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ABSTRACT: Curcumin, a compound derived from turmeric, is
traditionally utilized in East Asian medicine for treating various
health conditions, including epilepsy. Despite its involvement in
numerous cellular signaling pathways, the specific mechanisms and
targets of curcumin in epilepsy treatment have remained unclear.
Our study focused on identifying the primary targets and
functional pathways of curcumin in the brains of epileptic mice.
Using drug affinity responsive target stabilization (DARTS) and
affinity chromatography, we identified key targets in the mouse
brain, revealing 232 and 70 potential curcumin targets,
respectively. Bioinformatics analysis revealed a strong association of these proteins with focal adhesions and cytoskeletal
components. Further experiments using DARTS, along with immunofluorescence staining and cell migration assays, confirmed
curcumin’s ability to regulate the dynamics of focal adhesions and influence cell migration. This study not only advances our
understanding of curcumin’s role in epilepsy treatment but also serves as a model for identifying therapeutic targets in neurological
disorders.

■ INTRODUCTION
Epilepsy is a major health concern, affecting an estimated 70
million individuals globally and ranking as one of the most
common neurological disorders. The condition’s intricate
pathophysiology often necessitates long-term pharmacological
management.1 Despite well-established protocols for the
administration of antiepileptic drugs (AEDs), significant
challenges remain. Notably, 20−30% of patients experience
inadequate responses to existing medications. Additionally, the
potential for drug−drug interactions, adverse effects, and
teratogenic risks associated with AEDs adds layers of
complexity to patient care.2,3 These persistent issues highlight
the critical demand for the development of new antiepileptic
medications that are both safe and effective.
Curcumin, a plant polyphenol derived from the rhizomes of

ginger family plants such as Curcuma longa,4 has been
confirmed to have potential efficacy and safety in the treatment
of epilepsy through multiple clinical studies.5−7 Notably,
curcumin therapy does not interfere with the absorption,
digestion, metabolism, or excretion of other antiepileptic drugs
(such as sodium valproate, phenytoin, phenobarbital, and
carbamazepine), and it can enhance their therapeutic effects
while reducing the dosage and side effects.8 Currently,
genomics-based drug repurposing techniques have identified
curcumin as one of the most promising natural candidates for
antiepileptic medication.9 However, there are still challenges
regarding the unclear molecular mechanism of curcumin, as
well as its poor bioavailability and instability.4 In particular, the
unknown molecular mechanism of action of curcumin poses

obstacles for optimizing its molecular structure toward
improved therapeutic potential.
DARTS is a useful method for identifying natural drug

targets. This is due to its ability to maintain drugs in their
native state, which ensures that they interact authentically with
target proteins. One of the advantages of DARTS is that it does
not require prior knowledge of the drug’s activity.10 This
makes it an ideal tool for exploring unknown mechanisms of
natural compounds. The method is compatible with complex
biological mixtures and offers an unbiased approach to detect
both expected and unexpected targets, including off-target
effects.
Research has indicated that curcumin exhibits therapeutic

and preventive effects on acute and chronic epilepsy models in
mice, involving processes such as antioxidation, neuro-
protection, and anti-inflammation.11 Nevertheless, current
studies still lack precise identification of the key targets
directly affected by curcumin. Curcumin has multiple targets
and participates in various cellular signaling pathways, but
exactly which pathways regulate critical signals in epilepsy have
not yet been reported. This study aims to investigate the key
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pathways and targets of curcumin in treating epilepsy through
DARTS combined with affinity chromatography.

■ MATERIALS AND METHODS
Materials and Reagents. The following were used in the

study: epoxy-activated Sepharose 6B (Sigma-Aldrich, E6754)
and Sepharose 6B (Sigma-Aldrich, 6B100), curcumin (Solar-
bio, C7090), recombinant human pleiotrophin (RayBio, 230-
00618), pilocarpine (Cayman, 14487), scopolamine (Macklin,
6106-46-3), diazepam (Sigma-Aldrich, 439-14-5), Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (WISENT, 219-001-
LL), fetal bovine serum (VivaCell, C04001-050), P/S (Pricella,
PB180120), bovine serum albumin (AMRESCO, 9048-46-8),
Tris (Solarbio, T8060), NaCl (SCR, 7647-14-5), glycine
(VWR, 56-40-6), glycerol (Sigma-Aldrich, 1040950250),
dithiothreitol (Sigma-Aldrich, 20-265), Complete Protease
Inhibitor Cocktail (Roche, CO-RO), phosphatase inhibitor
cocktail (Sigma-Aldrich, 524633), dimethyl sulfoxide (Solar-
bio, D8371), sodium thiosulfate (Aladdin, 7772-98-7), sodium
dodecyl sulfate (Macklin, S817789), bromoxylenol blue
(Macklin, B871865), 2-hydroxy-1-ethanethiol (Sigma-Aldrich,
60-24-2), Brilliant Blue R (Macklin, B802269), methyl alcohol
(Sigma-Aldrich, 67-56-1), acetic acid (SCR, 64-19-7),
acrylamide (SCR,79-06-1), ammonium persulfate (SCR,
7727-54-0), tetramethylethylenediamine (SCR, 110-18-9),
nonfat dry milk (Beyotime, P0216), silver nitrate (SCR,
7761-88-8), Na2CO3 (SCR, 497-19-8), NaOH (SCR, 1310-73-
2), dimethylformamide (Sigma-Aldrich, 68-12-2), tribromoe-
thanol (Aladdin, 75-80-9), Hepes (SCR, C21500), ethyl-
enediaminetetraacetic acid (SCR, 60-00-4), phenylmethane-
sulfonyl fluoride (Sigma-Aldrich, 329-98-6), CH3COOK
(SCR, 127-08-2), MgSO4 (SCR, 7487-88-9), KCl (SCR,
7447-40-7), Na2HPO4 (SCR, 7558-79-4), KH2PO4 (SCR,
7778-77-0), HCl (SCR, 7647-01-0), Tween-20 (Solarbio,
T8220), trehalose (Sigma-Aldrich, 64622-92-0), paraformalde-
hyde (SCR, 30525-89-4), Triton-X-100 (Aladdin, T109026),
pronase E (Roche, 11459643001), bovine serum albumin
(AMRESCO, 9048-46-8), Amicon (Millipore, UFC5003),
anti-FAK antibody (BD, 1:200, 610087), anti-α-tubulin
antibody (Sigma-Aldrich, T9026, 1:10000), goat HRP-
conjugated antimouse IgG (CWBIO, CW0102S, WB
1:1000), Alexa Fluor 488 phalloidin (Invitrogen, IF 1:500,
A12379), and goat Alexa Fluor 555-conjugated antirabbit
(Invitrogen; IF 1:500, A27039).

Animals.Male ICR mice, weighing 30 ± 2 g, were obtained
from Beijing Vital River Experimental Animal Technology Co.,
Ltd. All mice were housed and cared for following the
guidelines of the Experimental Animal Center at the Institute
of Genetics and Developmental Biology, Chinese Academy of
Sciences. The mice were maintained under specific pathogen-
free conditions in the animal facility and were kept on a 12 h
light/12 h dark cycle with ad libitum access to food and water.

Cell Culture. The cell line U251 was cultured in a mixture
of Dulbecco’s modified Eagle’s medium/Ham’s F-12 in a 1:1
ratio with 10% fetal bovine serum and 1% P/S at 37 °C in 5%
CO2.

Pilocarpine Epilepsy Model. The pilocarpine epilepsy
model was developed by the Turski group.12,13 In our
experiments, adult male ICR mice were intraperitoneally
injected with pilocarpine (290 mg/kg, ig) preceded by the
administration of scopolamine (1.5 mg/kg) 30 min before.
After pilocarpine injection, mice exhibiting status epilepticus
(SE) lasting for more than 120 min were selected, and

diazepam (10 mg/kg) was administered to terminate the
seizures. The progression of seizures resembled the classi-
fication observed in the kindling model by Racine.14 Brains
were dissected on the fourth day post-SE for further study.

Identification of Target Proteins by DARTS with Mass
Spectrometry. DARTS based on the work of Pai et al.,10 was
used to identify curcumin targets. Three mice were employed
for DARTS. Brain lysate derived from mice was subjected to
the pilocarpine procedure containing 50 mM Tris-HCl (pH
7.4), 200 mM NaCl, 10% glycerol, 2 mM dithiothreitol
(DTT), 1% Complete Protease Inhibitor Cocktail (PIC), and
1% phosphatase inhibitor cocktail, homogenize for 2 min at 4
°C according to the ratio of 1 mg brain tissue to 10 μL lysis
buffer, and fully decomposed at 4 °C. The fractured brain
tissue was centrifuged at 4 °C and 150,000g for 30 min. We
measured protein concentration using the BCA method and
diluted the supernatant to 7 mg/mL using the brain lysis
buffer. We took two parts of 99 μL supernatant respectively
treated with 1 μL 2 mg/mL curcumin or 1 μL dimethyl
sulfoxide (DMSO) as a control in 37 °C for 30 min. And each
sample was divided into 20 μL aliquots, and 2 μL pronase E
was added according to concentrations of about 1:1000,
1:10,000, and 1:200,00. We also performed experiments with
digestion times of 5, 10, and 15 min. An undigested sample
(UD) instead received ultrapure water. All samples were
incubated at room temperature for 15 min. To stop the
digestion reaction, 2 μL of 20× PIC was added followed by a
10 min incubation on ice. Subsequently, 6× sample buffer was
added to achieve a final concentration of 1× containing 50 mM
Tris-HCl (pH 6.8), 100 mM DTT, 2% (w/v) sodium dodecyl
sulfate (SDS), 0.1% (w/v) bromoxylenol blue, and 10% (v/v)
glycerol, and the samples were heated at 95 °C for 5 min.
Subsequently, the samples were separated by 10% SDS-PAGE,
and Coomassie Brilliant Blue (CBB) staining was used to
identify protein bands that are protected from curcumin. The
target bands were cut for mass spectrum analysis (Figure 2b).

Identification of Target Proteins by Affinity Chroma-
tography and Mass Spectrometry. Establishment of
Stationary Phases for Coupling Curcumin to Epoxy
Activated Sepharose 6B (EAS6B). One gram of EAS6B was
washed in 50 mL of cold distilled water through five cycles,
with each cycle involving centrifugation at 1500g for 5 min,
yielding approximately 3.5 mL of swollen EAS6B, which was
collected in 20% ethanol and stored at 4 °C for later use.
Curcumin was dissolved in coupling buffer containing 100 mM
Na2CO3, 10 mM NaOH, and 50% dimethylformamide to a
final concentration of 20 mM. Two volumes of the coupling
reagent were mixed with 1 vol of swollen beads and shaken
overnight in the dark at 30 °C. On the following day, the
sepharose-curcumin suspension was washed three times with
the coupling buffer and incubated overnight at 30 °C with 1 M
glycine to block any remaining nonspecific binding sites.
Uncoupled beads were prepared by incubating EAS6B with 1
M glycine. Uncoupled beads and curcumin-coupled beads
were packed into a chromatography column, and subsequent
washing steps were carried out according to the manufacturer’s
instructions.

Mouse Brain Whole Protein Extraction. We took three
mice to complete affinity chromatography. Mouse abdominal
injection of tribromoethanol (20 μL/g) was used for
anesthesia. The brain was isolated by cardiac perfusion with
ice-cold saline solution removed from the skull, and the
brainstem was dissected out. The brain was then rinsed with an
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ice-cold saline solution. A lysis buffer consisting of 50 mM
Hepes buffer (pH 7.45), 50 mM NaCl, 1 mM ethyl-
enediaminetetraacetic acid (EDTA), 2 mM DTT, 1 mM
phenylmethanesulfonyl fluoride (PMSF), and 1% PIC was
added in a volume ratio of 1:4. Tissue homogenization was
performed using both a tissue disruptor and a glass
homogenizer. The homogenate was precooled and centrifuged
at 600g for 20 min to remove the pellet followed by a 4 °C
ultracentrifugation at 15,000g for 60 min to obtain the
supernatant.

Desalination and Decontextualization of Soluble Protein
Extracts. The desalting buffer contained 20 mM Hepes (pH
7.45), 150 mM CH3COOK, 1 mM EDTA, 1 mM PMSF, 2
mM DTT, and 5 mM MgSO4. Protein samples were diluted
1000 folds and then concentrated using 3 kDa ultrafiltration
tubes. After desalting, the samples were supplemented with
100 mM trehalose, 0.1% glycine, and 1% PIC and stored on
ice. A desalting column was prepared, filled with 10 mL of
Sepharose 6B, washed with five column volumes of ultrapure
cold water, and then equilibrated with three column volumes
of desalting buffer. The desalted samples were passed through
the desalting column to remove nonspecific binding sites. The
column was washed with the desalting buffer, the eluted
solution was collected, and its protein concentration was
checked using the Bradford assay. The flow-through was
concentrated to 800 μL using 3 kDa ultrafiltration tubes
supplemented with 100 mM trehalose, 0.1% glycine, and 1%
PIC, and the final protein concentration was determined using
the bicinchoninic acid (BCA) assay. Finally, the samples were
divided into two portions and stored on ice for later use.

Elution of Protein from Affinity Column from Stationary
Phases. The chromatography column was equilibrated with a

volume of desalting buffer five times the column volume. After
the liquid flow had finished, the final desalted and concentrated
protein sample was applied to the column. The column was
then washed with a volume of desalting buffer eight times the
column volume, and washing was stopped when no protein in
the flow-through was detected by the Bradford assay. Bound
proteins were eluted using gradients of 0.3 M NaCl, 0.6 M
NaCl, 2 M NaCl, and 2 M NaHS, each with a volume of two
times the column volume. Then, 10% SDS was added to the
eluate to achieve a final concentration of 1%, and the mixture
was boiled at 95 °C for 5 min. Ten microliter samples were
subjected to 10% SDS-PAGE followed by silver staining to
assess whether the proteins are protected by curcumin, and
mass spectrometry of remaining eluted proteins was con-
ducted.

Biological Information Analysis. To screen target
proteins identified by mass spectrometry, KEGG pathway
and molecular function analyses were conducted using the
Metascape database (http://metascape.org/). Venn diagrams
were created using a tool available online (https://bioinfogp.
cnb.csic.es/tools/venny/index.html). When P < 0.01, the
minimum number of annotated genes was three as the
condition for screening.

Immunofluorescence Staining. Coverslips were coated
with 150 nM pleiotrophin (PTN) at 37 °C for 120 min
followed by three washes with 1× PBS containing 13.7 mM
NaCl, 0.27 mM KCl, 0.8 mM Na2HPO4, and 0.2 mM
KH2PO4. Then, these slides that have been covered by PTN
were coated with 100 μM curcumin at 37 °C for 120 min and
again washed three times with 1× PBS for the experimental
group. U251 cells were fixed with 2.5% paraformaldehyde
(PFA) at 37 °C for 10 min after growing for 50 min followed

Figure 1. Identification of curcumin target proteins in the brain of epileptic mice using affinity chromatography and mass spectrometry. (a)
Schematic diagram illustrating the affinity chromatography method used with sepharose-uncoupled in the negative condition and sepharose-
curcumin in the experimental condition. (b) Silver stained SDS-PAGE gels showing proteins eluted from affinity columns using increasing
concentrations of NaCl or NaSCN, with red stars indicating differential protein bands that appear to be unique to or enhanced in the sepharose-
curcumin condition. 1, 2, and 3 indicate sequential samples of eluate collected at a 10% SDS-PAGE. (c) The Venn diagram shows two groups of
mass spectrometry data profiles derived from control or curcumin conditions. Among them, 61 proteins marked in yellow are the specific combined
proteins of curcumin. (d) Scatter plot of 55 differential proteins. Among them, the PSM value of the nine proteins marked yellow above the dashed
line were 1.5 times higher than the DMSO group.
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by three washes with 1× PBS. Cells were permeabilized and
blocked with 3% bovine serum albumin (BSA) and 0.1%
Triton-X-100 in PBS for 30 min. The primary antibody against
focal adhesion kinase (FAK) was diluted in a blocking buffer
and incubated at room temperature for 1.5 h. After three
washes with PBS containing 0.1% Triton-X-100 (PBST), the
secondary antibody was applied at room temperature for 1.5 h
followed by three washes with PBST. Imaging was performed
using a Zeiss Observer Z1 microscope. The cell area and area
of FAK signals were measured using Fiji/ImageJ. Student’s t
test was used for continuous data analysis in GraphPad Prism.
Error bars represent mean ± SD.

Wound Healing Assay. U251 cells were plated in six-well
plates at a density of 1.5 × 105 per well. Cells were cultured
overnight until the they were fully attached to the wall. The top
row of three wells was given a concentration of 100 nM PTN,
and the lower row of three wells was given a concentration of
100 nM PTN and 10 μM curcumin. Then, a straight scratch
was made using a white tip to stimulate the wound, and a
digital image of the marked wound area was taken at 9 h
intervals. Cell numbers were counted each time the wound
areas were captured.

Verification by DARTS Results Using Western
Blotting. U251 cells were lysed using a buffer consisting of
10 mM Tris-HCI (PH 7.4), 200 mM NaCl, 10% glycerin, 2
mM DTT, 1% PIC, and 1% phosphate inhibitor. The lysate
was centrifuged at 10,000g for 20 min (4 °C), and the protein
concentration of the obtained supernatant was determined by
the BCA assay. An aliquot of 99 μL of the lysate was split into
two 1.5 mL tubes treated with 2 mg/mL curcumin or DMSO
as the control for 30 min in a constant temperature shaker at
28 °C. Each sample was split into 20 μL samples, and 2 μL
1%(w/w) of pronase E was added sequentially, or the same
volume of ultrapure water was added to the UD, and then all
samples were incubated for 15 min at room temperature. Each
digestion reaction was stopped by adding 2 μL of 20× PIC and
incubated on ice for 10 min. The 6× sample buffer was added

to make the final concentration 2× , and the samples were
heated at 95 °C for 5 min. Finally, each sample was analyzed
using SDS-PAGE and Western blotting. Individual bands were
normalized with α-tubulin as a reference. Normalized values
were analyzed using GraphPad Prism.

Statistical Analysis. The data were analyzed by GraphPad
Prism 8.0 software and are presented as the mean ± SEM. The
statistics were analyzed by using an unpaired t test for two
groups and multiple t tests for multiple groups. *P < 0.05, **P
< 0.01, ***P < 0.001, and ****P < 0.0001 were considered
statistically significant.

■ RESULTS
Acquisition and Screening of Candidate Targets of

Curcumin in the Brain of Epileptic Mice. To identify the
target proteins of curcumin in the brain of epileptic mice, we
initially divided samples of brain extract from pilocarpine-
treated mice into equal portions and loaded them onto either a
sepharose-curcumin affinity column or an uncoupled column
(Figure 1a). Extract proteins bound to the columns were then
eluted in three sequential fractions. Analysis of these fractions
by SDS-PAGE followed by silver staining showed significant
differences from the two columns (Figure 1b).
Based on this, we selected the samples eluted with 0.6 M

NaCl for further mass spectrometry analysis (Figure 1b). The
results identified 164 proteins in the control and 116 proteins
in the curcumin condition, with 55 proteins shared between
the two groups and 61 proteins unique to the curcumin
coupled group (Figure 1c). We also plotted the peptide-to-
spectrum matches (PSMs) values of the 55 proteins shared in
both groups and found a small subset of 9 proteins with PSM
values greater than 1.5 times that of the control group,
indicating that these 9 proteins accumulate to a higher level in
the curcumin-coupled condition. Taken together, our affinity
chromatography approach yielded 70 potential protein targets
of curcumin (61 binding proteins specific to the curcumin
group were labeled yellow in Figure 1c, and 9 binding proteins

Figure 2. Identification of curcumin target proteins in the brain of epileptic mice by DARTS combined with mass spectrometry. (a) Schematic
diagram depicting the DARTS method for uncovering curcumin target proteins. (b) Red arrows indicate differential bands with increased intensity
in the presence of curcumin relative to the negative control (DMSO), to detect the composition of the difference bands, then these strips excised
from 10% SDS-PAGE gels and subjected to mass spectrometry. These two bands show intensity differences at 1:200 ratios. As the concentration of
pronase E decreases, this difference gradually diminishes. (c) A Venn diagram showing two groups of mass spectrometry data profiles. Among
them, 82 proteins marked in yellow are the specific combined proteins of curcumin. (d) Scatter plot of PSMs of shared protein. Among them, the
PSM values of the 150 proteins marked yellow above the dashed line were 1.5 times higher than the DMSO group.
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in the curcumin group whose PSM value was higher than that
of the DMSO group were labeled yellow above the dashed line
in Figure 1d).
Considering the limitations of affinity chromatography for

chemically modified small molecules, we sought to obtain
more authentic and reliable data while reducing experimental
system induced errors. We therefore conducted experiments
using DARTS to further explore curcumin targets. The
DARTS approach relies on the principle that target proteins
bound to small molecules like curcumin are resistant to
proteolytic cleavage. This technique has the unique advantage
that it does not require any immobilization or structural
modifications of the small molecule being studied (Figure 2a).
This method is a relatively fast and direct approach for
identifying potential protein targets of a small molecule.10 We
used brain extracts from three epileptic mice in the DARTS
assay to identify target proteins that are resistant to protease in
the presence of curcumin. CBB staining after SDS-PAGE

showed band intensity differences between DMSO and the
curcumin-treated samples that were incubated with pronase E/
protein concentrations of 1:100 and 1:200. We chose samples
treated with pronase E/protein concentrations ratio of 1:200
for further analysis by mass spectrometry (Figure 2b). At the
same time, we also set the digestion time to 5, 10 and 15 min
for the DARTS experiment (Figure S1). Proteomic analysis
identified 717 proteins in the DMSO-treated sample and 700
proteins in the curcumin-treated sample, 82 of which were
specific to the curcumin treated group and the remaining 618
proteins were shared between the two groups (Figure 2c). The
scatter plot of PSMs for these 618 proteins revealed 150
proteins with PSM values greater than 1.5 times that of the
control group, indicating that curcumin protects these proteins
from being hydrolyzed (Figure 2d). In total, 232 potential
protein targets of curcumin were obtained through DARTS
(82 binding proteins specific to the curcumin group were
labeled yellow in Figure 2c, and150 binding proteins in the

Figure 3. Analysis of protein targets identified in our screens. (a) Bubble plots representing the KEGG analysis. Colors indicate the P value, and the
size of the bubbles represents the number of enriched pathways. (b) GO-MF (Gene Ontology molecular functions analysis). Colors represent the P
value. (c) Subcellular localization analysis of curcumin targets.
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curcumin group whose PSM values were higher than those of
the DMSO group were labeled yellow above the dashed line in
Figure 2d).

Analysis of Key Pathways and Subcellular Local-
izations of Candidate Targets of Curcumin in Epileptic
Mice. Given the many cellular targets of curcumin,15,16 we
employed bioinformatics analysis to predict the key pathways
in which it might be involved. Using the KEGG analysis tool,
we screened the 70 candidate targets identified via affinity
chromatography and the 232 candidate targets identified via
DARTS and obtained 50 KEGG signaling pathways predicted
to be associated with these targets. We selected the top 20
pathways for analysis with p ≤ 0.01. KEGG enrichment results
indicated an association of these targets with focal adhesion
regulation (Figure 3a). Focal adhesion is a complex plasma
membrane-related macromolecular assembly that includes
integrin and multiprotein structures forming mechanical
connections between intracellular actin bundles and the
extracellular matrix (ECM).17 GO molecular function enrich-
ment analysis suggested that these targets are related to a
structural component of the cell skeleton (Figure 3b). In
summary, the predictive results suggest that focal adhesion in
the regulation of the cell skeleton is a key pathway that is
influenced by curcumin and plays a critical role in the

progression of epilepsy. Protein targets from our screens that
are related to focal adhesion are listed in Table 1.
In this study, a total of 302 different candidate targets from

DARTS and affinity chromatography methods were obtained.
The aim is to include a wider range of curcumin targets. Their
subcellular localization indicated that 38.73% of the targets
primarily localized in the cytoplasmic soluble fraction followed
by the nucleus at 14.92% and the cytoskeleton at 11.75%
(Figure 3c). The proportions of targets in the plasma
membrane, synapses, Golgi apparatus, endoplasmic reticulum,
mitochondria, and ECM were all below 10%. Other local-
izations, including axons, centrosomes, lysosomes, and
ribosomes, accounted for 9.21%. Relative to other studies
related to subcellular localization, cytoskeleton-related proteins
appear to be relatively important in this study.18−20

Functional Validation of Curcumin Candidate Path-
way. PTN is a secreted cellular factor related to the ECM, and
its expression levels are elevated in epileptic rats.21 PTN, as an
important neuroregulator, plays various roles in the central
nervous system, including neuronal survival, differentiation,
and migration.22 Focal adhesion based cell ECM interactions
are essential for cell anchoring and migration. To determine if
curcumin regulates the focal adhesion pathway, we analyzed
FAK localization and cell migration using U251 cells exposed
to curcumin and then subjected to immunoflourescence

Table 1. Key Targets in Focal Adhesion

Uniprot ID protein names gene name
mol. weight

[kDa] score

A1BN54 alpha-actinin-1 Actn1 102.72 74.58
Q6NXW0 RAC-gamma serine/threonine-protein kinase Akt3 55.66 18.42
P61750 ADP-ribosylation factor 4 Arf4 20.40 2.43
E9PYT0 rho GTPase-activating protein 5 Arhgap5 172.47 31.38
Q8R486 calpain-2 catalytic subunit Capn2 48.33 17.49
Q542X7 T-complex protein 1 subunit beta Cct2 57.48 100.89
Q8BPE7 uncharacterized protein (fragment) Crk 28.42 2.19
Q3T9X3 dynamin-2 Dnm2 97.19 16.48
G3UXY9 ectonucleotide phosphodiesterase family member 2 Enpp2 104.63 11.29
Q9QUP5 hyaluronan and proteoglycan link protein 1 Hapln1 40.45 21.45
P17156 heat shock-related 70 kDa protein 2 Hspa2 69.60 9.05
Q3TB63 uncharacterized protein (fragment) Hspa8 50.43 19.30
F6RPJ9 insulin-degrading enzyme Ide 114.15 42.53
P46660 alpha-internexin Ina 55.38 18.53
P33175 kinesin heavy chain isoform 5A Kif5a 117.02 11.71
Q80W81 mitogen-activated protein kinase Mapk10 48.23 7.72
D3Z6D8 mitogen-activated protein kinase 3 Mapk3 30.60 2.47
Q05DD2 neurofilament light polypeptide Nefl 57.83 12.02
F2Z3Z9 3-phosphoinositide-dependent protein kinase 1 Pdpk1 48.78 2.03
Q9JJV2-3 isoform 3 of profilin-2 Pfn2 9.80 3.64
A0JNZ1 phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit beta isoform Pik3cb 119.64 6.97
Q6S390 plectin Plec 506.45 29.95
O08586 phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase PTEN Pten 47.15 35.36
P63011 Ras-related protein Rab-3A Rab3a 24.95 8.37
P67984 60S ribosomal protein L22 Rpl22 14.75 3.74
P99027 60S acidic ribosomal protein P2 Rplp2 11.64 2.28
Q9D1M0 protein SEC13 homologue Sec13 35.54 4.39
Q3USK4 son of sevenless homologue 1 Sos1 129.23 11.40
Q8BYI9-2 isoform 2 of tenascin-R Tnr 139.64 36.59
P68369 tubulin alpha-1A chain Tuba1a 50.10 109.52
Q9CWF2 tubulin beta-2B chain Tubb2b 49.92 90.24
Q9ERD7 tubulin beta-3 chain Tubb3 50.39 63.37
Q9D6F9 tubulin beta-4A chain Tubb4a 49.59 171.21
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microscopy. The experimental results showed that after
curcumin with PTN administration, the area of u251 cells
was reduced from 747.8 to 359.9 μm2, which was a significant
reduction compared with the PTN group (Figure. 4a,b).
Moreover, after curcumin with PTN administration, the FAK
area was reduced from 13.65 to 2.43 μm2. Therefore, curcumin
can affect the distribution and localization of FAK at the cell
edge (Figure. 4a−c). In addition, the results of the wound
healing experiment showed that curcumin with PTN for 10 h
could be observed to slow down the migration rate of U251
cells, but there was no statistically significant difference
compared with the PTN group. Compared with the curcumin
with PTN group, the cell migration rate in the curcumin group
slowed down significantly at 18 h; curcumin and PTN did not
affect cell proliferation (Figure 4d−f).

Identification of Molecular Targets for Curcumin
Using DARTS. To identify the candidate targets for curcumin
by DARTS, we use the intersection strategy. Seventy
curcumin-binding targets were obtained by affinity chromatog-
raphy, and 232 curcumin-binding targets were obtained by
DARTS; the intersection of these two methods simultaneously
revealed five common targets (Figure. 5a). Considering that
the DARTS sample strip by mass spectrometry is larger than
75 kDa (Figure. 2b), among the five candidate targets, the
molecular weight of choroideremia (CHM) and tubulin beta
4A (TUBB4A) was less than 75 kDa (Figure. 5b), and only
ubiquitin-specific proteases 5 (USP5), tenascin-R (TNR), and
calcium-dependent secretion activators (CADPS) had molec-
ular weights greater than 75 kDa, which fit our data
requirements. Given that USP5 has been reported as a
potential target for curcumin, we first selected it for validation.

Figure 4. Curcumin affects cell migration via regulation of focal adhesion. (a) Immunoflourescent images showing control (PTN) and treated
(PTN + curcumin) U251 cells subjected to staining to visualize phalloidin and FAK. Scale bars represent 10 and 30 μm. (b) Statistical analysis of
area per cell in samples from panel a (Student’s t test, values are means ± SD, n > 60 for each group, ***P < 0.001, significant difference compared
with control/treated). (c) Statistical analysis of FAK area, i.e., the area of the cell with FAK signal, in samples from panel a (Student’s t test, values
are means ± SD, n > 60 for each group, ***P < 0.001, significant difference compared with control/treated). (d) Wound healing assay in control
(PTN) and treated (PTN + curcumin) U251 cells demonstrating that cell invasion into the cell-free region is decelerated in curcumin-treated cells
compared to control. The scale bar represents 200 μm. (e, f) Statistical charts of the number of migrated cells and total number of cells during the
time course of the experiment (Student’s t test, values are means ± SD, n = 3 for each group, **P < 0.01, significant difference compared with
control for 18 h).
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The results showed that with the increase of pronase E
concentration, the ability of curcumin to protect USP5
increased, preventing USP5 from being hydrolyzed. When
the ratio of pronase E to protein was 1:1000, it was statistically
significant (Figure 5c,d).

■ DISCUSSION
Curcumin is a compound derived from turmeric, a plant that
has been traditionally used to treat epilepsy.11 Although
curcumin has multiple targets, its exact mechanism for treating
epilepsy is still not completely understood. We conducted a
study using a combination of techniques to identify the
molecular targets of curcumin. Our findings indicate that
curcumin affects the cell migration and cytoskeleton through
potential targets such as USP5, TNR, and CADPS. These
results suggest that these factors may play an important role in
treating epilepsy.

Cytoskeleton and Cell Migration Are Important
Factors in the Pathogenesis of Epilepsy. Epilepsy is a
complex neurological disorder characterized by recurrent
seizures and involves complex cellular processes in the brain,
in which the role of the cytoskeleton and cell migration is
crucial.23

The cytoskeleton includes actin filaments, microtubules, and
intermediate filaments. These basic cellular structures are
crucial not only for maintaining cell shape but also for the
complex processes of cellular transport, division, and cell
migration.24 Cell migration, especially during brain develop-
ment, is critical for the correct positioning of neurons.25 This
process relies heavily on the cytoskeleton, which facilitates cell
movement to predetermined positions in the cerebral cortex.26

Abnormalities in cytoskeletal dynamics may lead to inappro-
priate neuronal migration, leading to conditions such as
anencephaly, a condition associated with severe epilepsy due to
structural disruption of the brain.27 Furthermore, the

importance of the cytoskeleton extends to astrocytes, which
undergo changes in shape and mobility in response to brain
injury, leading to the formation of glial scars.28 These scars can
alter neuronal connections and exacerbate the conditions that
trigger seizures.29 The cytoskeleton also plays a key role in
maintaining the structure of the blood−brain barrier (BBB)
and neuronal dendrites and spines, influencing synaptic
function and plasticity, both of which are critical in the
development of epilepsy.30,31 Our study suggests that curcumin
may play a role by regulating the cytoskeleton and cell
movement. This finding is consistent with the current
understanding of brain development and the pathogenesis of
epilepsy. Our study not only provides insights into the
underlying mechanisms of the disease but also provides an
example of research methods for related clinical studies.

USP5, TNR, and CADPS Impacts in the Cytoskeleton
and Cell Migration. We used the DARTS method combined
with affinity chromatography to identify the targets of
curcumin. The results showed that curcumin can regulate
cell movement through USP5, TNR, and CADPS.
USP5 is an enzyme that belongs to the USP family and plays

a crucial role in cysteine deubiquitination.32 Research shows
that USP5 regulates EMT, which affects cell movement via the
Wnt/β-catenin signaling pathway and mTOR/4EBP1 path-
way.33 TNR is a glycoprotein exclusively found in the central
nervous system. It belongs to the tenascin family of ECM
glycoproteins.34 TNR promotes neuronal process growth,
induces neuronal morphology polarization, and is related to
myelin formation.35 KEGG pathway analysis revealed that
TNR is a crucial component of ECM glycoproteins, and it
regulates cell migration by controlling FAK phosphorylation;
CADPS has two isoforms, CAPS1 and CAPS2, and is involved
in the exocytosis of synapses and DCVs in neurons and
neuroendocrine cells.36 Studies have shown that CAPS1
regulates cell migration by controlling the secretion of
exosomes.37 CAPS1 also promotes colorectal cancer metastasis
through the epithelial−mesenchymal transition process medi-
ated by the PI3K/Akt signaling pathway.38

Our experimental results suggest that curcumin has a
significant regulatory effect on cell motility, which may be
due to USP5, TNR, and CADPS. We have used the DARTS
method combined with affinity chromatography to demon-
strate this combination of methods. We will carry out
additional research to gain a more thorough understanding
of its molecular mechanism.

The Advantages and DARTS Combined with Affinity
Chromatography. Determining the targets is a crucial step in
establishing the correlation between chemical components and
pharmacological effects. However, traditional target screening
methods have limitations due to the diversity of Chinese
medicine, formulations, and complexity of chemical compo-
nents. This has made target identification a bottleneck in the
research of the mechanism of action of Chinese medicine.
Affinity chromatography is a commonly used technique to

identify targets by modifying small molecules and attaching
them to sepharose EAS6B as a stationary phase for screening
and enrichment of target proteins.39 Although this method has
been successful, it requires chemical modification, which may
alter the activity of the drugs. On the other hand, DARTS is a
newer technology in chemical proteomics that allows the
identification and screening of complex chemical components
without modifying their native activity.40 The method directly
confers resistance to protease hydrolysis on target proteins,

Figure 5. Identification of the target of curcumin. (a) A Venn diagram
showing that only five protein targets, namely, CADPS, CHM, TNR,
TUBB4A, and USP5, were found in both groups of proteins identified
by DARTS and affinity chromatography methods. (b) Of the five
candidate targets, only TNR, CADPS, and USP5 had molecular
weights greater than 75 kDa consistent with the bands of interest in
the analyzed DARTS samples (Figure 2b). (c) Western blotting
analysis of USP5 in U251 cell extracts subjected to pronase E in the
presence or absence of curcumin for verification of earlier DARTS
results. (d) Quantitative analysis of the results from panel c showing
that USP5 is protected from proteolysis in the presence of curcumin,
implicating it as a verified target protein of curcumin. Data are mean
± S.E.M., n = 4 biologically independent experiments by Student’s t
test (P = 0.005, **P < 0.01).
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making it proteome-based and relatively fast for identifying
potential protein targets of small molecules. However, the
DARTS method has some limitations. The differential bands
sent for inspection using mass spectrometry are limited, and
only specific target points within a certain molecular weight
range can be obtained.
Our study has found that using a combination of

biotechnologies is beneficial in identifying small molecule
targets. This approach can produce more reliable results and
provide direction for future research. However, we have
obtained a relatively small number of target proteins in our
experiments, and the sensitivity needs improvement. Fur-
thermore, the outcomes need validation and support from a
significant amount of biological research.

■ CONCLUSIONS
Through our research, we have demonstrated an experimental
system that combines DARTS and affinity chromatography.
This system aims to identify potential targets for curcumin, a
promising treatment for epilepsy. Our findings have revealed
that USP5, CADPS, and TNR are the potential target proteins
for curcumin. These proteins play a critical role in regulating
physiological processes such as the cytoskeleton and cell
movement, which are closely associated with brain develop-
ment and pathological processes like epilepsy.
Our research has demonstrated that the combination of

DARTS and affinity chromatography is a promising technique
for identifying small molecule targets. This approach can be
helpful in the quest for targets for disease treatment and can
also aid in comprehending the mechanism of action of complex
drug ingredients.
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