h. The proteins were
visualized using an ECL detection kit (Thermo Fisher).

Subcellular fractionation assay
Fractionation assays were performed as described previously [29].
In brief, BV2 cells were treated with pazopanib for 4 h, treated with
LPS for 15min, and harvested immediately with fractionation
buffer + NP40 buffer (320 mM sucrose, 3 mM CaCl2, 320 mM
MgAc, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, and 0.5% NP40 in
ddH2O) on ice. After cryogenic centrifugation, the nuclear
fractions are precipitated, and cytoplasmic components are in
the supernatant. The precipitate was washed with NP40 buffer
and lysed with cell lysate buffer (50 mM Tris pH 7.6, 150 mM NaCl,

0.5% deoxycholate sodium, 1% NP40, with a protease inhibitor
cocktail (Roche) in ddH2O). Histone 2B (H2B) served as a nuclear
marker, and tubulin served as a cytoplasmic marker.

Immunofluorescence staining
BV2 cells were fixed in 4% paraformaldehyde (PFA), permeabilized
with 0.1% Triton X-100 for 10 min, and blocked with 2% FBS in PBS
for another 10 min. Immunofluorescence staining was performed
with the primary antibody anti-p65 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Primary antibodies were incubated in
blocking buffer at 4 °C overnight. Then, they were incubated with
Alexa Fluor secondary antibodies (Thermo Fisher Science,
Waltham, MA, USA) for 2 h at room temperature. DAPI (Sigma, St
Louis, MO, USA) was used for nuclear counterstaining as described
previously [30]. Finally, the cells were observed with an inverted
IX71 microscope system (Olympus, Tokyo, Japan).
The positive cells were counted and analyzed using Fiji software

(National Institutes of Health, Bethesda, MD, USA).

Propidium iodide (PI) staining assay
MES23.5 cells were treated with varying microglial conditioned
media for 24 h. Then, the cells were incubated with Hoechst 33342
(Sigma, St. Louis, MO, USA) and PI (Sigma, St. Luis, MO, USA) for
10min. The cells were imaged with an inverted IX71 microscope
system (Olympus, Tokyo, Japan). The positive cells were counted
and analyzed using Fiji software (National Institutes of Health,
Bethesda, MD, USA).

Immunohistochemistry and imaging
After all treatments, the animals were anesthetized with pentobarbi-
tal sodium at a dose of 40mg/mL by intraperitoneal injection and
transcranially perfused with 20mL PBS, followed by 20mL 4% PFA in
0.1M PBS (pH 7.4). The brains were removed and postfixed in the
same fixation agent at 4 °C for 3 d, followed by 30% sucrose for
another 3 d. The brains were cut into 20 μm-thick slices using a
freezing microtome (Leica CM1950, Leica Biosystems, Nussloch, DEU).
The immunocytochemistry staining was performed with primary
antibodies: anti-TH (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-IBA1 (Wako Chemicals, Japan), and anti-GFAP (Millipore, Billerica,
MA, USA) at 4 °C overnight. Then, the slices were incubated with
Alexa Fluor secondary antibodies for 2 h at room temperature. Finally,
the slices were stained with DAPI for 10min to mark the nucleus. All
slices were imaged with an inverted IX71 microscope system
(Olympus, Tokyo, Japan). Three slices for each of the three animals
were taken into statistical analysis. The fluorescence intensities of TH,
IBA1, and GFAP were analyzed using FIJI software (National Institutes
of Health, Bethesda, MD, USA) as described previously [31].

Statistical analysis
Photoshop 7.0 (Adobe, San Jose, CA, USA) was used for results
quantification, and GraphPad Prism 7.00 (GraphPad Software,
Version X; La Jolla, CA, USA) was used for statistical analysis and
graphing. All data are presented as the mean values ± standard
errors of the means (SEM). Statistical significance was determined
using one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple-comparisons test. P values lower than 0.05 were
considered statistically significant.

RESULTS
Identification of VEGFR-TKIs as potential anti-inflammatory factors
TNF-α is one of the most prominent proinflammatory cytokines
involved in inflammation amplification and secondary neuron
damage. Multiple types of TNF-α blockers have been successful in
alleviating a number of inflammatory conditions [32, 33]. Using TNF-α
as an indicator for BV2 activation, we screened a small molecular
compound library composed of FDA-approved drugs for compounds
that can inhibit LPS-induced BV2 activation (Fig. 1a). We identified 77
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Fig. 1 Anti-neuroinflammatory small molecule compound screening and validation. a The workflow for screening anti-neuroinflammatory
small molecule compounds. b Classification of anti-inflammatory candidates by targets. c Anti-inflammatory effect validation of VEGFR-TKIs by
ELISA and immunoblot analysis. BV2 cells were treated with TKIs (10 μM) or DMSO for 4 h and then treated with LPS (1 μg/ml) or PBS for 20 h.
Cell viability of the BV2 cells treated with VEGFR-TKIs for 24 h was measured by CCK8 assay. The values are presented as the mean ± SEM from
three independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001, ns, no significant difference vs. the LPS group, one-way ANOVA followed
by Dunnett’s multiple-comparisons test. d BV2 cells were treated as in c. TNF-α levels were measured using ELISA. The values are presented as
the mean ± SEM from three independent experiments. ****P < 0.0001 vs. the LPS group, one-way ANOVA followed by Dunnett’s multiple-
comparisons test. e BV2 cells were treated as in c. After treatment, BV2 cells were collected, lysed and subjected to immunoblot analyses with
the indicated antibodies against iNOS, COX2, or actin. f, g The quantification of the intensity of iNOS (f) and COX2 (g) relative to actin is shown.
The values are presented as the mean ± SEM from three independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, no significant
difference vs the LPS group, one-way ANOVA followed by Dunnett’s multiple-comparisons test.
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candidates with significant anti-inflammatory effects from 2471
compounds (Table S1). We classified these candidates into 18
categories according to their targets. Among the positive drugs, the
top three categories were associated with the PI3K/AKT/mTOR
signaling pathway, the VEGFR signaling pathway and the MEK
signaling pathway (Fig. 1b and Table 1). As the anti-inflammatory
effects of the PI3K/AKT/mTOR signaling pathway have been well
studied, we chose VEGFR-TKI candidates for further identification. We
examined the effects of these eight VEGFR inhibitors on cell viability
and LPS-induced activation in BV2 cells. Among the VEGFR-TKI
candidates, we found that four compounds (pazopanib, regorafenib,
RAF265, and SAR131675) had no toxic effects at a concentration of
10 μM (Fig. 1c). All compounds had significant inhibitory effects on
the production of TNF-α by BV2 cells that were treated with LPS,
especially pazopanib (Fig. 1d). Moreover, immunoblot analyses also
showed that most of the candidates had inhibitory effects on LPS-
induced BV2 activation, which was indicated by the decreases in
inducible nitric oxide synthase (iNOS) (Fig. 1e, f) and cyclooxygenase-2
(COX2) (Fig. 1e, g).

Pazopanib suppressed proinflammatory factor production in BV2
cells and microglia
Among all VEGFR-TKI candidates, pazopanib showed strong anti-
inflammatory effects; thus, we chose it as a representative drug for
further identification. Since pazopanib is an anticancer agent with
certain cytotoxicity [34], we examined the dose-dependent effects
of pazopanib on cell viability. In BV2 cells, the cell viability was
decreased when the concentration of pazopanib reached 20 μM
with PBS as the solvent control (Fig. 2a). We found that no
changes in cell viability were observed at concentrations up to
20 μM in LPS-treated BV2 cells (Fig. 2a). We also examined the
toxicities of pazopanib to astrocytes (mouse astrocyte type I clone
C8D1A) and DA neurons (mouse DA neuronal cell line MES23.5).
Pazopanib did not affect the viability of these two types of cells at
doses up to 20 μM (Fig. S1a, b). Thus, we chose doses of pazopanib
lower than 10 μM for further identification. In BV2 cells that were
treated with different doses of pazopanib, dose-dependent
decreases in iNOS and COX2 by pazopanib were observed in
BV2 cells that were treated with LPS (Fig. 2b–d). In addition,
pazopanib also decreased iNOS and COX2 levels in primary
microglia that were treated with LPS (Fig. 2e–g).
We further examined the effects of pazopanib on the

production of some proinflammatory factors. In a dose-
dependent manner, pazopanib inhibited the production of TNF-
α, prostaglandin E2 (PGE2) and interleukin 6 (IL-6) by BV2 cells that
were stimulated with LPS, which was determined using ELISAs
(Fig. 3a–c). Furthermore, pazopanib pretreatment repressed the
transcription of iNOS, COX2, Il-1β, and Il-6 in BV2 cells that were
treated with LPS (Fig. 3d–g). Thus, the data suggest that
pazopanib represses microglial activation.

The anti-inflammatory effect of pazopanib is independent of the
NF-κB pathway
It is well known that the transcription of inflammatory factors is
mainly regulated by several key transcription factors, including
nuclear factor kappa B (NF-κB), activator protein (AP-1), activated
T-cell nuclear factor (NFATs), and signaling and transcriptional
activator proteins (STAT) [35–38]. As the NF-κB pathway in
inflammation has been the most documented, we wondered
whether the NF-κB pathway is influenced by pazopanib. When
TLR4 is activated by LPS, cytosolic IκBα is phosphorylated and then
degraded through the ubiquitination-proteasomal pathway,
which releases the partner NF-κB, leading to the translocation of
NF-κB into the nucleus [29]. In BV2 cells that were treated with
pazopanib, the nuclear translocation of NF-κB/p65 was not
influenced after the cells were stimulated by LPS (Fig. 4a–d).
Furthermore, the degradation of IκBα and the phosphorylation of
IκBα or NF-κB/p65 were not changed by pazopanib in BV2 cells
that were treated with LPS (Fig. 4e, f). Thus, the data suggest that
the anti-inflammatory effects of pazopanib do not depend on the
NF-κB pathway.

Pazopanib alleviates LPS-induced inflammation through the
MEK4-JNK-AP-1 pathway
We next examined the influence of pazopanib on the AP-1
pathway. During inflammatory responses, the activation of the
mitogen-activated protein kinases (MAPKs) that include extra-
cellular signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK) and p38 promotes the expression and phosphorylation of
c-Jun and c-Fos that form AP-1 dimers and induce the
transcription of proinflammatory proteins [39]. In our observa-
tions, the phosphorylation of JNK was increased after BV2 cells
were stimulated with LPS (Fig. 5a, b). However, the LPS-induced
phosphorylation of JNK was decreased if BV2 cells were treated
with pazopanib (Fig. 5a, b). Furthermore, both the protein levels
and phosphorylation levels of c-Jun and c-Fos were significantly
elevated (Fig. 5a, b), suggesting activation of the AP-1 signal. The
phosphorylation of other MAPKs, ERK, and p38, was also increased

Table 1. The candidates of anti-inflammatory small molecular
compounds

Targets Small molecular compounds

PI3K/AKT/mTOR A66 Alpelisib Apitolisib

AS-604850 AZD5363 AZD6482

CCT128930 HS-173 Idelalisib

PIK-294 PIK-93 Rapamycin

Tricirbine

VEGFR AEE788 Apatinib Linifanib

Pazopanib RAF265 Regorafenib

SAR131675 Sorafenib

MEK Binimetinib PD0325901 PD318088

Pimasertib Refametinib Selumetinib

Trametinib

Autophagy Aliskiren Ezetimibe Lomustine

Megestrol Raloxifene Silibinin

Topotecan

EGFR Afatinib Daphnetin Rociletinib

Sapitinib TAK-285 Varlitinib

Raf AZ 628 CEP-32496 Dabrafenib

TAK-632 Vemurafenib

ATM/ATR Chloroquine
Phosphate

ETP-46464 Schisandrin B

c-Met Cabozantinib AMG 337 BMS-777607

c-Kit/FLT3 Amuvatinib TCS 359 Tyrphostin
AG 1296

Cyclin dependent
kinase (CDK)

LDC000067 PHA-793887 TG003

5-HT receptor Alprenolol Ramosetron

AMPK HTH-01-015 WZ4003

Aurora kinase Alisertib Barasertib

Calcium
channel; CaSR

Cinacalcet Clevidipine

Histamine
Receptor

Antazoline Famotidine

iGluR Ifenprodil Procyclidine

LRRK2 GNE-0877 GNE-9605

Others Benzydamine BIO Hexylresorcinol

Ibrutinib Isoconazole
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after BV2 cells were stimulated with LPS, but pazopanib treatment
did not influence the phosphorylation of these two kinases
(Fig. 5c, d). To further confirm the involvement of JNK in
pazopanib-induced anti-inflammatory effects, we used siRNA to
knock down JNK in LPS-stimulated BV2 cells that were treated
with or without pazopanib. In BV2 cells without JNK knockdown,
pazopanib significantly decreased LPS-induced iNOS and COX2
levels (Fig. 5e, f). In BV2 cells in which JNK was knocked down, LPS-
induced iNOS and COX2 expression was decreased compared to
that in BV2 cells without JNK knockdown (Fig. 5e, f). Moreover,

LPS-induced iNOS and COX2 expression was not significantly
changed by pazopanib in BV2 cells in which JNK was knocked
down (Fig. 5e, f). Thus, the data suggest that the anti-inflammatory
effects of pazopanib depend on JNK signaling.
JNK is regulated by upstream mitogen-activated protein kinase

kinases (MAPKKs, also named MEKs), including mitogen-activated
protein kinase kinase 4 (MEK4) and MEK7 [40]. In BV2 cells that
were treated with LPS, the phosphorylation of MEK4 but not MEK7
was increased (Fig. 5g, h). In addition, pazopanib treatment
alleviated the phosphorylation of MEK4 (Fig. 5g, h). Thus, our data

Fig. 2 Pazopanib inhibits LPS-induced activation of BV2 cells a BV2 cells were pretreated with pazopanib (0, 1, 5, 10, 20 μM) or DMSO for 4 h
and then exposed to LPS (1 μg/mL) or PBS for 20 h. Cell viability was measured by CCK8 assay. The values are presented as the mean ± SEM
from three independent experiments. ****P < 0.0001, ns no significant difference vs. the DMSO group, one-way ANOVA followed by Dunnett’s
multiple-comparisons test. b–d BV2 cells were pretreated with pazopanib (0, 1, 5, 10, 20 μM) or DMSO for 4 h and then exposed to LPS (1 μg/
mL) or PBS for 20 h. The protein levels of iNOS, COX2, and actin were measured using immunoblot analysis (b). The quantification of the
intensities of iNOS (c) and COX2 (d) relative to actin are shown. The values are presented as the mean ± SEM from three independent
experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, no significant difference vs. the LPS group, one-way ANOVA followed by Dunnett’s
multiple-comparisons test. e–g Primary microglia were pretreated with pazopanib (5 μM) or DMSO for 4 h and then exposed to LPS (1 μg/mL)
or PBS for 20 h. The protein levels of iNOS, COX2, and actin were measured using immunoblot analyses (e). The quantification of the intensity
of iNOS (f) and COX2 (g) relative to actin is shown. The values are presented as the mean ± SEM from three independent experiments.
**P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test.
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suggest that pazopanib attenuates the activation of LPS-induced
microglial activation via the MEK4-JNK-AP-1 pathway.

Pazopanib suppressed microglia-mediated MES23.5 cell death
Since we have shown that pazopanib has inhibitory effects on
microglial activation, we wondered whether it could attenuate the
neurotoxicity of hyperactive microglia to neurons. We performed a
microglial conditioned medium (MCM) assay to identify the
toxicity of MCM to neurons (Fig. 6a). Using PI staining, MES23.5
cell death was observed when the neurons were exposed to MCM
from primary microglia that were treated with LPS (Fig. 6b, c).
However, treatment with pazopanib significantly decreased the
toxicity of MCM from microglia that were treated with LPS (Fig. 6b,
c). Similar results were obtained using LDH assays (Fig. 6d). In
addition, less cleavage of caspase-3 was detected in MES23.5 cells

that were exposed to MCM from LPS-stimulated primary microglia
with pazopanib treatment than those without pazopanib treat-
ment (Fig. 6e, f). Thus, our data suggest that pazopanib can
suppress microglia-mediated neuronal toxicity.

Pazopanib inhibits neuroinflammation and protects dopaminergic
neurons in LPS-stimulated mice
Since we identified the inhibitory effects of pazopanib on microglial
activation in vitro, we wondered whether pazopanib could suppress
glia-mediated DA neuronal loss in vivo. C57BL/6 J mice were
administered pazopanib with intraperitoneal injections and received
a stereotactic injection of LPS into the substantia nigra (Fig. 7a). No
significant weight changes in the animals were observed at the doses
that were administered to the animals (Fig. S3). We evaluated fine
motor coordination using several behavioral tests, including the pole

Fig. 3 Pazopanib inhibits the transcription of proinflammatory factors. a–c BV2 cells were pretreated with pazopanib (0, 1, 5, 10 μM) or
DMSO for 4 h and then exposed to LPS (1 μg/mL) or PBS for 20 h. The levels of the proinflammatory factors TNF-α (a), PGE2 (b) and IL-6 (c)
were measured using ELISA. The values are presented as the mean ± SEM from three independent experiments. *P < 0.05, ***P < 0.001,
****P < 0.0001, ns no significant difference vs LPS group, one-way ANOVA followed by Dunnett’s multiple-comparisons test. d–g BV2 cells were
treated with pazopanib (5 μM) for 4 h or DMSO followed by LPS treatment for 12 h, and total RNA was collected to measure the mRNA levels of
iNOS (d), COX2 (e), IL-1β (f), and IL-6 (g) using qPCR assays. The values are presented as the mean ± SEM from three independent experiments.
***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test.

Anti-inflammatory effects of pazopanib
HY Sun et al.

1141

Acta Pharmacologica Sinica (2023) 44:1135 – 1148



test, beam walking test, rotarod test and open field test. LPS
treatment significantly impaired the performance of the model mice
in all behavioral tests. However, pazopanib pretreatment obviously
improved the performance in LPS-stimulated mice. Compared with
the LPS-stimulated mice without pazopanib treatment, mice that
were pretreated with pazopanib showed a preference for the central
area in the open field test (Fig. 7b) and better balance ability in the
beam walking test (Fig. 7c). Moreover, pazopanib pretreatment
shortened the test time in the pole test of model mice and prolonged
their latency time on the rotarod, suggesting an improvement in their
motor coordination ability (Fig. 7d, e).
We further analyzed the expression of inflammatory factors

using qPCR. LPS increased the mRNA levels of iNOS, COX2, TNF-α
and IL-6 in the midbrain; however, pretreatment with pazopanib
attenuated the LPS-induced expression of the abovementioned

inflammatory factors (Fig. 7f). Similarly, LPS stimulation increased
the expression of proinflammatory factors in the SN. The ELISA
results indicated that pretreatment with pazopanib rescued LPS-
induced neuroinflammation in vivo (Fig. 7g). Furthermore, the
abundance of GFAP and IBA1 in the midbrain was increased after
LPS treatment (Fig. 7h, i). However, pretreatment with pazopanib
attenuated the LPS-induced upregulation of GFAP and IBA1
(Fig. 7h, i), further suggesting that pazopanib represses LPS-
induced glial activation and the production of inflammatory
factors. In addition, pazopanib treatment attenuated LPS-induced
loss of TH-positive neurons in the midbrain and the decrease in TH
immunoreactivity in the striatum (Fig. 7j, k). Overall, the VEGFR-TKI
pazopanib rescued the behavioral abilities and protected dopa-
minergic neurons in an LPS-induced PD mouse model by
inhibiting neuroinflammation.

Fig. 4 The anti-inflammatory effect of pazopanib is independent of the NF-κB pathway. a, b BV2 cells were treated with pazopanib (5 μM)
for 4 h and then exposed to LPS (1 μg) for 15min. After the treatment, cells were fixed and labeled with anti-p65 antibodies (red), while nuclei
were labeled with DAPI (blue). The cells were imaged with a fluorescence microscope (a). Scale bar, 100 μm. n= 3 per group. The cells with NF-
κB p65 nuclear translocation were quantified (b). The values are presented as the mean ± SEM from three independent experiments.
***P < 0.001, ns no significant difference, one-way ANOVA followed by Dunnett’s multiple-comparisons test. c, d BV2 cells were treated as in (a)
and then subjected to fractionation assays to separate into nuclear and cytoplasmic fractions. The p65 levels in different fractions were
measured by immunoblot analyses. The quantification of the intensity of p65 relative to Histone 2B is shown (d). The values are presented as
the mean ± SEM from three independent experiments. ****P < 0.0001, ns no significant difference, one-way ANOVA followed by Dunnett’s
multiple-comparisons test. e, f BV2 cells were treated as in A and then collected and subjected to immunoblot analyses with the indicated
antibodies to measure the protein levels of p-p65, p65, p-IKBα, IKBα, and actin (e). The quantifications of the intensity of p-p65 to p65 or IKBα
to actin are shown (f) and (g). The values are presented as the mean ± SEM from three independent experiments. **P < 0.01, ***P < 0.001, ns no
significant difference, one-way ANOVA followed by Dunnett’s multiple-comparisons test.
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Fig. 5 Pazopanib alleviates LPS-induced inflammation through the AP-1 pathway. a, b BV2 cells were treated with pazopanib (5 μM) for 4 h
and then exposed to LPS (1 μg) for 15min. The protein levels of p-JNK, JNK, p-c-Jun, c-Jun, p-c-Fos, c-Fos, and β-actin were measured using
immunoblot analyses (a). The quantifications of the intensity of p-JNK to JNK and c-Jun to β-actin are shown (b). The values are presented as
the mean ± SEM from three independent experiments. *P < 0.05, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons
test. c, d BV2 cells were treated as in (a). The protein levels of p-ERK, ERK, p-p38, p38, and β-actin were measured using immunoblot analyses
(c). The quantifications of the intensity of p-ERK to ERK and p-p38 to p38 are shown (d). The values are presented as the mean ± SEM from
three independent experiments. ***P < 0.001, ****P < 0.0001, ns no significant difference, one-way ANOVA followed by Dunnett’s multiple-
comparisons test. e, f BV2 cells were treated as in (a). The protein levels of iNOS, COX2, JNK and β-actin were measured using immunoblot
analyses (e). The quantifications of the intensity of iNOS to β-actin and COX2 to β-actin are shown (f). The values are presented as the
mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns no significant difference, one-way
ANOVA followed by Dunnett’s multiple-comparisons test. g, h BV2 cells were treated as in (a). The protein levels of p-MEK4, MEK4, p-MEK7,
MEK7, and β-actin were measured using immunoblot analyses (g). The quantifications of the intensity of p-MEK4 to MEK4 and p-MEK7 to
MEK7 are shown (h). The values are presented as the mean ± SEM from three independent experiments. *P < 0.05, ****P < 0.0001, ns no
significant difference, one-way ANOVA followed by Dunnett’s multiple-comparisons test.
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Fig. 6 Pazopanib suppressed microglia-mediated MES23.5 cell death. a Schematic diagram of the MCM assay. b, c MES23.5 cells were
cultured with various M-CM for 24 h and then incubated with propidium iodide (PI) and Hoechst to detect the cell states (b). Scale bar, 100 μm.
n= 3 per group. The PI-positive cells were counted and quantified with cell numbers marked with Hoechst (c). The values are presented as the
mean ± SEM from three independent experiments. ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test.
d MES23.5 cells were treated as in (b). The culture media were collected to detect LDH release. The values are presented as the mean ± SEM
from three independent experiments. ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test. e, f MES23.5 cells
were treated as in (b). The cells were collected and subjected to immunoblot analyses using the indicated antibodies to measure the protein
levels of cleaved caspase-3 and β-actin (e). The quantification of the intensity of cleaved caspase-3 relative to β-actin is shown (f). The values
are presented as the mean ± SEM from three independent experiments. **P < 0.01, ***P < 0.001, one-way ANOVA followed by Dunnett’s
multiple-comparisons test.
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DISCUSSION
Neuroinflammation is a common pathological feature in neuro-
degenerative diseases that occurs in the early stage and
accelerates these diseases [41, 42]. Microglial activation occurs at
the early stage of PD in living patients [43]. In PD patients who
accept a transplantation of fetal mesencephalic tissue into the
striatum, the activation of microglia occurs as early as 18 months
after transplantation; however, pathogenic α-syn aggregates are
present in the grafts until 14–16 years after transplantation [11],
further suggesting that microglial activation is an early event of

PD. Thus, compounds/drugs that target hyperactivated microglia
to attenuate microglia-mediated neuronal damage may benefit
neuronal survival [44]. Due to the long time and very high cost for
drug development, drug repositioning that uses an existing drug
for a new medication has been considered by scientists in PD and
neurodegenerative disease research to target either disease-
related molecules [45] or neuroinflammation [46, 47]. In the
present study, we screened an FDA-approved drug library for
identifying anti-inflammatory candidates. Using TNF-α as an
indicator, we identified that several categories of drugs have
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inhibitory effects on LPS-induced microglial activation, which
target PI3K/AKT/mTOR, VEGFR, MEK, and other signaling path-
ways. Due to the emerging critical roles of tyrosine kinases in
neuroimmune regulation, we focused on VEGFR inhibitor
candidates.
Increasing evidence has shown that the tyrosine kinase system

is involved in many neurological diseases, including neurodegen-
erative diseases, stroke, epilepsy, and spinal cord injury, and
corresponding TKIs also show neuronal protection [48, 49]. It has
been well documented that c-Abl inhibitors (nilotinib, bosutinib,
radotinib), as well as Bruton’s tyrosine kinase (BTK) inhibitor
(ibrutinib), can mitigate the deposition of pathogenic proteins and
protect neurons in animal models of AD, PD, and ALS, respectively
[50–54]. These reports support our search for new applications of
tyrosine kinase inhibitors.
We characterized the universal anti-inflammatory effects of

VEGFR-TKIs, some of which are supported by previous studies
[55–57]. Sorafenib was the first reported TKI that reduced AD
pathology by reducing neuroinflammation by inhibiting NF-κB

signaling [58]. A recent study showed that sorafenib also
suppressed AKT/p38 and STAT3 in AD murine models [55].
Moreover, imatinib and sorafenib were reported to inhibit
platelet-derived growth factor (PDGFR)-mediated astrocyte pro-
liferation and LPS-induced macrophage TNF-α production [57]. In
addition, regorafenib also rescued neuroinflammation in AD
murine models by inhibiting the AKT-STAT3 pathway [56]. Here,
we found that pazopanib is more effective in anti-
neuroinflammation with lower toxicity in vitro and in vivo. High
VEGF-A was observed in both cerebrospinal fluid (CSF) and blood
in AD and PD patients and was positively correlated with the
degree of cognitive impairment [59, 60]. In addition, microglial
VEGF-B was proven to activate VEGFR in astrocytes, which worsens
neuroinflammation [61]. Considering pathological changes in
VEGF ligands together with the effective therapy of VEGFR-TKIs,
we hypothesized that the activation of VEGF-A/B-VEGFR may be
involved in neuroinflammatory responses [62, 63].
The NF-κB pathway and the AP-1 pathway are classic signaling

pathways that mediate the expression of proinflammatory factors

Fig. 7 Pazopanib inhibits in vivo neuroinflammation and protects dopaminergic neurons. a Animal experimental procedure diagram.
C57BL/6 J mice were treated with solvent or pazopanib (10mg/kg; i.p.) once daily for 10 days, followed by stereotactic injection with PBS or
LPS (4 μg). Mice were sacrificed 7 days after LPS treatment. b–e The behavioral tests were conducted every day starting from day 12. n= 9 per
group. b The open field test was monitored for 15min, and the representative examples of the movement paths of the four groups of mice
are shown in the left panel. The travel distance in the central area of the four groups of mice in the open field test is shown in the right panel.
The values are presented as the mean ± SEM. *P < 0.05, ***P < 0.001, one-way ANOVA followed by Dunnett’s multiple-comparisons test.
c Number of footslips in the beam walking test. The values are presented as the mean ± SEM. *P < 0.05, **P < 0.01, one-way ANOVA followed
by Dunnett’s multiple-comparisons test. d Climbing time on pole test. The values are presented as the mean ± SEM. **P < 0.01, one-way
ANOVA followed by Dunnett’s multiple-comparisons test. e Latencies to fall from the accelerated rotating beams in the rotarod test. The
values are presented as the mean ± SEM. *P < 0.05, ***P < 0.001, one-way ANOVA followed by Dunnett’s multiple-comparisons test. f The
relative mRNA levels of the proinflammatory factors COX2, IL-6, TNF-α and IL-1β in the SNc from mice treated with DMSO or pazopanib after
challenge with PBS or LPS. n= 3 per group. The values are presented as the mean ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way
ANOVA followed by Dunnett’s multiple-comparisons test. g ELISA of PGE2, IL-6, TNF-α and IL-1β in the SNc from mice treated with DMSO or
pazopanib after challenge with PBS or LPS. n= 3 per group. The values are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test. h, i The midbrain slices were subjected to
immunohistochemical staining using anti-IBA1 and anti-GFAP antibodies. Scale bar, 100 μm. n= 3 per group. The relative fluorescence
intensity of IBA1 and GFAP is shown (i). The values are presented as the mean ± SEM from three independent experiments. **P < 0.01,
****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test. j The midbrain slices were subjected to immunohisto-
chemical staining using an anti-tyrosine hydroxylase (TH) antibody. The relative fluorescence intensity of TH is shown in the right panel. Scale
bar, 100 μm. n= 3 per group. ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test. k The striatum
slices were subjected to immunohistochemical staining using the TH antibody. The relative fluorescence intensity of TH is shown in the right
panel. Scale bar, 100 μm. n= 3 per group. **P < 0.01, ****P < 0.0001, one-way ANOVA followed by Dunnett’s multiple-comparisons test.

Fig. 8 Pazopanib alleviates LPS-induced inflammation through the MEK4-JNK-AP-1 pathway. A schematic diagram shows our small
molecule compound library screening, and the VEGFR inhibitor pazopanib inhibits microglial hyperactivation and protects dopaminergic
neurons from neuroinflammation-induced cell death in vitro and in vivo. Pazopanib alleviates LPS-induced neuroinflammation by inhibiting
the MEK4-JNK-AP-1 pathway.

Anti-inflammatory effects of pazopanib
HY Sun et al.

1146

Acta Pharmacologica Sinica (2023) 44:1135 – 1148



induced by LPS, which can be regulated by MAPK cascades
[64, 65]. MAPK subfamilies consist of three core kinases, including
ERK, JNK, and p38, which respond to immune stimulations via
different pathways [65–67]. All MAPK antagonists have been
suggested to reduce the production of microglial proinflammatory
factors as well as ROS, which decreases the neurotoxicity of MCM
[68]. Among them, the activation of JNK kinase is mainly regulated
by the upstream kinases MEK4 and MEK7 [69, 70]. Inhibition of
MEK4/7 pharmacologically with antagonists or genetically with
gene ablation effectively suppresses downstream JNK signals and
prevents proinflammatory phenotypes in macrophages and
microglia [70–73]. In our observation, pazopanib inhibited LPS-
induced MEK4-JNK-AP-1 axis activation in microglia. Pazopanib
decreases LPS-induced MEK4 phosphorylation. As pazopanib is a
potent MEK4 inhibitor with high affinity [74], it further suggests
that pazopanib may repress MEK4 activation to alleviate LPS-
induced microglial activation.
In conclusion, pazopanib suppresses MEK4 phosphorylation and

subsequent JNK activation. The inhibition of the MEK4-JNK-AP-1
axis decreases LPS-induced microglial activation, which decreases
the production of proinflammatory factors that are toxic to
neurons (Fig. 8). Thus, our study provides a new strategy for the
drug repositioning of VEGFR-TKIs, especially pazopanib, in
neuroinflammation therapy.
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