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Abstract

Introduction: Cucurbitacin Ila (Culla), one of the most important active components of Cucurbitaceae plants, has a wide range
of pharmacological effects. However, the mechanisms underlying its effects on Lyme neuroborreliosis (LNB) remain unclear. This
study aimed to elucidate the potential mechanisms of Culla activity against LNB.

Methods and Results: Potential Culla targets were obtained from the Pharmmapper, Swiss Target Prediction, and Batman-
Traditional Chinese medicine databases. LNB-associated genes were obtained from OMIM, GeneCards, and DisGeNET. Disecase-
drug intersection targets were identified using Venny. Protein-protein interaction (PPI) networks were constructed using STRING.
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were done on
the Database for Annotation, Visualization, and Integrated Discovery (DAVID). A drug-target-pathway-disease network was
constructed and Autodock software was used to verify molecular docking between active ingredients and the core targets. Finally,
the key targets were experimentally validated.

A total of 574 Culla targets and 73 LNB-associated genes were identified, and 13 genes were common between the 2 groups. By
constructing a PPI network for key targets, the top 10 core target genes were MMP9, TNF, ALB, CTSG, TGFBI, CCL2, IL4, CRP,
CCL3, and CCL5. GO functional enrichment and KEGG pathway analyses identified 118 entries and 110 pathways, respectively.
Molecular docking results showed that Culla binds to key important targets in the core network with high affinity. Validation
analyses of the key targets, CCL2 and CCL5, showed that Culla decreased their expression in a concentration-dependent manner.
Conclusion: This study revealed the potential mechanism of Culla activity against Lyme neuroborreliosis. Our preliminary
findings using molecular docking modeling and experimental validation provide a basis for future clinical Culla applications.
(International Journal of Biomedicine. 2025;15(4):715-721.)
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Introduction

Lyme disease (LD) is a zoonotic disease caused by the
Borrelia burgdorferi (Bb) infection, which is transmitted
through tick bites.! In the early stage of LD, Bb can cross
the blood-brain barrier and enter the central nervous system.
Due to its high neurotropism, Bb can remain in the central or
peripheral nervous system for an extended period, causing
various neuropathies. Neurological manifestations are reported
in up to 12% of patients with LD.2 Lyme neuroborreliosis

(LNB) is an infectious disease of the nervous system caused
by Bb infection.? The first case of LNB was reported in 1922
by Garin and Bujadoux, who described a patient in France who
developed meningitis and erythema after being bitten by a tick.2
Later, many cases with similar complications were reported,
often presenting with meningitis, myelitis, painful radiculitis,
cerebral palsy, and headache, with severe cases progressing to
facial paralysis and dementia. The most common neurological
symptoms of LNB are painful meningoencephalitis (Bannwarth
syndrome) and lymphocytic meningitis.2 Lyme disease is
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mainly treated with antibiotics. Treatment with doxycycline or
amoxicillin for 14-21 days is recommended for patients with
early or early spread without nervous system involvement. Up
to 28 days of antibiotic therapy are recommended for cases
involving the central nervous system.** Although early LD
can be successfully treated with doxycycline or amoxicillin,
advanced LD can be refractory to antibiotic treatment when
accompanied by arthritis and neurological symptoms. About
10% of LD patients experience persistent symptoms that do not
resolve for several months after one or more rounds of antibiotic
therapy.® Thus, more effective treatments for insensitive LNB,
including anti-inflammatory drugs and especially antibiotics,
are urgently needed.

Cucurbitacin Ila (Culla), a tetracyclic triterpenoid
compound, is a key active component of the plant species
Cucurbita. Yunnan people use the root of snow bile tuber to treat
various diseases, including dysentery, enteritis, bronchitis, and
acute tonsillitis. Culla has various effects, including lowering
fever, detoxification, antibacterial, and anti-inflammatory
properties.5? Studies have shown that Culla also exhibits
anti-hepatitis B virus effects, inhibits HIV replication, and
possesses antidepressant properties.® Using high-performance
liquid chromatography, a study of the antidepressant effects of
Culla showed that it can cross the blood-brain barrier.? Culla-
containing drugs, which have high developmental value, have
been used clinically in China, and they can modulate a variety
of signaling and metabolic pathways.

With the availability of large datasets and advances
in artificial intelligence, systems biology-based network
pharmacology has emerged as a valuable tool for studying the
mechanisms of action of drugs. Using network pharmacology,
multivariate drug—target-pathway—disease interaction
networks can be constructed, and topological analysis of such
networks can reveal the mechanisms of drug action against
diseases.!? In this study, we employed network pharmacology
to uncover novel potential strategies for LNB treatment. We
predicted the mechanisms of Culla activity against LNB,
screened for potential Culla targets, and subsequently carried
out experimental validation.

Materials and Methods

Flowchart of the network pharmacology analysis

SwissTarget Prediction OMIM
Pharmmapper DisGeNET
BATMAN-TCM GeneCards

Targets of Culla

Targets of LNB

[ Intersection gene of Culla and LNB

STRING : PPI interactive network diagram
DAVID & R : GO and KEGG enrichment analysis
Cytoscape screens key genes for treatment
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Figure 1. Schematic representation of the network pharmacology
strategy used to predict the mechanisms of Culla activity against LNB.

Prediction of Potential Culla Targets

The 2D structure of Culla was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/),"* saved in SDF file
format. It was imported into the SwissTargetPrediction (http://
www.swisstargetprediction.ch/) database to select the species
Homo sapiens and the top 100 targets. Import PharmMapper
(http://www.lilab-ecust.cn/pharmmapper/index.html) database
and select Human Protein Targets Only, number of Reserved
Matched Targets (Max 1,000). 300 targets were selected
for prediction.’23 Moreover, the BATMAN-TCM database
(http://bionet.ncpsb.org/batman-tcm/) was used to identify
potential Culla targets'*using scores of >5 and P<0.05 as cutoff
thresholds. Finally, the potential targets identified using the
three databases were combined.

Prediction of LNB-Associated Genes

Next, to identify LNB-associated genes, DisGeNET
(Score>0.01)(https://www.disgenet.org/home/),
GeneCards(Relevance score>mean  value)  (http://www.
genecards.org/), and OMIM databases (https://omim.org/)
were searched for disease-associated targets using “Lyme
neuroborreliosis” as the keyword.!3Z The potential targets
identified from the three databases were then combined.

Target Gene Annotation
Potential Culla targets and LNB-associated genes were
annotated on UniProt (https://www.uniprot.org/).*

Identification of Intersection Targets

Genes that were common between the Culla target and
the LNB-associated lists were identified using Venny 2.1.0
(https://bioinfogp.cnb.csic.es/ tools/venny /index.html). 12

Construction of a PPI Network of the Key Genes and
Identification of Hub Genes

To determine the relationship between the intersecting
target proteins, the key genes that may mediate the effects of
Culla on LNB were subjected to protein-protein interaction
(PPI) network analysis using STRING (https://cn.string-db.
org/) with a reliability threshold of >0.4 as the cutoff.?® Next,
the network was visualized using Cytoscape (3.8.0).The top
10 interacting genes were then identified as hub genes and
visualized using the Cytoscape CytoHubba plugin.2

GO and KEGG Pathway Enrichment Analysis

The intersection genes of the LNB treatment by Culla were
imported into DAVID (https://david.ncifcrf.gov/) and subjected
to GO and KEGG pathway enrichment analyses. 2 The GO and
KEGG pathway enrichment results were then visualized using
the “clusterProfiler” package in R (version 4.1.3), utilizing bar
graphs and bubble plots.

Construction of the
Network Map

Drug-Target—Pathway—Disease

A drug-target-pathway—disease =~ network  was
constructed to elucidate the synergistic mechanisms of the
multi-target and multi-pathway effects of Culla against LNB.
The top 20 KEGG pathways and the 12 co-regulatory targets
associated with the pathways were selected for network file
creation. They were then imported into Cytoscape (3.8.0) for
network visualization.
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Molecular Docking

Based on the degree value, two key target proteins were
selected from the top five targets in the PPI network and used for
molecular docking analysis with corresponding drugs, which
also included three positive drugs: doxycycline, ceftriaxone,
and cefotaxime. Through the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/), access to medicines, 2D structure,
and application of OpenBabel software into 3D structure,'*%
select the core target proteins of the human species with high
resolution in the Protein Data Bank (PBD) database (https://
www.rcsb.org/), and download the 3D model structure of the
proteins.2* Pymol 2.4.0 software was then used to remove water
molecules and ligands from the core proteins. The completed
core protein receptor and drug ligand files were imported into
AutoDock Tools 1.5.7, a molecular docking software used
to determine the rationality of target genes, and subjected to
hydrogenation and charge calculation analyses using AutoDock
4.2 The above two files were converted into. pdbpt format and
imported into Autodock for molecular docking analysis of the
interaction between drugs and the core proteins. The analysis
results were then visualized using Pymol 2.4.0 software.2®

Experimental Validation of the Key Targets

Cell culture

Culla was purchased from Yunnan Yizhihao
Pharmaceutical Co. Because astrocytes are the most abundant
cells in the central nervous system, the astrocyte cell line U251
was selected for the validation experiments. The U251 cells
were obtained from Kunming Institute of Zoology, Chinese
Academy of Sciences, Kunming, China, and cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin in a humidified incubator
at 37 °C, 5% CO,. To count cells, cell suspensions were mixed
with trypan Blue at a 1:1 ratio, and the cells were counted using
a Countstar cell counter. The U251 cells were seeded into 6-well
plates at a density of 4x10° cells/well (in 2 mL) and treated with
the negative control (PBS), Bb, Bb+1 uM Culla, Bb+25 uM
Culla, and Bb+50 uM Culla for 6, 12, and 24 hours. The cells
were then lysed using RNAiso Plus reagent (TaKaRa) and stored
at -80 °C until RNA extraction. Cell culture supernatants were
collected and stored at -20 °C until ELISA was carried out.

RT-qPCR

Total RNA was extracted from cells using the RNAiso
Plus reagent (TaKaRa, Japan) according to the manufacturer’s
instructions. A PrimeScript RT Reagent Kit (TaKaRa, Japan)
with a gDNA eraser was used for cDNA synthesis, following
the manufacturer’s protocol. RT-qPCR analysis was done using
SYBR Premix Ex Taq (TaKaRa), and relative gene expression
was determined using the 24 method (Livak method) using
GAPDH as the reference gene. Primer sequences are shown
in Table 1.

ELISA

The effect of Culla on CCL2 expression was analyzed
using ELISA and a human CXCL2 ELISA kit (Wuhan Eliret
Biotechnology Co, LTD) according to the manufacturer’s
protocol, followed by absorbance (450 nm) reading on a Bio-
Rad microplate reader (Model 680, BioRad Laboratories, Inc,
Hercules, CA, USA).

Table 1.
Table of primer sequences for qPCR.

Gene Forward primer (5°-3”)
CCL2 |GCAGCAAGTGTCCCAAAGAA|TCCTGAACCCACTTCTGCTT
CCL5 |TGGGTTCGGGAGTACATCAA |AAGAGCAAGCAGAAACAGGC
GAPDH|AGCCTTTCCTTGTCCTCCAA |CAATGCCAGGGTACATGGTG

Reverse primer (5’-3")

Statistical Analyses

Statistical analyses and mapping were done using
GraphPad Prism 8.4.3. Data are presented as mean =+
standard error of the mean, and differences between groups
were compared using two-way ANOVA. P<0.05 indicates
statistically significant differences.

Results

Prediction of Relevant Action Targets

Potential Culla Targets

The 2D structure of Culla was obtained from PubChem
(Figure 2A). Potential Culla drug targets were predicted on
SwissTargetPrediction (100 targets) and PharmMapper (412
targets), and targets were transformed on UniProt. A total of
183 potential drug targets were predicted using the BATMAN-
TCM database. Combining the factors identified from the
three databases found 632 common potential drug targets.

LNB-Associated Genes

LNB-associated genes were obtained from DisGeNET
(11 genes), GeneCards (60 genes), and OMIM (11 genes).
Combining the genes identified from the results of the three
databases found 73 common LNB-associated genes (Figure 2).

Identification of Intersection Targets

To identify key genes that may underlie the effects of
Culla against LNB, the intersection between the potential
Culla targets and LNB-associated genes was determined
using Venny 2.0.1 (Figure 2B). This analysis identified 13
(1.9%) intersection genes (ALB, GSR, MMP9, PPIA, CTSG,
GPI, TGFBI1, CCL2, CCLS5, CRP, TNF, CCL3, and IL4).
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Figure 2. The 2D structure and potential targets of Culla. The
2D structure of Culla (A). A Wayne diagram of the intersecting
potential Culla targets (B).

A B

Construction of the PPI Network

To determine the relationships between the 13
intersection genes, we subjected them to PPI network analysis
using STRING (Figure 3A). The nodes on the PPI network
represent the proteins, whereas the different colors of the edges
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indicate various types of protein interactions. Thicker edges
indicate stronger protein interactions. This analysis revealed
that the PPI network consisted of 13 nodes and 46 edges, with
an average node degree of 7.08 and an average local clustering
coefficient of 0.859.

Figure 3. The Culla—target pathway and Culla-LNB
interaction network. PPI network diagram (A). GO enrichment
analysis results (B). The top 20 pathways identified through
KEGG enrichment analysis are shown as bubble maps (C).
The Culla—target-pathway—LNB network (D).

GO and KEGG Enrichment Analysis Results

A total of 118 results were obtained from the GO
enrichment analysis, including 96 biological processes
(BP), 10 cellular components (CC), and 12 molecular
functions (MF) (Figure 3B). The BP terms were enriched for
lipopolysaccharide-mediated signaling pathway, protein kinase
B signal, cell response to organic cyclic compounds, MAPK
cascade activation, monocyte chemotaxis, inflammatory
response, positive regulation of monocyte migration, immune
response, positive regulation of ERK1 and ERK2 cascade, and
positive regulation of cell migration. The CC terms were mainly
enriched for extracellular fluid, extracellular region, ficolin-1-
rich granule lumen, extracellular body, and platelet o [umen.
The MF terms were mainly enriched for cell surface, secretory
granules, macromolecular complexes, secretory granule lumen,
and blood particles.

KEGG analysis identified a total of 110 enriched
pathways, and the top 20 were selected for further analysis
(Table 2). These pathways were mainly associated with IL-17,
TNF, MAPK, senescence in diabetic complications, Toll-like
receptor, Nod-like receptor, and chemokine signaling pathways.
A channel bubble map was made using R, with the bubble size
corresponding to the number of genes and the bubble’s color
indicating the magnitude of the P-value (Figure 3C).

Hub Genes for Culla Treatment of LNB

The 10 genes (ALB, MMP9, CTSG, TGFBI, CCL2,
CCL5, CRP, TNF, CCL3, and IL4) were identified as the PPI
network’s hub genes using the Cytoscape plugin cytoHubba
(Figure 4A).

Construction of a Culla—Target—Pathway—LNB Network

The 12 key targets from the 20 main signaling pathways
and the major components of their mappings were visualized
on Cytoscape 3.8.0, followed by the construction of a “Culla—
target—pathway—LNB”. This analysis identified 34 nodes (1

drug, 1 disease, 12 protein targets, and 20 pathways) and 105
edges (Figure 3D).

Table 2.

The top 20 KEGG pathways.

Pathway P-value Related genes
Rheumatoid arthritis ~~[0.00000491 €42 CCL3 CCLS
Chagas disease 0.00000711 CCLf@E%%ﬁf” ’
Cyainesyoie " oamozan | 14 C5L3, GO €L
Lipid and atherosclerosis [0.00013398| MMFE CCLE CCL3.

IL-17 signaling pathway [0.00022879| IL4, MMPY, CCL2, TNF

Viral protein interaction
with cytokine and cytokine|0.00027478| CCL2, CCL3, CCLS5, TNF
receptor

0.00038389|MMP9, CCL2, CCL5, TNF
0.00195561 CCL2, TGFBI, TNF

TNF signaling pathway

Malaria

Human cytomegalovirus | 40590129| cCL2, CCL3, CCL5, TNF
infection

Inflammatory bowel 10 00328409| 124, TGFBI, TNF

isease

Leishmaniasis 0.00457921 IL4, TGFBI, TNF

AGE-RAGE signaling

pathway in diabetic 0.00761674| CCL2, TGFBI, TNF
complications

Amoebiasis 0.00791437|  CTSG, TGFBI, TNF

Toll-like receptor signaling]

pathway 0.00821724

CCL3, CCLS5, TNF

Fluid shear stress and

. 0.01434047|  MMP9, CCL2, TNF
atherosclerosis

Hepatitis B 0.01917171| MMP9, TGFBI, TNF
Influenza A 0.02122703|  CCL2, CCL5, TNF

NOD-like receptor 0.02435339|  CCL2, CCL5, TNF

signaling pathway

Chemokine signaling | 0>636753|  ccrL2, ccL3, ccLs

pathway

Diabetic cardiomyopathy |0.02924612| GSR, MMP9, TGFBI1

Molecular Docking Results

Molecular docking is a widely used method in
drug discovery for predicting ligand—target interactions.”
Because molecular docking can also be used to estimate the
ligand—receptor binding free energy by evaluating the key
phenomena involved in intermolecular recognition, it can
elucidate molecule—target binding modes and affinities.®
This study employed a molecular docking approach to
validate the core targets CCL2 and CCLS, as identified by
network pharmacology, for their binding to core proteins.
Because ligands and receptors bind at lower energies, the
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more conformationally stable they are, the likelier they are
to interact. The molecular docking analysis revealed that in
CCL2, Culla formed one hydrogen bond with ARG-328 and
two hydrogen bonds with GLU-335 and LY S-326, at a binding
energy of -4.82 kcal/mol. The binding energy between Culla
and CCLS was -5.86 kcal/mol. The binding energies of the
active chemical components to the key target proteins were all
less than -4 kcal/mol. The binding energy of Culla with CCL2
and CCLS5 was higher than that of the three positive drugs
(Table 3), indicating that the compound has stable receptor
binding activity. The docking pattern maps between Culla and
the CCL2 and CCL5 proteins were visualized using the Pymol
software (Figure 4).

Table 3.

Docking results of core components and core target proteins.

Binding energy (kJ/mol)

Core element
Culla | Doxycycline | Ceftriaxone | Cefotaxime

CCL2 -4.82 -1.71 -2.69 -0.72
CCL5 -5.86 -3.54 -1.19 -2.73
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Figure 4. An illustration of the docking between Culla and
the CCL2 and CCLS5 proteins. Schematic diagram of the
three-dimensional morphology of Culla docking with the
target proteins (4). Schematic diagram of the docking site
bonds between Culla and the target proteins (B). Schematic
diagram of the docking site energy bonds of Culla with target
proteins (C). Hydrogen bonds are represented by yellow
dotted lines, with the length indicated around the lines.

T

Analysis of the mRNA Levels of the Key Targets, CCL2
and CCL5

RT-qPCR analysis revealed that after 24 hours of
treatment, the mRNA levels of CCL5 and CCL2 in U251 cells
were significantly higher in the Bb group when compared with
the negative control group (Figure 5SB—C), indicating that
Bb significantly upregulated CCL2 and CCLS levels. When
compared with the Bb-treated group, treatment with Culla
significantly suppressed the expression of CCL5 and CCL2
in a dose-dependent manner (P<0.01 and P<0.05). ELISA
revealed that Bb significantly increased the protein levels of
CCL2 in U251 cells, and Culla significantly reduced CCL2
protein levels in a dose-dependent manner when compared
with the Bb group (P<0.01 and P<0.05). These results are
consistent with the findings from network pharmacology.

Figure 5. Hub genes of hosts infected with Bb infection and
experimental validation. Top 10 Hub genes (A). Effect of Culla
on CCL2 and CCL5 mRNA levels and CCL2 protein levels in the
human astrocyte cell line, U251. U251 cells were treated with Bb
(Multiplicity of infection =10), PBS (negative control), and three
drug combination groups (Bb+1 uM Culla, Bb+25 uM Culla,
and Bb+50 uM Culla) for 6, 12, and 24 hours. The mRNA levels
of CCL2 and CCL5 (B—C) and the CCL2 protein concentrations
are shown (D). Values represent means + standard error of the
mean (* and ** indicate P <0.05 and <0.01, respectively.

Discussion

Currently, LNB treatment is difficult because of poor
antibiotic efficacy and post-treatment Lyme disease syndrome
(PTLD). In some patients, PTLD is associated with persistent
cognitive dysfunction, fatigue, and fibromuscular pain after
antibiotic therapy. Moreover, clinical trials indicate that long-
term antibiotic therapy does not appear to benefit patients with
PTLD.22 Infectious Diseases Society of America guidelines do
not recommend additional antibiotic therapy for patients with
persistent or recurrent nonspecific symptoms, such as fatigue,
pain, or cognitive impairment, following the recommended
Lyme disease treatment unless there is objective evidence of
reinfection or treatment failure.?® Culla has various effects,
including antibacterial, anti-inflammatory, and anti-tumor
activities.Z3! Our unpublished data indicate that Culla was
effective at alleviating Lyme disease symptoms. In this study,
we employed network pharmacology to investigate further the
mechanism underlying the effects of Culla against LNB.

To our knowledge, this is the first study to investigate
Culla targets against LNB using network pharmacology and
molecular docking analyses. The network pharmacology
results suggest that Culla may improve LNB through its effects
on several key genes, including MMP9, TNF, ALB, CTSG,
TGFBI, CCL2, IL4, CRP, CCL3, and CCL5, as well as the
modulation of various pathways, including IL-17, TNF, MAPK,
aging, Toll-like receptor, nodal-like receptor, and chemokine
signaling pathways. LNB pathogenesis is not fully understood,
and immune-mediated neuroinflammation is thought to be
the leading cause of LNB-associated nerve injury. Our GO
enrichment analysis revealed that BPs were primarily enriched
for inflammatory response, immune response, and monocyte
chemotaxis, while MFs were enriched mainly for cytokine
activity, chemokine activity, and protein kinase activity,
suggesting that inflammatory responses play a crucial role in
LNB. Recent studies have suggested that TLR activation and
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the resulting production of pro-inflammatory chemokines and
inflammatory cytokines may drive LNB inflammation.?2 Culla
may exert anti-inflammatory effects by regulating the TLR
pathway. Additionally, it has also been shown that the anti-
inflammatory effects of Culla are closely associated with the
mitogen-activated protein kinase (MAPK) pathway.”

Among the key targets identified in this study, we focused
on CCL2 and CCLS5, which are closely associated with LNB
inflammation and may contribute to the progressive exacerbation
of the LNB inflammation. Characteristic monocyte infiltration is
often observed in the cerebrospinal fluid of patients with LNB;
however, the mechanism of their recruitment remains unclear.33
Elevated CCL2 and CCL5 expression have been observed in
the cerebrospinal fluid of LNB patients and in an animal model
of Bb-induced mouse arthritis.* It has been demonstrated that
chemokine levels, such as CCL2, CCL5, and CCL9, can induce
monocytes and other immune cells to infiltrate inflammatory
tissues, thereby exacerbating the progression of Lyme disease.®
Therefore, we selected CCL2 and CCL5 for experimental
validation. To this end, we infected the human astrocyte cell
line, U251, with Bb and treated them with a negative control
and three drug treatment groups. RT-qPCR and ELISA analyses
revealed that B upregulated CCL2 and CCLS5, whereas Culla
suppressed their expression in a concentration-dependent
manner. These observations suggest that Culla might mediate
its effects against LNB by targeting CCL2 and CCLS. These
preliminary findings highlight a potential strategy for treating
antibiotic-unresponsive patients with LNB or PTLDS.

Conclusion

This study reveals the potential mechanism of Culla
against Lyme disease. A total of 574 Culla targets and 73 LNB-
related genes were identified. By constructing PPI networks
of key targets, the top 10 core target genes were MMP9, TNF,
ALB, CTSG, TGFBI, CCL2, IL4, CRP, CCL3, and CCLS5. GO
enrichment and KEGG pathway analysis identified 118 portals
and 110 pathways, respectively. Molecular docking results
show that Culla binds key and important targets in the core
network with high affinity. Confirmatory analyses of key targets
CCL2 and CCL5 showed that Culla reduced their expression in
a concentration-dependent manner.
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