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Background: Serious mental illness is a disease with complex etiological factors that requires multiple interventions within a holistic
disease system. With heat-clearing and detoxifying effects, Coptis chinensis Franch. is mainly used to treat serious mental illness.
Aim of the Study: To explore the underlying mechanisms and therapeutic effect by which Coptis chinensis Franch. treats serious
mental illnesses at a holistic level.

Methods: A viable network pharmacology approach was adopted to obtain the potential active ingredients of Coptis chinensis
Franch., and serious mental illnesses-related targets and signaling pathways. The interactions between crucial target HTR2A and
constituents were verified by molecular docking, and the dynamic behaviors of binding were studied by molecular dynamics
simulation. In addition, the anti-anxiety effect of Rhizoma Coptidis (the roots of Coptis chinensis Franch.) extract on lipopolysacchar-
ide-stimulated mice was verified. The anxiety-like behavior was measured through the elevated plus-maze test, light—dark box test, and
open field test. Radioimmunoassays detected the levels of interleukin-1f, tumor necrosis factor-o, interleukin-10, interleukin-4,
5-hydroxytryptamine, and dopamine in the serum, hippocampus, medial prefrontal cortex, and amygdala. Meanwhile, immunohis-
tochemistry protocols for the assessment of neuronal loss (neuron-specific nuclear protein) and synaptic alterations (Synapsin 1) were
performed in the hippocampus.

Results: Based on scientific analysis of the established networks, serious mental illnesses-related targets mostly participated in the
calcium signaling pathway, cyclic adenosine monophosphate signaling pathway, mitogen-activated protein kinase signaling pathway,
serotonergic and dopaminergic synapse. Molecular docking and molecular dynamics simulation studies illustrated that berberine,
epiberberine, palmatine, and coptisine presented favorable binding patterns with HTR2A. The in vivo experiments confirmed that
Rhizoma Coptidis extract ameliorated anxiety-like behaviors by improving the survival of neurons, regulating synaptic plasticity, and
inhibiting neuroinflammation.

Conclusion: These findings in the present study led to potential preventative and therapeutic strategies for serious mental illnesses
with traditional Chinese medicine.

Keywords: Coptis chinensis Franch, serious mental illness, multitarget, network pharmacology, molecular mechanism

Background
Common serious mental illnesses (SMIs), namely, psychiatric disorders, include schizophrenia, major depressive
disorder, severe anxiety, schizophreniform disorder, and psychosis;' these disorders dramatically reduced the patient’s

13,4

quality of life and caused a great burden to society.” Depression is a prevalent and debilitating SMI>** with symptoms

including appetite disturbance, anhedonia, sleep disturbance, hopelessness, and anergia, which severely disrupt routine
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behavior and activity.” Schizophrenia, often consistent with depression, is fully recognized as a chronic and disabling
disease,® with far-reaching influence on behavior, consciousness, thinking, emotions, neuro-cognition, and social
functions.” Anxiety is the most frequent mental, emotional and behavioral problem.> Characterized by a persistent

8-10

subjectively unpleasant state, anxiety is highly comorbid with depression.'""'> Moreover, anxiety is significantly

13:14 a5 well as physiological dysfunctions.'> Currently, the most popular medica-

related to bipolar affective disorders,
tions for SMIs are designed to regulate the function of monoamine neurotransmitters.'®!” However, they usually act
solely on a single target, and produce many side effects (for example, headache and emesis).'® 2! It is an urgent problem
to find natural drugs that can exert synergistic effects.

Traditional Chinese medicine (TCM) with multi-component, multi-target and multi-pathway characteristics focuses
on the overall functional state of the patients and the adjustment of their balance, which has aroused ever-increasing
interest worldwide, especially for the treatment of complex diseases.”” According to TCM theory, the pathogenesis of
SMIs is always hyperactivity of heart-liver fire, restlessness of the mind, pyrogenic and burning body fluid, Qi and blood,
condensing fluids to phlegm. Finally, the pathological products (fire heat and phlegm turbidity) harass the heart spirit.
Hence, to ameliorate the symptoms of SMIs, soothing the liver, clearing heat, purging fire, and drying dampness to
resolve phlegm are primary therapeutic strategies in TCM.

Coptis chinensis Franch. (C. chinensis Franch.) is a representative herb with the function of clearing heat and
removing toxicity. Active ingredients of C. chinensis Franch. and several traditional formulae containing C. chinensis
Franch. exhibit positive therapeutic effects on SMIs.?>2® Therefore, a comprehensive detection method based on
network pharmacology and experimental evidence was established in this study to form a more complete picture of
the physiological pathways through which C. chinensis Franch. may act to treat SMIs, thereby improving the chances of

326 https: Drug Design, Development and Therapy 2022:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Qi et al

producing effective targeted therapies. Active components, candidate targets, and biological pathways were successfully
identified. Then, the molecular mechanism underlying the effects of compounds in C. chinensis Franch. on key target was
further validated by performing molecular docking and molecular dynamics (MD) simulation. The results of in vivo
experiments indicated that Rhizoma Coptidis (RC) extract ameliorates anxiety-like behaviors in lipopolysaccharide
(LPS)-induced mice by regulating neurochemistry, improving inflammation, and modulating synaptic plasticity. This
study preliminarily explored the mechanism of C. chinensis Franch. in the treatment of SMIs, and provided a research
basis for the development of anti-SMIs drugs.

Materials and Methods

Network Pharmacology Assay
Software and Database

The databases for the assay of network pharmacology were listed below: traditional Chinese medicine systems pharmacology
(TCMSP) database (http://Isp.nwu.edu.cn/tcmsp.php), BATMAN-TCM database (http://bionet.ncpsb.org/batman-tcm/),
PharmMapper server (http://lilab.ecust.edu.cn/pharmmapper/index.php), PubChem database (https://pubchem.ncbi.nlm.nih.

gov/), Search Tool for Interacting Chemicals (STITCH) server (http:/stitch.embl.de/), SwissTargetPrediction server (http:/

www.swisstargetprediction.ch/), Online Mendelian Inheritance in Man (OMIM) database (http:/www.omim.org/),
Therapeutic Target Database (TTD) (http://bidd.nus.edu.sg/BIDD-Databases/TTD/TTD.asp), DisGeNET database (http://
www.disgenet.org), KEGG database (https://www.kegg.jp/), Database for Annotation, Visualization and Integrated Discovery
(DAVID) webservers (https://david.nciferf.gov/), and Cytoscape 3.2.1 software.

Active Ingredients Sifting

First, the Chinese name of C. chinensis Franch. was submitted to the TCMSP,** and active components with oral
bioavailability (OB)>30% and drug-likeness (DL)>0.18 were chosen.>*>" In addition, the Pinyin of C. chinensis Franch.
was sent to the BATMAN-TCM,>? and active ingredients with score > 20 and p<0.05 were selected. Combined with the
above results, the active components of C. chinensis Franch. were obtained.

Ingredient-Related and Disease-Associated Target Prediction

The active ingredients were submitted to the PubChem database to obtain the 3D structures and canonical SMILES. All
3D structures were sent to the PharmMapper server.>® The top 50 targets served as potential targets for each active
ingredient based on the fit score. Meanwhile, all canonical SMILES were submitted to various servers viz. Swiss Target
Prediction®® and STITCH server.*> Targets that appeared in the above three databases were selected. For the acquisition
of SMIs-related targets, TTD,*® DisGeNET database,’” and OMIM database®® were employed.

Enrichment Analysis and Network Construction

The DAVID* was used to achieve Gene Ontology (GO) enrichment analysis. The biological process (BP), molecular function
(MF), and cellular component (CC) results were appeared by GraphPad Prism 8.3.0 software. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis was also extracted from DAVID. The compound-target (C-T) and
target-pathway (T-P) visualized networks were constructed through Cytoscape 3.2.1 software.*

Contribution Indexes Calculation

To evaluate the contribution of every effective compound of C. chinensis Franch. in treating SMI effectively,
a contribution index (CI) on the basis of network-based efficacy (NE) weighted by the literature was devised and
calculated by the following two equations:*!

n
NE(j) = 21 d; (1)
1=
. ¢; x NE(j)
Cl(j) = =g——t— x 100% 2
W) > ¢ x NE(i) ! @)
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In these equations, n represents the number of targets associated with the component j in the C-T network; d; represents
the degree of the target i associated with the component j in the T-P network; ¢; represents the number of SMI-related studies
of component i; and m represents the number of active compounds. Several keywords were used for the SMI-related
literature-mining approach: psychosis, psychotic, mental disease, mental disorder, mental illness, schizophrenia, depressive,
antidepressant, depressed, depression, and anxiety. The number of papers with corresponding keywords in the title/abstract
published between 1991 and 2021 was acquired from the PubMed database. When the sum of CIs of the top N compounds
was greater than 85%, these compounds were deemed to contribute the most to the treatment of SMIs.*!

Molecular Docking and MD Simulation

Molecular docking was used to predict interactions between the key target and C. chinensis Franch. active compounds.
The initial structure of HTR2A (PDB ID: 6A94) was downloaded from the RCSB Protein Data Bank (http://www.rcsb.
org). Substrates were docked into the active site of protein using AutoDock Vina tool*? in Chimera.** Next, to understand
the dynamic behavior of ligand at the active site of the protein and further confirm the stability of complex, the docking
poses with the highest docking scores were used for the subsequent MD simulations. The general AMBER force field**
was used for substrates, while the partial atomic charges were obtained from the RESP method by Multwfn.*> The
systems were solvated in a rectangular box of TIP3P *¢ waters extending up to a minimum cutoff of 10 A from the
protein boundary. The AMBER ff14SB force field*” was employed for the protein in all of the MD simulations. The
initial structures were fully minimized using combined steepest descent and conjugate gradient method. The systems
were then gently annealed from 10 to 300 K under canonical ensemble for 0.5 ns with a weak restraint of 15 kcal/mol/A.
500 ps of density equilibration was performed under isothermal-isobaric ensemble at target temperature of 300 K and
a target pressure of 1.0 atm using Langevin thermosta*® and Berendsen barostat*” with a collision frequency of 0.002 ns
and a pressure-relaxation time of 0.001 ns. After proper minimizations and equilibrations, a productive MD run of 100 ns
was performed for all the complex systems. Finally, the MD simulations were performed with GROMACS (version
2020.3)°° MM/PB(GB)SA calculations within the gmx_mmpbsa community.>'

Animal Experiments

Chemicals and Material

RC (batch number, 1711028050) was purchased from Anhui Huizhongzhou TCM Pieces Co., Ltd. (Anhui, China) and
authenticated by Prof. Qi-nan Wu (College of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China).
Voucher specimens were deposited at the Museum of Materia Medica, Nanjing University of Chinese Medicine.
Diazepam (DZP) was purchased from Huazhong Pharmaceutical Co., Ltd. (Hubei, China). LPS (from Escherichia
coli, serotype O0111: B4) and pentobarbital sodium were from Sigma-Aldrich (St. Louis, MO, USA).
Radioimmunoassay (RIA) kits for 5S-HT (20210202), DA (20210129), IL-1p (20210201), TNF-a (20200130), IL-10
(20200201), and IL-4 (20200203) were purchased from Beijing Sino-UK Institute of Biological Technology (Beijing,
China). Two primary antibodies were used in the study: rabbit anti-NeuN (Abcam, ab236870, 1:40000) and rabbit anti-
Syn I (Abcam, ab254349, 1:10000).

Preparation of the RC Extract

The extraction of RC solution was based on the preparation of the standard decoction of RC pieces mentioned by Guo
et al.> Briefly, 50 g¢ RC was soaked in 7 times of water for 30 min and then boiled for 30 min. Then, dregs were boiled
again in 6 times of water for 20 min. We combined the two filtrates and concentrated by a rotary evaporator and frozen at
-80°C for at least 12 h. After lyophilization, 8.98 g of lyophilized powder was obtained.

Animals and Treatments

SPF male C57BL/6 mice (12-14 weeks, 18-22 g), were purchased from Animal Multiplication Center of Qinglong
Mountain, Nanjing, China) and housed in a temperature and relative humidity-controlled room (214+2°C, 60+10%) with
a 12-h light/dark cycle (lights on at 07:00 a.m.). Mice were randomly divided into 6 groups with 10 mice each after one
week of acclimation. Drug treatment groups were orally administered DZP (2 mg/kg/day, dissolved in 0.5% CMC-Na)
and RC (146, 292 and 584 mg/kg/day, dissolved in 0.5% CMC-Na) for 6 days. On the 5th day, 1 h after administration,
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all mice except the control group were intraperitoneally exposed to LPS (0.83 mg/kg, i.p., dissolved in sterile saline),
which induces anxiety.®® All drugs were administered at 0.1 mL/10 g body weight. The RC dose was calculated
according to the dosage stipulated in the Chinese Pharmacopoeia 2020°* and the dosage conversion relationship between
mice and humans. Animal welfare and experimental procedures were strictly performed in accordance with the Guide for
the Care and Use of Laboratory Animals (US National Research Council, 1996). The Animal Care and Use Committee of
Nanjing University of Chinese Medicine approved the protocol and the total number of mice used in this study.

Behavioral Tests

Behavioral tests were performed in a dimly lit, quiet, and isolated room by an experimenter blinded to the identity of the
mice. For each behavioral test, mice were placed in the test preparation chamber 1 h in advance. Behavioral apparatuses
were cleaned with 75% v/v ethanol solution and dried with absorbent cotton after each trial. The open field (OF) test,
light-dark box (LDB) test, and elevated plus maze (EPM) test were measured at 4, 7, and 24 hours after drug
administration in saline or LPS, respectively. This time-window was carefully chosen to enable behaviors to be assessed
at the peak of LPS-induced sickness and proinflammatory cytokine release.>

OF Test

OF test is widely carried out as a screening experiment for anxiety-related behavior.”® The OF device (40 x 40 x 30 cm)
was evenly divided into 16 squares (10 x 10 cm). The four squares in the center were considered the central area, while
the remaining 12 squares were considered the periphery.®’ A video camera was placed above the center. Each mouse was
placed in the central area and allowed to explore for 5 min. The total distance traveled in the OF, frequency of entry into
the central area, distance traveled and time spent in the central area were recorded using the Video Analysis System for
Animal Behavior (JL, Shanghai, PRC). Subsequently, the percentage of distance, and the time spent in the central area
were statistically analyzed.

LDB Test

The LDB test was carried out following previous protocols.’®> The testing apparatus consists of two different boxes:
a light box (27 x 27 x 27 cm; white walls and bright) and a dark box (27 x 18 x 27 c¢m; black walls and dark). Between
the two compartments, there was an opening (6 X 6 cm). A video camera was located above the apparatus. Each mouse
was placed in the light box facing the opening and allowed to explore the arena for 5 min. The number of light—dark box
transitions and the time spent in the light box were recorded. Subsequently, the percentage of time spent in the light box
was statistically analyzed.

EPM Test

The EPM, one of the most popular behavioral assays, is ground on rodents’ innate fear of open, elevated areas.®® When
faced with a choice, mice showed a preference for staying in the safe environment (closed arms) over the dangerous one
(open arms).®' Following a previously published protocol,®* the EPM consists of four arms extending from a central
platform (5 x 5 cm), including two open arms (30 x 5 cm) and two closed arms (30 x 5 x 15.25 cm high walls), and the
whole apparatus was elevated 40 cm above the floor. A video device was placed above the central platform. Each mouse
was placed in the central region, facing an open arm, and allowed to explore freely for 5 min. The numbers of entries into
and the time spent in open and closed arms were counted® by the Video Analysis System for Animal Behavior (JL,
Shanghai, PRC). Subsequently, the percentage of entry into open arms and the percentage of time spent in open arms
were calculated. Mice that fell out of the EPM were not statistically analyzed.

RIA

After behavioral experiments, mice from the control, model, and RC (292 mg/kg) groups (n = 6) were anesthetized with
pentobarbital sodium (50 mg/kg, 0.05 mL/10 g, i.p.). Blood samples were centrifuged (3500 rpm, 10 min, 4°C) to obtain
the serum. Then, the animals were euthanized by cervical dislocation, and their brain was taken out, the hippocampus,
mPFC, and amygdala were immediately separated on ice. Proinflammatory cytokine (IL-1f and TNF-a), anti-
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inflammatory cytokine (IL-10 and IL-4), and neurotransmitter (5-HT and DA) RIA assays were performed according to
the manufacturers’ instructions. All analyses were performed twice.

Immunohistochemistry

Four mice from the control, model, and RC (292 mg/kg) groups were anesthetized with pentobarbital sodium (50 mg/kg,
0.05 mL/10 g, i.p.) and underwent transcardiac perfusion with 50 mL saline and then 50 mL 4% paraformaldehyde. The
brain samples were taken out rapidly and embedded in paraffin blocks using a paraffin embedding station (Leica
Biosystems Nussloch GmbH, Leica EG1150H, Germany), followed by sectioned (5 pm) using a rotary microtome
(Leica Biosystems Nussloch GmbH, Leica RM2245, Germany). First, the slices were placed in an oven at 60°C for 20—
30 min. After dewaxing and hydration with two times xylene (10 min), two times absolute ethanol (5 min), 95% ethanol
(10 min), 80% ethanol (10 min), and two times distilled water (1 min), the slices were treated with 3% H,O, solution (10
min). Then, antigen retrieval was obtained from a water bath (>95°C, 30 min) in citrate buffer (0.01 M, pH 6.0) followed
by blocking in 5% BSA (20 min). Primary antibodies, including NeuN and Syn I, were used to incubate the sections at
4°C overnight. Sections were incubated with secondary antibodies for 4 h at room temperature. Afterward, the tissue was
incubated with substrate chromogenic solution (10 min) (BOSTER, AR1022) and stained with hematoxylin (5 min).
After being differentiated with 1% hydrochloric acid alcohol (20 s), the sections were successively subjected to 80%
ethanol (10 s), 95% ethanol (10 s), two times anhydrous ethanol (10 min), and two times xylene (10 min) and then sealed
with neutral gum. Image-Pro® Plus (6.0.0.260) was employed to calculate the mean integral optical density (IOD) of
CAl, CA3, and dentate gyrus (DQG) of each slice.

Statistical Analysis
All data were statistically analyzed using SPSS 17.0 software. Data distribution was assessed using the Shapiro—Wilk test
and Q-Q plots (Supplementary Figure 1). Comparisons between groups were performed with one-way ANOVA with

Tukey’s or Dunnett’s post hoc multiple comparison tests. Data are expressed as the mean+SD. Differences were
considered to be significant when p<0.05 or p<0.01.

Results

Network Pharmacology Assay
Active Ingredients and Targets of C. chinensis Franch. On SMls
When a single herb contains a considerable number of compounds, virtual screening approaches are helpful to distinguish
active ingredients. Consequently, 14 ingredients with potent pharmacological activities were selected (Supplementary
Table 1), such as berberine (MOLO1, OB%=36.86%, and DL = 0.78), epiberberine (MOL04, OB%=43.09%, and DL =
0.78), palmatine (MOL10, OB% = 64.60%, and DL = 0.65), and coptisine (MOL12, OB%=30.67%, and DL = 0.86).
Meanwhile, these alkaloids account for large amounts in C. chinensis Franch.

In order to obtain the matching targets of the active compounds of C. chinensis Franch. for its therapeutic benefit,
a robust in silico approach combined with the chemometric method and information integration was implemented.
Several predictive models, including STITCH, Swiss Target Prediction, and the PharmMapper server, were employed to
predict 216 targets that interacted with the aforementioned 14 active ingredients. In addition, the TTD, DisGeNET, and
OMIM databases were also employed to predict 988 targets related to SMIs. Finally, 43 targets were kept as the key
targets for C. chinensis Franch. and SMIs (Supplementary Table 2).

Compound-Target Network and GO Enrichment Analysis of Predicted Targets of C. chinensis Franch

A bipartite graph of the C-T network was constructed to visualize and analyze the relationships between active
ingredients and the corresponding targets (Figure 1A). This Figure consisted of 64 nodes connected by 251 edges.
Compounds with high interconnection degrees, such as (R)-canadine (degree = 25), palmatine (degree = 20), berberine
(degree = 20), coptisine (degree = 19), epiberberine (degree = 19), and berberrubine (degree = 19), were responsible for
the high interconnection of the C-T network.
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The 43 targets associated with C. chinensis Franch. and SMIs were submitted to DAVID bioinformatics resources for
GO enrichment. The BP, MF, and CC enrichment results were visualized with GraphPad Prism 8.3.0 software. The terms
of the top 15 significantly enriched in BP, MF, and CC with p<0.05 were listed (Figure 1B—D). Strikingly, the selected
targets were associated with signal transduction, positive regulation of the ERK1 and ERK?2 cascades, chemical synaptic
transmission, intracellular signal transduction, and cell proliferation in BP, which were closely associated with the
pathogenesis of SMIs.

KEGG Enrichment and Target-Pathway Network Analysis of Predicted Targets of

C. chinensis Franch
A total of 32 KEGG pathways with p<0.05 were obtained (Supplementary Table 3). Afterward, a bipartite T-P network
was built (Figure 2A). The pathways are mainly involved in signaling transduction (eg, cAMP signaling pathway, MAPK

signaling pathway, and calcium signaling pathway), neurological system (eg, neuroactive ligand—receptor interaction,
serotonergic synapse, and dopaminergic synapse), and endocrine system (eg, thyroid hormone signaling pathway).
Among these KEGG pathways (Supplementary Table 3), those closely related to SMIs were selected as the significant

pathways for further analysis. As shown in the compressed pathway (Figure 2B), C. chinensis Franch. modulates
neurotransmitters and/or their receptors and the pivotal nodes of the following pathways, which contribute to regulating
the process of neuron proliferation/differentiation, neuroinflammation, cell survival/metabolism, synaptic plasticity, and

axonal outgrowth.

Cl Analysis to Decipher the Role of Active Ingredients of C. chinensis Franch

The CI of each active ingredient was proposed based on network efficacy weighted by the literature. The calculated
results (Figure 3) showed that ten compounds, magnograndiolide (MOLOS8, CI = 11.48%), (R)-canadine (MOLO5, CI =
10.01%), coptisine (MOL12, CI = 8.92%), palmatine (MOL10, CI = 8.43%), berberine (MOLOI, CI = 8.12%),
epiberberine (MOL04, CI = 7.81%), and berberrubine (MOLO03, CI = 7.08%), primarily contributed to the therapeutic
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Figure 3 The Cl and accumulative Cl of active ingredients in C. chinensis Franch. The accumulative Cl greater than 85% is marked bright green.

effects of C. chinensis Franch. reaching the sum of Cls of 85.65%. Therefore, in view of the results mentioned above,
these active ingredients were considered impactful in C. chinensis Franch. in the treatment of SMIs.

Molecular Docking and MD Simulation of C. chinensis Franch. Active Compounds Binding to Hub Target
The current study predicts that HTR2A is a common target for the four active components of C. chinensis Franch.
(berberine, epiberberine, palmatine and coptisine), and the serotonergic synapse that HTR2A participates in is an
important pathway involved in SMIs. Therefore, molecular docking was performed between these four active ingredients
and HTR2A. Analysis of the binding pattern of each complex revealed that each ligand was embedded in the active
pocket of HTR2A and interacted with multiple residues through van der Waals, carbon-hydrogen bond, pi-sigma, pi-
alkyl, etc. These interactions make the structure tend to be stable (Figure 4A-D).
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Then, MD simulation studies were employed to investigate the molecular stability of the complexes and
dynamic trajectories of interactions. Root mean square deviation (RMSD) is a commonly used quantitative
measure of the similarity between two superimposed atomic coordinates.®* The RMSD value of the berberine-
HTR2A complex showed a general trend of slowly decreasing before 60 nm and then slowly increasing after 60
nm, without a large fluctuation. In the whole simulation process, the RMSD profile of the epiberberine-HTR2A
complex is mainly stable at 0.2 nm. The RMSD value of palmatine-HTR2A fluctuated around 0.3 nm in general,
but the structure moderately increased to 0.5 nm at 70 ns and stabilized between 0.2 and 0.3 nm after 80 ns. The
coptisine-HTR2A complex, however, had a relatively high RMSD value compared to the other complexes and
showed a slow increase up to 80 ns, after which it stabilized between 0.3 and 0.4 nm (Figure 4E). These results
indicated that the four complexes promote conformational stability and are probably due to favorable interactions
at the binding site of HTR2A.

For flexible molecules, the function of proteins depends largely on the conformation changes of different
molecules.®® To better understand the structural changes and conformational flexibility of proteins in complexes,
root mean square fluctuation (RMSF) was performed to explore fluctuations of each residue in the simulation
procedure. The RMSF profiles of the four protein-ligand complexes were similar, mostly within the range of 0.05 to
0.2 nm. Compared to other compounds, the epiberberine-binding site of HTR2A exhibits fewer conformation
fluctuations (Figure 4F).

Finally, MM-PB(GB)SA method was used to calculate the binding free energy, and the key amino acid residues in the
protein—ligand interaction were determined according to the contribution of amino acid residues to the binding free
energy. The binding free energy of berberine, epiberberine, palmatine, and coptisine with HTR2A were -39.5, -32.7,
-42.5, and -29.7 kecal/mol, respectively. Amino acid residues, including Vall56, Leu228, Phe339, and Val366 contributed
significantly (Supplemental Figure 2). These amino acid residues are hydrophobic and form pi-alkyl interactions with

four compounds (Figure 4A-D).
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Animal Experiments
Effect of RC Extract on the Behaviors of LPS-Induced Anxiety Mice
As mentioned in the previous article, anxiety is a more common disease and highly related to other SMIs. Subsequently,
anti-anxiety studies of water extract of RC (the roots of C. chinensis Franch.) were carried out. Acute treatment with LPS
is frequently used in animal models to investigate the biochemical mechanisms of anxiety-like behaviors.°®”’® Details on
the experimental processing and behavior analysis are shown in Figure SA. The OF test was performed to detect the
locomotor activity of mice. RC extract treatment significantly increased the total distance traveled during the 5-minute
session (Figure 5B and C). Movement trending towards the center area was observed. In comparison to the control, the
total distance traveled in the OF, the number of entering central field, the percentage of traveling distance traveled, and
the percentage of time spent in the central field in the model group were reduced by 73.22%, 90.63%, 83.30%, and
93.07%, respectively, while those in the RC extract intervention group were significantly improved (Figure SD-F).

LPS-treated mice had significantly different behaviors in the LDB test compared with the mice in the control and
DZP or RC extract group. The number of light—dark transitions was increased by at least 2.7 times in the RC extract-
treated groups in comparison to the LPS-treated group (Figure 6A). The residence time in the light box of the RC group
was at least 35.74% higher than that of mice in the LPS-treated group (Figure 6B).

In the EPM test, RC extract treatment significantly improved the activity of mice in the open arms (Figure 6C). The
results demonstrated that the percentage of entering the open arms and the time spent in the open arms of the model mice
were reduced by 65.39% and 72.66% in comparison to the control, respectively. Mice treated with RC extract, especially

292 mg/kg RC extract, significantly enhanced the percentage of entering and the time spent in open arms (Figure 6D
and E).

Effects of RC Extract on Neurotransmitter and Cytokine Levels in LPS-Induced Anxiety Mice

Results of neurotransmitter concentration assay showed that the 5-HT and DA concentrations were significantly
aggrandized in the serum, hippocampus, mPFC, and amygdala after LPS administration (Figure 7A and B). After the
administration of LPS, the concentrations of IL-1B and TNF-a were significantly higher than mice in the normal controls
(Figure 7C and D). Analysis of IL-10 and IL-4 levels revealed a significant reduction in the LPS-treated group compared
with the control mice (Figure 7E and F). However, RC extract (292 mg/kg) treatment resulted in a decrease in 5-HT and
DA in these three regions and serum (Figure 7A and B). In addition, the levels of pro-inflammatory factors and anti-
inflammatory factors were restored in animals treated with RC extract (292 mg/kg) (Figure 7C—F).
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Figure 5 OF test results showing the effect of RC extract on the behaviors of LPS-induced anxiety mice. (A) Schematic diagram of the experimental process; (B)
Representative movement traces (black lines) for control, model, DZP, and RC group mice in OF. Red rectangle marks the central field (25% of total area); (C) Total distance
covered by mice; (D) Frequency of entering the central field; (E) Distance traveled in the central field; (F) Percentage of time mice spent in the central field. Data are from
n=10 mice per group. MeanzSD plotted (Control vs Model, *$<0.01; Model vs DZP or RC, #$<0.01).
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Figure 6 LDB and EPM test results show the effect of RC extract on the behaviors of LPS-induced anxiety mice. (A) Frequency of light and dark chamber shuttling; (B)
Percentage of time mice spent in the light chamber; (C) Representative movement traces (black lines) for control, model, DZP, and RC group mice in EPM. Closed arms of
the maze are indicated by red brackets; (D) Percentage of times the mice entered the open arms; (E) Percentage of time mice spent in open arms. Data are from n=10 mice
per group. MeanSD plotted (Control vs Model, *p<0.01; Model vs DZP or RC, #5<0.05, *p<0.01).

Effect of RC Extract on Neuronal Loss and Synaptic Alterations in LPS-Induced Anxiety Mice

NeuN, the marker of mature neurons, modulates synaptic plasticity; neurons play important roles in anxiety.”' In the
model group, NeuN-positive neurons in three regions were reduced, whereas, after RC extract (292 mg/kg) treatment,
NeuN-positive cells increased in these three regions (Figure 8A).
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Figure 7 Effect of RC extract on neurotransmitter and cytokine levels in LPS-induced anxiety mice. Levels of (A) 5-HT, (B) DA, (C) IL-1B, (D) TNF-a, (E) IL-10, and (F) IL-4
in the serum, hippocampus, mPFC, and amygdala of control, model, and RC group mice. Data are from n=6 mice per group. Mean£SD plotted (Control vs Model, "p<0.01;
Model vs RC, *p<0.05, *¥p<0.01).

Emotion is modulated by synaptic plasticity, reflecting synaptic function. NeuN has a significant influence on
neurodevelopment and synaptic plasticity in the hippocampus, which is implicated in the regulation of emotion.”* To
further determine whether the synaptic function was affected by decreased NeuN expression in LPS-induced anxiety
mice, the level of Synl, a phosphate protein that can regulate the release of neurotransmitters, was measured. It was found
that the level of Synl was significantly reduced in the CA1, CA3, and DG of model group mice (Figure 8B). RC extract
(292 mg/kg) administration increased Synl levels in these three regions of the hippocampus (Figure 8B).

Discussion

Since C. chinensis Franch. clears away the heart fire, eliminates the dampness, nourishes the heart to tranquilize,
quenches the fire, and counteracts the poison, it has long been used to treat palpitations, vexation, insomnia, and loss
of consciousness.”> Clinically, TCM formulas with C. chinensis Franch. as the main medicine, such as Huanglian-
Wendan decoction’* and Huanglian-Ejiao decoction,”® were effective in treating anxiety. Huanglian-Ejiao decoction can
also improve the depression of patients.’® Currently, berberine has proven to be a useful drug for treating or alleviating
mental illness, given that it has similar anti-anxiety effects on anxiety-related behavioral and biochemical indicators.””
Besides, berberine can improve the motor impairment and cognitive impairment caused by MK-801, indicating that
timely administration of berberine may be a potential method for the settlement of schizophrenia.”® Thus, the present
study preliminarily explored the mechanism of C. chinensis Franch. in the treatment of SMIs.

DA receptors of dopaminergic synapses and 5-HT receptors of serotonergic synapses are predicted targets and
biological pathways for the efficacy of C. chinensis Franch. Recent network pharmacology studies on TCM treatment
of SMIs”** also found that the obtained targets were enriched in dopaminergic synapses and serotonergic synapses.
These predicted results support each other, revealing the involvement of these pathways in the treatment of SMIs, and
reflecting the commonality of the pathogenesis among SMIs. Abnormal levels of DA and 5-HT are among the many
causes of anxiety, depression, and other psychiatric diseases.®'®* In the in vivo study, the levels of DA and 5-HT in the
serum, hippocampus, mPFC, and amygdala of mice in the anxious state were higher than those of the control mice. These
results are in agreement with several studies on different anxiety models, which confirmed elevated 5-HT and DA levels
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Figure 8 Effect of RC extract on NeuN and Synl levels in LPS-induced anxiety mice. Representative immunohistochemistry of (A) NeuN and (B) Synl levels in the CAl,
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in brain tissues in 1-(3-chlorophenyl) piperazine monohydrochloride,* EPM,** and uncertain empty bottle stimulation®*-
induced anxious rodents. In addition, in vivo data demonstrated that this abnormal increase in 5-HT and DA levels was
restored after treatment with RC extract, validating the predicted important role of dopaminergic synapses and seroto-
nergic synapses in C. chinensis Franch. therapy for SMIs here. Berberine and its derivatives have been proved to exhibit
anti-anxiety effects and reduced the contents of DA and 5-HT in brain to varying degrees.* In fact, the C-T network
diagram shows multiple components of C. chinensis Franch. interacting with relevant targets of dopaminergic synapses
and serotonergic synapses. Hence, the neurotransmitter modulating effect of C. chinensis Franch. is a manifestation of
multi-component synergy.

Neuronal survival and synaptic function are involved in the pathological process of SMIs. In people with psychiatric
diseases, there are fewer neurons in the hippocampus.®’ In addition, damage to hippocampal neurons is a key part of the
plasticity regulation of synapses.®® At the molecular level, altered synaptic plasticity is a typical feature of the pathology
of SMIs.*?° In an anxious depression rat model established by chronic binding stress combined with corticosterone, the
average fluorescence intensity of Syn I was significantly reduced.”’ In addition, the protein expression and mRNA
expression of Syn I were reduced in anxiety rats induced by nonylphenol.”” Likewise, systematic analysis of the
networks established in present studies indicated that SMI-related targets ultimately affect neuroprotection and synaptic
plasticity. The predictions were confirmed by subsequent immunohistochemical experiments, which showed that the
number of hippocampal neurons and the expression of synaptic plasticity protein were evidently decreased in anxious
mice. These findings are consistent with the existing studies mentioned above. After treatment with RC extract, the loss
of neurons and the plasticity of synapses were significantly improved.
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According to the results of the current network pharmacology study, the targets of C. chinensis Franch. treatment for
SMIs are enriched in neuroinflammation, which has been proved to be closely related to SMIs in previous studies.”®?
Elevated levels of TNF-o and IL-1 have been reported after injection of LPS, along with an increased state of anxiety.”®
Similarly, in present animal experiments, the levels of pro-inflammatory factors (IL-1p, TNF-a) were increased, and the
levels of anti-inflammatory factors (IL-4, IL-10) were decreased in brain tissue and serum in anxious mice. These events
were reversed after RC extract intervention. Previously, berberine has been found to exert its anti-inflammatory effect by
inhibition of the NF-kB signaling pathway.”” Coptisine effectively inhibits the production of pro-inflammatory mediators
both in vitro and in vivo by a mechanism different from berberine.”® In addition, other alkaloid components in
C. chinensis Franch., such as palmatine and jatrorrhizine, have also been shown to have anti-inflammatory
effects.””'% These data further support the anti-inflammatory effects of RC extracts observed in this study, which
may be achieved through the synergistic action of multiple active ingredients.

HTR2A is one of the important serotonin receptors, which affects various physiological activities by regulating the
release and delivery of neurotransmitters, and is the main target associated with psychiatric disorders.'®"'°* In the current
study, HTR2A was predicted to be a key target for C. chinensis Franch. treatment of SMIs. This result is in agreement
with the study of Jia et al, who predicted that HTR2A is an important protein target of Roman chamomile for the
treatment of anxiety disorders, and its expression was significantly increased in the hippocampus of anxious rats.'®® The
present molecular docking showed that berberine, epiberberine, palmatine, and coptisine had good affinity with HTR2A.
From the date, the binding free energies of the four compounds with HTR2A were different, despite their very similar
structures. Berberine and palmatine have methyl groups at R9 and R10, whereas coptisine and epiberberine have
a dimethoxy group between the same site, respectively; epiberberine and palmatine have methyl groups at R2 and R3,
whereas coptisine and berberine have a dimethoxy group between the same sites, respectively. Comparison of the
structural characteristics of the four ingredients suggests that the number and location of methyl groups may affect the
binding ability with HTR2A. The MM-PB(GB)SA calculations performed within the gmx mmpbsa community revealed
that Vall156, Leu228, Phe339, and Val366 contributed significantly to the binding free energy in the four complexes. Of
note, these hydrophobic amino acid residues formed pi-alkyl interactions with the benzene and pyridine ring of berberine,
epiberberine, palmatine, and coptisine. The findings could be exploited further in designing future ligands from natural
sources.

This study revealed the possible targets and pathways of C. chinensis Franch. in the treatment of SMIs, and verified
its anti-anxiety efficacy and mechanism in animal experiments. However, protein-ligand binding analysis is needed to
carry out to verify the molecular docking results and further determine the thermodynamic and kinetic parameters of the
bindings. In addition, molecular biological studies on receptor signal transduction and gene transcription pathways were
not considered, which requires further research. Taking these findings into consideration provides a basis for further
development of new anti-SMIs drugs using C. chinensis Franch. as the base substance.

Conclusion

Combined with network pharmacology analysis, molecular docking analysis, MD simulation, and in vivo experimental
validation, this study found that C. chinensis Franch. exerts anti-SMIs effects through its multiple active compounds
acting on key target. This method adapts to the urgent need for a systematic research method of TCM, and can reveal the
mystery of the synergistic effect of TCM on disease treatment. The results showed that berberine-HTR2A, epiberberine-
HTR2A, palmatine-HTR2A, and coptisine-HTR2A might exert important roles. More importantly, these four compounds
may be used as lead compounds for further structural modification and development. These findings will further reveal
the molecular biological mechanism of C. chinensis Franch. treatment for SMlIs. With the recognition of TCM in the
world, it is a positive strategy to fill the current research gaps to organically combine TCM’s understanding of the
etiology and pathogenesis of emotional diseases with modern psychiatry theories.
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