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Abstract: Hyperactivation of microglia in the brain is closely related to neuroinflammation and
leads to neuronal dysfunction. Costunolide (CTL) is a natural sesquiterpene lactone with wide
pharmacological activities including anti-inflammation and antioxidation. In this study, we found
that CTL significantly inhibited the production of inflammatory mediators including nitric oxide,
IL-6, TNF-&, and PGE2 in lipopolysaccharide (LPS)-stimulated BV2 microglia. Moreover, CTL
effectively attenuated IKK(3/NF-«B signaling pathway activation. To identify direct cellular target of
CTL, we performed high-throughput reverse virtual screening assay using scPDB protein structure
library, and found cyclin-dependent kinase 2 (CDK2) was the most specific binding protein for CTL.
We further confirmed the binding ability of CTL with CDK2 using cellular thermal shift assay (CETSA)
and drug affinity responsive target stability (DARTS) assays. Surface plasmon resonance analysis
also supported that CTL specifically bound to CDK2 with a dissociation constant at micromole
level. Furthermore, knocking down CDK2 obviously reversed the anti-inflammation effect of CTL
via AKT/IKKB/NE-«B signaling pathway on BV-2 cells. Collectively, these results indicate that
CTL inhibits microglia-mediated neuroinflammation through directly targeting CDK2, and provide
insights into the role of CDK2 as a promising anti-neuroinflammation therapeutic target.
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1. Introduction

Neuroinflammation is a crucial pathological process of various neurodegenerative diseases [1].
Microglia are major immune cells in brain [2]. In physiological status, microglia are in a resting or
task-negative state [3]. However, microglia can be over-activated under continuous noxious stimuli,
resulting in inflammatory mediator release as well as further neuronal damage [4,5]. Due to a shortage
of efficient drugs and high toxic side effects, novel anti-neuroinflammation agents need to be developed
for clinical application.

Natural products derived from medicinal herbs play an important role in developing innovative
medicines to treat inflammatory diseases [6]. Costunolide (CTL) is a principal active sesquiterpene
lactone from medicinal plant Aucklandia lappa Decne [7]. CTL has been reported to exhibit various health
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benefits including anti-inflammatory [8], antioxidative [9], anticarcinogenic [10-12], and antiallergic
properties [13]. Recently, the anti-inflammatory activity of CTL has especially attracted great attention.
Investigations in vivo have demonstrated that CTL alleviates heat-killed Staphylococcus aureus or
lipoteichoic acid-induced acute lung injury via inhibition of pulmonary neutrophil infiltration [14].
Moreover, CTL also ameliorates experimental pleurisy [15] and ethanol-induced gastric ulcer [16]
in mice. However, the anti-inflammatory mechanism of CTL and its potential molecular targets are
still unclear.

In this study, we confirmed that CTL significantly inhibited microglia-mediated neuroinflammation
by suppressing several inflammatory mediators [17]. Moreover, we identified cyclin-dependent kinase
2 (CDK?2) as a direct cellular target of CTL. CTL exerts anti-neuroinflammation via CDK2-dependent
AKT/IKKB/NF-«kB signaling pathway. These findings indicate CTL is a potential candidate agent
for anti-neuroinflammation, and CDK2 may act as a promising therapeutic target for treatment
of neuroinflammation.

2. Results

2.1. CTL Inhibited LPS-Induced Neuroinflammation Response in BV2 Cells

We first tested the potential cytotoxicity of CTL on LPS-stimulated BV2 microglial cells by
MTT assay, and found that CTL (2.5, 5, and 10 uM) [7] had no effect on cell survival, but CTL
was cytotoxic at 20 uM (Figure 1B). Thus, the concentration range of CTL (2.5, 5, and 10 uM)
was appropriate for analyzing its role in LPS-stimulated neuroinflammation. We found CTL
significantly blocked LPS-induced NO release in the way of concentration-dependent (Figure 1C).
Moreover, CTL inhibited LPS-induced various proinflammatory cytokines secretion such as TNF-«,
IL-6 and PGE2 (Figure 1D-F). In addition, the role of CTL in inhibiting neuroinflammation was
confirmed by significantly reduce expressions of cyclooxygenase2 (COX2) and inducible nitric oxide
synthase (iNOS) (Figure 1G). The above results indicate that CTL is an effective inhibitor against
microglia-mediated neuroinflammation.
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Figure 1. Costunolide inhibits lipopolysaccharide (LPS)-induced neuroinflammation response in BV2
cells. (A) Costunolide. (B—G) BV2 microglia were treated with gradient concentrations of Costunolide
(CTL) and 1 pg/mL of LPS or vehicle for 24 h. (B) The cell viability was determined by MTT method.
The levels of NO (C), TNF-« (D), IL-6 (E) and PGE, (F) were detected by Griess method and ELISA
assay. (G) The protein expression of COX2 and inducible nitric oxide synthase (iNOS) were detected by
Western blot assay. Quantitative analysis for relative levels of cyclooxygenase2 (COX2) (H), and iNOS
(I) were performed by normalizing to the control group. Data are mean + SEM for three individual
experiments. * p < 0.05, ** p < 0.01 vs. control group. * p < 0.05, * p < 0.01 vs. LPS group. p values
were calculated by ANOVA with Bonferroni’s post hoc test.

2.2. CTL Effectively Attenuates LPS-Induced IKKB/NF-xB Pathway Activation

Canonical NF-kB pathway has been widely covered as a central feature in LPS-induced immunity
and inflammatory responses [18]. Thereafter, we detected the activation of pivotal biomarkers of
NF-«B pathway in BV2 microglial cells induced by LPS stimulation. Our results showed that, due to
LPS stimulation, the phosphorylation levels of IKK and IkB-« were enhanced, at the same time IkB-
protein expression was significantly decreased. However, CTL treatment prominently down-regulated
IKKp and IkB-a phosphorylation, and blocked IkB-a degradation simultaneously (Figure 2A). We also
used luciferase reporter gene assay to examine the effect of CTL on NF-«B transcriptional activity.
As shown in Figure 2E, transcriptional activity of NF-kB in LPS group was significantly higher than
that of the control group, which was inhibited in a concentration-dependent manner upon CTL
treatment. In addition, we observed nuclear translocation of NF-«kB p65 subunit and its augmented
phosphorylation in LPS-induced BV2 microglial cells. CTL treatment can notably deactivate NF-kB p65
subunit, including suppressed its phosphorylation and nuclear translocation (Figure 2F). Collectively,
these results indicated that CTL can inhibit IKK3/NF-kB pathway activation against LPS stimulation,
thereby exerting anti-neuroinflammation effect.
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Figure 2. Costunolide attenuates LPS-Induced IKK{3/NF-kB Pathway Activation. (A) BV2 microglia
were treated with gradient concentrations of CTL and 1 ug/mL of LPS or vehicle for 1 h. Phosphorylation
and total expressions of IKKf, IkB-«, and NF-kB p65 were determined by Western blot assay.
(B-D) Quantitative analysis for relative phosphorylation levels of IKK (B), IkB-« (C), and NF-«B
p65 (D). (E) BV2 microglia were transfected with NF-kB and Renilla reporter plasmids for 48-72 h,
subsequently the cells were treated with gradient concentrations of CTL and 1 pug/mL of LPS or vehicle
for 12 h and subjected to luciferase assay. CTL treatment notably deactivated NF-«B p65 subunit,
as indicated by decreasing NF-«B transcriptional activity (E) and subsequently suppressing nuclear
translocation (F). (G) Quantitative analysis for relative levels of nuclear vs. cytoplasm. Data are mean
+ SEM for three individual experiments. * p < 0.05, ** p < 0.01 vs. control group. * p < 0.05, # p < 0.01
vs. LPS group. p values were calculated by ANOVA with Bonferroni’s post hoc test.

2.3. Cellular Target Identification of CTL

To elucidate the cellular target of CTL, we used receptor-based reverse virtual screening method.
It is based on molecular docking principle that docks query compound CTL to the active site of the
target protein database [19]. Reverse virtual screening task was submitted, and top 900 results were
obtained (Figure 3A) based on scpdb database, which was dedicated to pharmacophore screening [20].
Based on targets docking score and targets information searched from the UniProt database, the top
ranked cytoskeletal proteins, chlorophyll proteins, cytochrome proteins, and other proteins with unclear
functions were excluded. Then, cyclin-dependent kinase 2 (CDK2) was identified as a crucial cellular
target of CTL. The conformation of docked compound was shown by PyMoL. The binding mode of
CDK2 with CTL was analyzed and shown as three-dimensional structure (Figure 3B) and electrostatic
surface combination (Figure 3C). The results showed that CTL forms hydrophobic interaction with A31,
A144, V64, F80, and L134 residues around the cavity of CDK2, so that CTL was fixed inside of a CDK2
cavity. By analyzing the superposition of CDK2-CTL and CDK2-ATP structures, we found that CTL
competitively occupied the active site of ATP binding CDK2 (Figure 3D). Thereafter, we investigated
the interaction between CTL and CDK2 quantitatively by SPR technology. Figure 3E showed that
CTL specifically bound to CDK2 as a concentration-dependent mode. The dissociation constant (KD)
was 32.02 uM, demonstrating a strong binding between CTL and CDK2. In addition, we tested and
verified drug target engagement in BV2 microglial cells using CETSA and DARTS assay. As shown in
Figure 3F, CTL notably intensified the stability of CDK2 compared with control group in BV2 microglial
cells. Moreover, CTL concentration-dependently suppressed protease induced-degradation of CDK2
in DARTS, confirming the direct interaction between CTL and CDK2 (Figure 3G).
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Figure 3. Cyclin-dependent kinase 2 (CDK2) is selectively targeted by CTL. (A) Target proteins
identification by reverse virtual screening technology and CDK2 was identified as a crucial cellular
target of CTL. (B) The binding site of CDK2 (only residues formed hydrophobic interaction with
CTL are displayed) with CTL (pink in ball-and-stick representation) was shown as three-dimensional
structure. (C) Electrostatic surfaces of CDK2 in complex with CTL. Negative charges are highlighted in
red and positive charges in blue. (D) Superposition of structures showing CDK2-CTL and CDK2-ATP
(PDBID: 4e00), showing that CTL competitively occupied the ATP binding site with CDK2. CTL in
ball-and-stick mode is colored in pink, ATP in line mode is colored in orange. (E) Surface plasmon
resonance spectroscopy analysis graph suggests that concentration-dependent of CTL specifically
bound to CDK2 with a dissociation constant at micromole level. The kinetic parameters of dissociation
constant (KD) were derived by fitting to a 1:1 Langmuir binding model. (F) BV2 cells were exposed to
CTL (10 uM) or vehicle followed by a cellular thermal shift assay. (G) BV2 cell lysates was incubated
with CTL in the presence or absence of pronase (2 pg/mL). CTL concentration-dependently suppressed
protease induced-degradation of CDK2 in drug affinity responsive target stability assay.
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2.4. Knockdown of CDK2 Antagonized CTL Effect on Neuroinflammation via AKT/IKKB/NF-xB Pathway

We explored the role of CTL-mediated anti-neuroinflammation effect in specific CDK2 gene
silenced-BV2 microglial cells. We found that without affecting cell viability condition (Figure 4A),
CTL-dependent inhibition on NO production was markedly reversed in CDK2 knockdown group
(Figure 4B). AKT is a key upstream regulator of IKK3/NF-«kB pathway [21,22]. Here, we observed
that LPS significantly induced AKT phosphorylation, which was suppressed by CTL as a
concentration-dependent manner (Figure 4C,D). However, CTL inhibition on AKT phosphorylation
was also significantly reversed in CDK2 knockdown group (Figure 4E, F). These results indicated that
CTL attenuated AKT-dependent NF-«B signaling pathway activation by targeting CDK2. In sum,
our results indicated that CTL-dependent neuroinflammation suppression was prominently reversed
through CDK2 specifically knocking down, indicating that CDK?2 as a key cellular target played a part
in CTL-mediated anti-neuroinflammation.
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Figure 4. Knockdown of CDK2 antagonized CTL effect on neuroinflammation, CDK2 is necessary
for CTL-mediated anti-inflammatory activity. (A) CDK2 siRNA-transfected BV2 microglial cells were
treated with gradient concentrations of CTL and 1 ug/mL of LPS or vehicle for anti-inflammation assay.
The cell viability was determined by MTT method. (B) The level of NO production was detected by
Griess assay, and subsequently calculated its inhibition rate. p values were calculated by two-tailed
t-test. * p < 0.05. (C) Phosphorylation and total expressions of AKT was determined by Western blot
assay. (D) Quantitative analysis for relative phosphorylation levels of AKT. * p < 0.05 vs. control group.
#p < 0.05, % p <0.01 vs. LPS group. p values were calculated by ANOVA with Bonferroni’s post
hoc test. (E) CTL inhibition on AKT phosphorylation was significantly reversed in CDK2 knockdown
group compared with negative control group. (F) Quantitative analysis of negative control group and
CDK?2 siRNA group for relative phosphorylation levels of AKT. Data are expressed as mean + SEM for
three individual experiments. p values were calculated by two-tailed ¢-test respectively. ** p < 0.01.
N.S., no statistical difference.

3. Discussion

Accumulating evidences suggest that a crucial risk factor of neurodegenerative disorders is
highly associated with neuroinflammation [23]. Microglial over-activation leads proinflammatory
cytokines secretion, further triggering synaptic dysfunction and neuronal death, contributing to
neuroinflammation-related pathological changes [24,25]. LPS stimulation can cause a profound
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immune response in the brain, which leads to the activation of microglia including BV2 [26].
A review reported that when CTL concentration is 0.8-2 uM, it has neuroprotective effect; when
the concentration is in the range of 0.1-12.5 uM, CTL has anti-inflammatory activity; it can
inhibit cell proliferation and mediate apoptosis when the concentration is around 10-100 pM [27].
In this work, we investigated anti-neuroinflammation role of natural sesquiterpene lactone CTL in
LPS-induced BV2 microglia, and further explored its molecular mechanism. We confirmed CTL
inhibited LPS-induced neuroinflammation response in BV2 microglia. CTL significantly inhibited the
production of inflammatory mediators including nitric oxide, TNF-«, IL-6, and PGE2. Moreover, CTL
down-regulated expressions of iNOS and COX2. Furthermore, CTL effectively inhibited AKT kinase
phosphorylation, prevented phosphorylation and nuclear translocation of NF-kB p65 subunit, and
attenuated LPS-induced NF-kB pathway activation.

Cellular target identification is a crucial prerequisite for clarifying biological mechanism of
candidate drug. Reverse virtual screening which is based on “lock-key principle” of molecular docking
is an effective method for cellular target identification [28]. The interaction between ligand and
target protein is a process of molecular recognition, including electrostatic interaction, hydrogen
bonding interaction, hydrophobic interaction, and van der Waals interaction. Through reverse virtual
screening, the binding mode and affinity of ligand-target protein can be predicted. This method hasbeen
successfully used for cellular target identification and pharmacological mechanism researches of natural
active molecules [29]. For example, reverse virtual docking was used to predict the targets of apple
polyphenols in preventing colorectal cancer, and the main targets were guanosine 5’-monophosphate
oxidoreductase (GMP reductase), guanosine triphosphatase (GTPase), and hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) [30]. Reverse virtual docking was also reported to predict the
targets of an aminopyridine derivative as cyclin dependent kinases, Bcr-Abl kinase and KIT receptor
kinase [31].

In this work, reverse virtual screening was performed to explore the cellular target of CTL.
We identified that CDK2 was the target of CTL by screening scPDB protein structure library.
CDK?2 is a serine/threonine-protein kinase involved in DNA damage responds and cell cycle
control [32-34]. Therefore, CDK2 is a promising target for neurodegenerative disorders, cerebral
hypoxia, and cancers. Great progress has been made in the study of CDK2 in cell apoptosis, but its
research in neuroinflammation needs to be further explored. Our molecular docking diagram and
surface potential diagram showed that CTL bound to a cavity of CDK2 and formed hydrophobic
interaction with alanine, valine, phenylalanine, and leucine residues around the cavity. Furthermore,
the superposition analysis of CDK2-ATP and CDK2-CTL revealed that CTL occupied ATP binding site of
CDK2. Therefore, we concluded that CTL affected CDK2 function by competitively binding with ATP to
the active site of CDK2. On the other hand, SPR analysis suggested that CTL specifically bound to CDK2
with a dissociation constant at micromole level. Moreover, CETSA [35] and DARTS [36] are the important
methods to verify the binding of small molecules to their target proteins. Our CETSA and DARTS
analysis also confirmed that CTL could increase the resistance of CDK2 to high temperature and enzymes.
Therefore, CDK2 was identified to be a potential therapeutic target for inhibiting neuroinflammation.

After cellular target identification, we tried to further elucidate potential anti-inflammatory
mechanism. AKT kinase plays a key role in controlling neurogenesis including neuron location,
dendritic development and synapse upstream formation [37,38]. NF-«B pathway is a canonical
pathway in LPS-induced inflammatory response [18]. As a key upstream regulator of IKK(3/NF-kB
pathway, AKT also plays an important role in regulating NF-kB-dependent inflammatory gene
transcription [21,22]. Therefore, we tried to explore the relationship between CDK2, AKT, and NF-«B
pathway in neuroinflammation. In this study, we identified an inhibitory role of CTL in regulation
of LPS-activated AKT, IKKf, IkB-&, and NF-kB p65 phosphorylation. Furthermore, we found that
CTL significantly inhibited the activation of NF-«kB-associated inflammatory gene transcription,
indicating that CTL targets on CDK2 to affect AKT phosphorylation, thereby inhibiting NF-«B pathway
activation to exert anti-neuroinflammation activity. Notably, we found that CDK2 knockdown
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significantly reduced the inhibitory ability of CTL on inflammatory mediators production. Moreover,
CTL-dependent down-regulation on the phosphorylation of AKT, IKK(3, IkB-c, and NF-«B p65 was
significantly reversed when CDK2 was silenced. This observation indicates that CDK2-mediated
AKT/IKK{/NF-«B pathway is highly involved in anti-neuroinflammation effect of CTL. Meanwhile,
CDK2 may act as a vital cellular target responsible for anti-neuroinflammation therapy.

4. Materials and Methods

4.1. Chemical and Reagents

Costunolide (C15H2002; molecular weight 232.32), abbreviated as CTL, with purity of 99.84%
confirmed by MS and HINMR data, was purchased from MedChemExpress LLC (Shanghai, China).
LPS was from Sigma-Aldrich (St. Louis, MO, USA). Fatty acid-free bovine serum albumin (BSA) was
obtained from Equitech-Bio (Kerrville, TX, USA). Antibodies against iNOS, COX2, GAPDH, p-AKT,
AKT, p-IKK«/3, IKKB, p-IkB-¢, IkB-«, p-NF-«kB p65, NF-«kB p65, CDK2, Histone H3, and «-Tubulin
were purchased from Cell Signaling Technology (Beverly, MA, USA). Recombinant human CDK2
protein was acquired from Sino Biological (Beijing, China).

4.2. Cells and Cell Culture Conditions

Murine BV2 microglial cell line was obtained from Peking Union Medical College, Cell Bank,
Beijing, China. BV2 microglial cells were cultured under 5% CO, and ambient O, at 37 °C in the
complete growth medium, including the high glucose Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% heat-inactivated fetal bovine serum (FBS, ABW, Uruguay), 100 IU/mL penicillin and
100 pg/mL streptomycin.

4.3. Cell Viability Assay

Cell viability assay was performed using the 3-(4,5-dimethyl thiazol-2-y1)-2, 5-diphenyl tetrazolium
bromide (MTT) method. BV2 microglial cells were cultured in the complete growth medium containing
CTL (0,2.5,5,10, and 20 pM) and 1 ug/mL of LPS or vehicle for 24 h. Then, cells were processed by
exchanging complete growth medium containing 0.5 mg/mL MTT (Sigma-Aldrich, St. Louis, MO,
USA) and incubated at 37 °C in darkness for another 4 h. After removing the medium, formazan
crystal products were dissolved in 100 puL dimethyl sulfoxide, and then the absorbance was detected at
570 nm.

4.4. Nitric Oxide Concentration Assay

BV2 microglial cells were cultured in complete growth medium containing CTL (0, 2.5, 5, and
10 uM) and 1 pg/mL of LPS or vehicle for 24 h, and subsequently 300 uL per well cell culture
supernatants were collected. According to the manufacturer’s protocol, NO assay kit (Jiancheng,
Nanjing, Jiangsu, China) was used for nitric oxide (NO) evaluation by Griess method.

4.5. Enzyme-Linked Immunosorbent Assay (ELISA) for TNF-a, IL-6 and PGE,

BV2 microglial cells were cultured in complete growth medium containing CTL (0, 2.5, 5, and
10 uM) and 1 pg/mL of LPS or vehicle. Culture supernatants were collected after 4 h and the level of
TNF-« was determined with TNF-oc ELISA kit (ExCell Bio, Shanghai, China). The level of IL-6 was
determined with IL-6 ELISA kit (ExCell Bio, Shanghai, China) 8 h later. Moreover, BV2 microglial cells
were treated for 24 h for PGE; assay using ELISA kit from ENZO (ENZO, Farmingdale, NY, USA). TNF-«,
IL-6, and PGE, concentrations were measured at 450 nm according to the manufacturer’s protocol.

4.6. Western Blot Analysis

BV2 microglial cells were lysed in ice-cold RIPA buffer for half an hour to extract whole proteins.
Nuclear and Cytoplasmic Protein Extraction Kit (NanJing KeyGen, Nanjing, Jiangsu, China) was used
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for nuclear and cytoplasmic proteins extraction. Enhanced BCA protein assay reagent (TransGen,
Beijing, China) was used for determination of protein concentration. Ten microliters of protein of
each group were separated by 10% SDS-PAGE and then transferred onto polyvinylidene fluoride
(PVDF) membranes. After the membranes were blocked in 5% skim milk solution, the blots were
incubated with diluted primary antibodies overnight at 4 °C. Then, anti-rabbit-IgG-HRP-conjugated or
anti-mouse-IgG-HRP-conjugated antibodies were used as secondary antibodies. ECL signals were
recorded by Tanon 5200 Imaging Analysis System (Tanon, Shanghai, China). Image ] software was
used for densitometry analysis of relative protein levels.

4.7. NF-xB Reporter Gene Luciferase Assay

Lipofectamine 2000 transfection reagent (Thermo, Waltham, MA, USA) and DNA were respectively
diluted into equal amount of Opti-MEM medium (Thermo, Waltham, MA, USA). Diluted lipofectamine
2000 transfection reagent was mixed with DNA, and then incubated for 20 min at room temperature.
After that, the complex was added to cells, and incubated for 6 h at 37 °C. Thus, BV2 microglial
cells were co-transfected with 12 ug Renilla plasmids and 12 pg NF-«B plasmids transiently with
lipofectamine 2000 transfection reagent (60 pL) for 48 h. BV2 microglial cells were subsequently
treated with gradient concentration of CTL (0, 2.5, 5, and 10 uM) and 1 pug/mL of LPS or vehicle for
overnight. Soon thereafter, cells were lysed, and dual luciferase reporter gene assay kit (Bioassaysys,
Hayward, CA, USA) was used for detecting NF-«B reporter gene luciferase activity, and analyzed on a
fluorescence spectrophotometer (PerkinElmer, Waltham, MA, USA).

4.8. Target Protein Identification for CTL

Reverse virtual screening was applied to identify the potential target of CTL. The basic principle
was that binding strength was determined by the interaction energy (docking energy) of the ligand
and the potential protein target. In order to predict the targets for a query ligand, structure databases
containing numerous of protein targets was necessary under normal conditions. ScPDB protein
structure library, a database dedicated to pharmacophore screening which including 4782 protein
targets and 16,034 active sites was used in the present study. We used AutoDock software for docking
and CTL was processed with ChemDraw to generate SDF file as the input ligand file. CTL was
individually docked to each protein structure in scPDB database. A list of potential protein targets with
docking energy score was screened and obtained. Top 900 were picked for further investigation. The
main target protein for CTL was finally speculated based on the docking score list and its biological
anti-inflammatory activity. CTL binding site in the target protein was shown by PyMoL and the
interaction between CTL and target protein was analyzed.

4.9. Surface Plasmon Resonance (SPR) Assay

SPR analysis was performed on Biacore T200 system (GE Healthcare, USA). Carboxymethylated
5 (CM5) sensor chip surface was activated by 100 L. EDC mixed with 100 uL. NHS. Flow rate was
10 pL/min for 10 min. Recombinant human CDK2 protein was diluted with acetic acid (pH 5.5) to
20 pg/mL, and then immobilized on the CMS5 sensor chip using a standard amine coupling method.
After blockage by ethanol amine (5 pL/min) for 10 min and solvent correction, gradient concentrations
of CTL (12.5 to 200 uM) in the running buffer were injected as analytes. Kinetic parameters were
computed with Biacore evaluation software (T200 Version 2.0).

4.10. Cellular Thermal Shift Assay (CETSA) [35]

BV2 microglial cells were treated with CTL (10 uM) for 2 h, while another group of cells were
incubated for the same time duration with an equal amount of DMSO (0.1%) as control. Thereafter,
cell pellets of two groups were harvested and resuspended with PBS respectively. Cell resuspension
solutions were divided into 10 equal parts, and heated for 3 min individually at thermal gradient (40 to
58 °C), then cooling them at room temperature. The cells were collected and resuspended in KB bulffer,
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then freeze-thawed repeatedly for 3-5 times using liquid nitrogen. The lysates were subsequently
centrifuged, and the supernatants were analyzed by SDS-PAGE followed by immunoblotting for CDK2.

4.11. Drug Affinity Responsive Target Stability (DARTS) Assay [36]

BV2 microglial cells were lysed and diluted with 1x TNC buffer. The lysate was divided into five
aliquots, and each aliquot was 50 uL. One aliquot was used as control (DMSO) group, while other
aliquots were incubated with gradient concentration of CTL (0, 1, 10, and 100 uM) at room temperature
for 1 h. Two microliters of diluted pronase solutions (2 pg/mL) was added respectively to the aliquots
except control group at room temperature for further 15 min. At last, loading buffer was added to cease
the reactions, and DARTS samples were tested by Western blot with the specific antibody of CDK2.

4.12. Transient Transfection with CDK2 siRNA

For siRNA knockdown, BV2 microglial cells were transfected with specific CDK2 or negative
control siRNA using Lipofectamine RNAIMAX (Thermo, Waltham, MA, USA) in Opti-MEM (Thermo,
Waltham, MA, USA). Specific CDK2 siRNA was designed and synthesized by GenePharma (Jiangsu,
China). The nucleotide sequence of CDK2 siRNA was 5'-CGGAGCUUGUUAUCGCAAA-3’ (sense).
The medium was refreshed with complete growth medium 6 h after transfection, and the following
analysis were carried out after 48 to 72 h.

4.13. Statistics

All the data were analyzed and graphed with GraphPad Prism 6.0 software. The statistical analysis
was done by one-way analysis of variance (ANOVA) and Dunnett’s post-hoc test. N.S. represents no
significant differences, p < 0.05 was considered as statistically significant.

5. Conclusions

In summary, our work demonstrated the anti-neuroinflammation capability of CTL in LPS-induced
BV2 microglia, and elaborated pharmacological mechanism by cellular target identification technique.
These findings suggest CDK2 as a novel therapeutic target for neuroinflammatory diseases, and CTL
may serve as crucial candidate compound for neuroinflammation-related diseases.

Author Contributions: K.-W.Z. and J.-Y.H. conceived and designed this research. Y.-C.L. performed most of the
experiments and analyzed data. N.F. and W.-W.L. also contributed to data analysis. P-ET. and J.-P.C. contributed
to the manuscript editing. All authors contributed and reviewed the results and approved the final version of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from National Key Research and Development Project of China
(No.2019YFC1708902, 2019YFC1711000, 2016 YFE0116200) and Natural Science Foundation of China (No. 81773932,
81973505, 81530099).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Floyd, R.A. Neuroinflammatory processes are important in neurodegenerative diseases: An hypothesis
to explain the increased formation of reactive oxygen and nitrogen species as major factors involved in
neurodegenerative disease development. Free Radic. Biol. Med. 1999, 26, 1346-1355. [CrossRef]

2. Liu, B.; Hong, ].S. Role of microglia in inflammation-mediated neurodegenerative diseases: Mechanisms and
strategies for therapeutic intervention. J. Pharmacol. Exp. Ther. 2003, 304, 1-7. [CrossRef] [PubMed]

3.  Nimmerjahn, A.; Kirchhoff, F.; Helmchen, F. Resting microglial cells are highly dynamic surveillants of brain
parenchyma in vivo. Science 2005, 308, 1314-1318. [CrossRef]

4. Hanisch, U.K. Microglia as a source and target of cytokines. Glia 2002, 40, 140-155. [CrossRef] [PubMed]

5. Block, M.L.; Hong, ].S. Microglia and inflammation-mediated neurodegeneration: Multiple triggers with a
common mechanism. Prog. Neurobiol. 2005, 76, 77-98. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0891-5849(98)00293-7
http://dx.doi.org/10.1124/jpet.102.035048
http://www.ncbi.nlm.nih.gov/pubmed/12490568
http://dx.doi.org/10.1126/science.1110647
http://dx.doi.org/10.1002/glia.10161
http://www.ncbi.nlm.nih.gov/pubmed/12379902
http://dx.doi.org/10.1016/j.pneurobio.2005.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16081203

Molecules 2020, 25, 2840 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Li, G.; Lou, H.X. Strategies to diversify natural products for drug discovery. Med. Res. Rev. 2018, 38,
1255-1294. [CrossRef] [PubMed]

Seo, C.S.; Lim, H.S,; Jeong, S.J.; Shin, H.K. Anti-allergic effects of sesquiterpene lactones from the root of
Aucklandia lappa Decne. Mol. Med. Rep. 2015, 12, 7789-7795. [CrossRef]

Scarponi, C.; Butturini, E.; Sestito, R.; Madonna, S.; Cavani, A.; Mariotto, S.; Albanesi, C. Inhibition of
inflammatory and proliferative responses of human keratinocytes exposed to the sesquiterpene lactones
dehydrocostuslactone and costunolide. PLoS ONE 2014, 9, e107904. [CrossRef]

Cheong, C.U.; Yeh, C.S.; Hsieh, YW.; Lee, Y.R.; Lin, M.Y.; Chen, C.Y.; Lee, C.H. Protective effects of Costunolide
against hydrogen peroxide-induced injury in PC12 cells. Molecules 2016, 21, 898. [CrossRef]

Cai, H.; He, X.; Yang, C. Costunolide promotes imatinib-induced apoptosis in chronic myeloid leukemia
cells via the Ber/Abl-Stat5 pathway. Phytother. Res. 2018, 32, 1764-1769. [CrossRef]

Liu, C.Y;; Chang, H.S.; Chen, 1.S.; Chen, C.J.; Hsu, M.L,; Fu, S.L.; Chen, Y.J. Costunolide causes mitotic arrest
and enhances radiosensitivity in human hepatocellular carcinoma cells. Radiat. Oncol. 2011, 6, 56. [CrossRef]
[PubMed]

Hsu, J.L.; Pan, S.L.; Ho, Y.F; Hwang, T.L.; Kung, FL.; Guh, ].H. Costunolide induces apoptosis through
nuclear calcium2+ overload and DNA damage response in human prostate cancer. J. Urol. 2011, 185,
1967-1974. [CrossRef] [PubMed]

Lee, BK,; Park, SJ.; Nam, S.Y.; Kang, S.; Hwang, J.; Lee, S.J.; Im, D.S. Anti-allergic effects of sesquiterpene
lactones from Saussurea costus (Falc.) Lipsch. determined using invivo and in vitro experiments.
J. Ethnopharmacol. 2018, 213, 256-261. [CrossRef] [PubMed]

Chen, Z.; Zhang, D.; Li, M.; Wang, B. Costunolide ameliorates lipoteichoic acid-induced acute lung injury via
attenuating MAPK signaling pathway. Int. Immunopharmacol. 2018, 61, 283-289. [CrossRef]

Butturini, E.; Di Paola, R.; Suzuki, H.; Paterniti, I.; Ahmad, A.; Mariotto, S.; Cuzzocrea, S. Costunolide and
Dehydrocostuslactone, two natural sesquiterpene lactones, ameliorate the inflammatory process associated
to experimental pleurisy in mice. Eur. J. Pharmacol. 2014, 730, 107-115. [CrossRef]

Zheng, H.; Chen, Y.; Zhang, J.; Wang, L.; Jin, Z.; Huang, H.; Man, S.; Gao, W. Evaluation of protective effects
of costunolide and dehydrocostuslactone on ethanol-induced gastric ulcer in mice based on multi-pathway
regulation. Chem. Biol. Interact. 2016, 250, 68-77. [CrossRef]

Rayan, N.A.; Baby, N.; Pitchai, D.; Indraswari, E; Ling, E.A.; Lu, J.; Dheen, T. Costunolide inhibits
proinflammatory cytokines and iNOS in activated murine BV2 microglia. Front. Biosci. (Elite Ed.) 2011, 3,
1079-1091. [CrossRef]

Vallabhapurapu, S.; Karin, M. Regulation and function of NF-kappaB transcription factors in the immune
system. Annu. Rev. Immunol. 2009, 27, 693-733. [CrossRef]

Lee, A.; Lee, K.; Kim, D. Using reverse docking for target identification and its applications for drug discovery.
Expert Opin. Drug Discov. 2016, 11, 707-715. [CrossRef]

Kellenberger, E.; Muller, P; Schalon, C.; Bret, G.; Foata, N.; Rognan, D. sc-PDB: An annotated database of
druggable binding sites from the Protein Data Bank. J. Chem. Inf. Model. 2006, 46, 717-727. [CrossRef]
Madrid, L.V.; Mayo, M.W.; Reuther, J.Y.; Baldwin, A.S., Jr. Akt stimulates the transactivation potential
of the RelA/p65 Subunit of NF-kappa B through utilization of the Ikappa B kinase and activation of the
mitogen-activated protein kinase p38. J. Biol. Chem. 2001, 276, 18934-18940. [CrossRef] [PubMed]

Dan, H.C.; Cooper, M.].; Cogswell, P.C.; Duncan, J.A,; Ting, J.P,; Baldwin, A.S. Akt-dependent regulation of
NEF-{kappa}B is controlled by mTOR and Raptor in association with IKK. Genes Dev. 2008, 22, 1490-1500.
[CrossRef]

Glass, C.K,; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, FH. Mechanisms underlying inflammation in
neurodegeneration. Cell 2010, 140, 918-934. [CrossRef] [PubMed]

Skaper, S.D.; Giusti, P; Facci, L. Microglia and mast cells: Two tracks on the road to neuroinflammation.
FASEB]. 2012, 26, 3103-3117. [CrossRef]

Gonzalez, H.; Elgueta, D.; Montoya, A.; Pacheco, R. Neuroimmune regulation of microglial activity involved
in neuroinflammation and neurodegenerative diseases. ]. Neuroimmunol. 2014, 274, 1-13. [CrossRef]
[PubMed]

Hoogland, I.C.; Houbolt, C.; van Westerloo, D.J.; van Gool, W.A_; van de Beek, D. Systemic inflammation
and microglial activation: Systematic review of animal experiments. ]. Neuroinflammation 2015, 12, 114.
[CrossRef] [PubMed]


http://dx.doi.org/10.1002/med.21474
http://www.ncbi.nlm.nih.gov/pubmed/29064108
http://dx.doi.org/10.3892/mmr.2015.4342
http://dx.doi.org/10.1371/journal.pone.0107904
http://dx.doi.org/10.3390/molecules21070898
http://dx.doi.org/10.1002/ptr.6106
http://dx.doi.org/10.1186/1748-717X-6-56
http://www.ncbi.nlm.nih.gov/pubmed/21624128
http://dx.doi.org/10.1016/j.juro.2010.12.091
http://www.ncbi.nlm.nih.gov/pubmed/21421237
http://dx.doi.org/10.1016/j.jep.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29158156
http://dx.doi.org/10.1016/j.intimp.2018.06.017
http://dx.doi.org/10.1016/j.ejphar.2014.02.031
http://dx.doi.org/10.1016/j.cbi.2016.03.003
http://dx.doi.org/10.2741/312
http://dx.doi.org/10.1146/annurev.immunol.021908.132641
http://dx.doi.org/10.1080/17460441.2016.1190706
http://dx.doi.org/10.1021/ci050372x
http://dx.doi.org/10.1074/jbc.M101103200
http://www.ncbi.nlm.nih.gov/pubmed/11259436
http://dx.doi.org/10.1101/gad.1662308
http://dx.doi.org/10.1016/j.cell.2010.02.016
http://www.ncbi.nlm.nih.gov/pubmed/20303880
http://dx.doi.org/10.1096/fj.11-197194
http://dx.doi.org/10.1016/j.jneuroim.2014.07.012
http://www.ncbi.nlm.nih.gov/pubmed/25091432
http://dx.doi.org/10.1186/s12974-015-0332-6
http://www.ncbi.nlm.nih.gov/pubmed/26048578

Molecules 2020, 25, 2840 12 of 12

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

Kim, D.Y.; Choi, B.Y. Costunolide-A bioactive sesquiterpene lactone with diverse therapeutic potential. Int. J.
Mol. Sci. 2019, 20, 2926. [CrossRef]

Scotti, L.; Mendonca Junior, EJ.; Ishiki, H.M.; Ribeiro, EE,; Singla, R.K.; Barbosa Filho, ].M.; Da Silva, M.S.;
Scotti, M.T. Docking studies for multi-target drugs. Curr. Drug Targets 2017, 18, 592-604. [CrossRef]

Hurle, M.R; Yang, L.; Xie, Q.; Rajpal, D.K.; Sanseau, P.; Agarwal, P. Computational drug repositioning: From
data to therapeutics. Clin. Pharmacol. Ther. 2013, 93, 335-341. [CrossRef]

Scafuri, B.; Marabotti, A.; Carbone, V.; Minasi, P.; Dotolo, S.; Facchiano, A. A theoretical study on predicted
protein targets of apple polyphenols and possible mechanisms of chemoprevention in colorectal cancer.
Sci. Rep. 2016, 6, 32516. [CrossRef]

Eri¢, S.; Ke, S.; Barata, T.; Solmajer, T.; Anti¢ Stankovig¢, J.; Jurani¢, Z.; Savi¢, V.; Zloh, M. Target fishing
and docking studies of the novel derivatives of aryl-aminopyridines with potential anticancer activity.
Bioorg. Med. Chem. 2012, 20, 5220-5228. [CrossRef]

Tsai, L.H.; Harlow, E.; Meyerson, M. Isolation of the human cdk2 gene that encodes the cyclin A- and
adenovirus E1A-associated p33 kinase. Nature 1991, 353, 174-177. [CrossRef] [PubMed]

Besson, A.; Dowdy, S.E; Roberts, ]. M. CDK inhibitors: Cell cycle regulators and beyond. Dev. Cell. 2008, 14,
159-169. [CrossRef] [PubMed]

Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: A changing paradigm. Nat. Rev. Cancer. 2009, 9,
153-166. [CrossRef] [PubMed]

Martinez Molina, D.; Jafari, R.; Ignatushchenko, M.; Seki, T.; Larsson, E.A.; Dan, C.; Sreekumar, L.; Cao, Y.;
Nordlund, P. Monitoring drug target engagement in cells and tissues using the cellular thermal shift assay.
Science 2013, 341, 84-87. [CrossRef] [PubMed]

Lomenick, B.; Jung, G.; Wohlschlegel, J.A.; Huang, J. Target identification using drug affinity responsive
target stability (DARTS). Curr. Protoc. Chem. Biol. 2011, 3, 163-180. [CrossRef]

Lee, D.Y. Roles of mTOR Signaling in Brain Development. Exp. Neurobiol. 2015, 24, 177-185. [CrossRef]
Franke, T.F. PI3K/Akt: Getting it right matters. Oncogene 2008, 27, 6473-6488. [CrossRef]

Sample Availability: Samples of the compound Costunolide is available from the authors.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/ijms20122926
http://dx.doi.org/10.2174/1389450116666150825111818
http://dx.doi.org/10.1038/clpt.2013.1
http://dx.doi.org/10.1038/srep32516
http://dx.doi.org/10.1016/j.bmc.2012.06.051
http://dx.doi.org/10.1038/353174a0
http://www.ncbi.nlm.nih.gov/pubmed/1653904
http://dx.doi.org/10.1016/j.devcel.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18267085
http://dx.doi.org/10.1038/nrc2602
http://www.ncbi.nlm.nih.gov/pubmed/19238148
http://dx.doi.org/10.1126/science.1233606
http://www.ncbi.nlm.nih.gov/pubmed/23828940
http://dx.doi.org/10.1002/9780470559277.ch110180
http://dx.doi.org/10.5607/en.2015.24.3.177
http://dx.doi.org/10.1038/onc.2008.313
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	CTL Inhibited LPS-Induced Neuroinflammation Response in BV2 Cells 
	CTL Effectively Attenuates LPS-Induced IKK/NF-B Pathway Activation 
	Cellular Target Identification of CTL 
	Knockdown of CDK2 Antagonized CTL Effect on Neuroinflammation via AKT/IKK/NF-B Pathway 

	Discussion 
	Materials and Methods 
	Chemical and Reagents 
	Cells and Cell Culture Conditions 
	Cell Viability Assay 
	Nitric Oxide Concentration Assay 
	Enzyme-Linked Immunosorbent Assay (ELISA) for TNF-, IL-6 and PGE2 
	Western Blot Analysis 
	NF-B Reporter Gene Luciferase Assay 
	Target Protein Identification for CTL 
	Surface Plasmon Resonance (SPR) Assay 
	Cellular Thermal Shift Assay (CETSA) B35-molecules-822963 
	Drug Affinity Responsive Target Stability (DARTS) Assay B36-molecules-822963 
	Transient Transfection with CDK2 siRNA 
	Statistics 

	Conclusions 
	References

