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Background: Depression, a prevalent psychiatric disorder with limited effective treatments, can be addressed by repurposing existing
small molecules via bioinformatics as a promising approach, though previous studies using tools like CMAP and GEO have
successfully identified candidate drugs for neuropsychiatric disorders, few have combined in silico predictions with in vivo validation
for it.

Objective: The aim of this study was to employ bioinformatics and in vivo experimental validation to mine potential antidepressant
small molecule compounds.

Methods: This study utilized data from the GEO database, employing bioinformatics analysis methods to analyze the dataset. The
CMAP platform was used to deeply explore potential antidepressant small-molecule compounds. In vivo experiments validated the
antidepressant effects of the small-molecule compounds on a chronic restraint stress mouse model.

Results: This study identified 311 differentially expressed genes (DEGs) from GSE182193—associated with the PI3K-Akt, MAPK,
and neurotrophic factor signaling pathways, with key genes identified via Weighted Gene Co-expression Network Analysis (WGCNA)
and immune correlation analysis—and screened 5 candidate compounds via CMAP, among which pyrimethamine, pifithrin-mu, and
mibefradil significantly improved depressive behaviors in chronic restraint stress (CRS) model mice by regulating key protein
expression in the PI3K-Akt and neurotrophic factor signaling pathways, as shown by a 33.44%-60.32% increase in movement
distance in the open field test (P < 0.01 to P < 0.001) and a 20.25%—30.19% decrease in immobility time in the forced swim test (P <
0.01 to P < 0.001).

Conclusion: This study shows that pyrimethamine, pifithrin-mu, and mibefradil can regulate key proteins in the PI3K-Akt and
neurotrophic factor pathways, improving depressive behaviors in mice and indicating their potential in alleviating depression;
additionally, bioinformatics-driven repurposing of existing drugs for antidepressant discovery is more efficient than de novo devel-
opment, and this study provides an exploratory demonstration of this.

Keywords: depression, bioinformatics, pyrimethamine, pifithrin-mu, mibefradil

Introduction
Depression is a common mental disorder that can often manifest as a depressed mood, impaired cognitive functioning,
and loss of enjoyment. Its physical manifestations often include symptoms such as fatigue and sleep disturbance.' In the
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worst cases, depression can lead to suicide,** which has tragically claimed more than 700,000 lives.’ Especially in recent
years, owing to the COVID-19 outbreak, reasons such as company bankruptcy and collapse, worker unemployment, and
home isolation have led to a breakdown of psychological defenses, which has resulted in a dramatic increase in the
incidence of depression.® A study published in The Lancet entitled “Global prevalence and burden of depressive and
anxiety disorders in 204 countries and territories in 2020 due to the COVID-19 pandemic” reported that the number of
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people with depression increased by 27.6% globally following the COVID-19 pandemic.” This means that the pandemic
has increased the number of depressed people worldwide by a quarter. As a result, depression has now become a serious
mental disorder worldwide and has attracted much attention from scientists.

In research on the pathogenesis of depression,® although several hypotheses have been proposed—including the
monoamine neurotransmitter hypothesis,” oxidative stress dysfunction,'® cytokine abnormalities,'' neurotrophic

deficiency,'*'* HPA axis abnormalities, and the ‘gut-brain axis’'*'>

—their molecular links remain poorly defined.
Notably, HPA axis hyperactivity is known to suppress neurotrophic factor expression,'® while gut-brain axis dysfunction
may impair PI3K-Akt signaling via inflammatory cytokines,'> both of which overlap with the pathways targeted in this
study. Thus, exploring small molecules that regulate these intersecting pathways (PI3K-Akt, MAPK, neurotrophins)
could bridge these fragmented hypotheses. The onset of depression is closely related to the physiological, psychological,
and social environment,'” but further research is needed. Currently, many types of antidepressants are available, such as
monoamine oxidase inhibitors, tricyclic antidepressants, 5-hydroxytryptamine reuptake inhibitors, and 5-hydroxytrypta-
mine and norepinephrine reuptake inhibitors. However, many antidepressants are ineffective and are even associated with
serious adverse effects.'® According to the literature, current antidepressants provide relief in only 30%-40% of
patients.'*2° More effective drugs with few side effects are needed to treat depression, but developing new drugs is time-
consuming and costly. Repurposing old drugs plays an important role in the treatment of many diseases. For example,
arsenic trioxide was used in ancient China to treat maladies such as hemorrhoids; current research has shown that it can
be used to treat acute promyelocytic leukemia.?’ Thalidomide was originally used to treat pregnancy vomiting in
pregnant women, but recent studies have shown that its inhibitory effect on the inflammatory response can be applied
in many diseases.”> In view of the abovementioned examples, the “new use of old drugs” provides new ideas and
directions for the development of medicine.”>** Among such repurposable drugs, pyrimethamine, pifithrin-mu, and
mibefradil were selected for in vivo validation based on three criteria: (1) their predicted ability to reverse depression-
related gene signatures (via CMAP, raw connectivity score < —0.6);*>*® (2) limited prior association with depression,
unlike scopolamine (already in Phase II trials’’) and estradiol (gender-dependent effects®®); and (3) reported roles in
inflammation or neuroprotection—pyrimethamine modulates T cell activity,”® pifithrin-mu inhibits microglial
activation,® and mibefradil regulates calcium signaling,®' all of which intersect with depression-related pathways.

Bioinformatics is the study of all aspects of acquisition, processing, storage, dissemination, analysis, and interpreta-
tion of biological information via computers as tools.>> The main research areas of bioinformatics are genomics,
proteomics, and systems biology.*®> Currently, bioinformatics techniques have been applied in many fields, such as
gene identification analysis, genetic coding, and drug design.>*® In recent years, studies have been conducted to identify
new therapeutic drugs for diseases via bioinformatics, which has contributed greatly to research into related diseases.”” ~’
However, current strategies for repurposing antidepressant drugs often exhibit limited conversion efficiency, primarily
due to the reliance on single-database screening approaches or the absence of in vivo validation. Numerous candidate
compounds identified through bioinformatics analyses remain unverified in animal models, underscoring the urgent need
to establish a systematic framework encompassing “screening — prediction — validation”. To address this gap, the present
study investigates key targets and signaling pathways associated with depression using bioinformatics tools, aiming to
identify potential therapeutic agents. Furthermore, the study integrates molecular docking techniques with animal
experiments to validate the efficacy of these candidates, with the objective of offering novel insights into depression
research and treatment. By combining multi-omics data (GEO, CMAP) with WGCNA and immune-related pathway
analysis, complemented by rigorous in vivo experiments, this study addresses a critical research gap. This approach not
only enhances the credibility of candidate compounds but also establishes a reproducible model for antidepressant drug
discovery.

Materials and Methods

Data Resources
The GEO database was created in 2000 and is a gene expression database (https:/www.ncbi.nlm.nih.gov/geo/).** We
obtained gene expression profile data (GSE182193) from the GEO database.*’ GSE182193 contains 12 samples of
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peripheral venous blood samples from six depressed patients and six healthy volunteers derived from the GPL22120
platform of the GEO database.

PCA and OPLS-DA

PCA, a common multivariate statistical method, converts many related variables into uncorrelated ones via linear
transformation to simplify sample analysis.**> OPLS-DA, a supervised discriminant method, uses partial least squares
regression to predict sample categories.* Based on differential gene expression matrices, we performed both for
dimensionality reduction and identifying group differences.**

Screening of DEGs

GEO2R is an online analytics platform for the GEO database and is based on the Bioconductor project GEOquery and
limma package for differential analysis of GEO high-throughput data. We performed the analysis via the GEO2R
platform. After the analysis was completed, the gene symbols of the DEGs were obtained by removing replicates and
setting the P value <0.05, [log,FC[>1.

Protein—Protein Interaction (PPI) and Pathway Enrichment Analysis
STRING 11.5 (medium confidence, hidden disconnected nodes) processed DEGs to get PPI networks.*> Nodes were
uploaded to Metascape for KEGG/GO enrichment (P < 0.05), with PPI and protein-pathway networks built via

Cytoscape 3.9.0.%¢47

WGCNA

The GEO data were processed using the R package. The median absolute deviation (MAD) was calculated, and data with
MAD values greater than 50% were selected for further analysis. A soft threshold of 5 was applied to construct the co-
expression modules. The main clusters associated with the PPI network modules were subsequently visualized and
analyzed using Cytoscape.*®

Immune Correlation Analysis

The relative proportions of various immune cell types were estimated using the CIBERSORT algorithm. Key genes
enriched through KEGG pathway analysis were selected, and the correlations between their expression levels and the
proportions of immune cell infiltration were evaluated using the R package.*’

|dentification of Candidate Small Molecule Compounds
The DEGs obtained from the PPI network were uploaded to the second-generation CMAP platform (https://clue.io/).
Prediction parameters were set to identify potential compounds. Candidate small molecules with potential antidepressant

effects were selected based on prediction results and literature review.*>>°

Molecular Docking
Molecular interactions were validated using AutoDock Vina. The small molecules identified by CMAP were used as
ligands (with structures obtained from PubChem), while the key protein targets derived from KEGG pathway analysis

were used as receptors (with structures obtained from UniProt).>*>?

Calculation of Drug Similarity

RDKit is an open-source toolkit for cheminformatics based on 2D and 3D molecular manipulation of compounds via
machine learning methods for compound descriptor generation, fingerprint generation, compound structure similarity
calculation, and 2D and 3D molecular display.” It is based on the Python language for fetching and use. We obtained
several classes of current antidepressants through the PubChem platform, including monoamine oxidase inhibitors
(iproniazid and phenelazine), tricyclic antidepressants (imipramine and amitriptyline), 5-hydroxytryptamine reuptake
inhibitors (fluoxetine and sertraline), 5-hydroxytryptamine and norepinephrine reuptake inhibitors (venlafaxine and
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duloxetine), and noradrenergic and selective serotonergic antidepressants (mirtazapine). Furthermore, we used the RDKit
package in Python to calculate the similarity between potential compounds obtained via CMAP and the abovementioned
representative antidepressants obtained from PubChem and present them in the form of heatmaps.

In vivo Validation

Animals

Male Kunming (KM) mice aged 5--6 weeks (22-28 g) were purchased from SiPeiFu (Beijing) Biotechnology Co., Ltd.
[license number: SCXK (Jing) 2019-0010)]. The mice were housed in standard cages containing wood shavings in
a room with a carefully controlled ambient temperature (22 + 1°C) and artificial lighting from 7:00 to 19:00 pm and were
given standard laboratory chow and distilled water ad libitum. Test sample sizes (n=8 for behavioral tests, n=5 for
biochemical assays) were determined based on power analysis conducted using G*Power 3.1, assuming a medium effect
size (f=0.25), a = 0.05, and a desired power of 0.8. This approach is consistent with established practices in preclinical
depression research,>® where group sizes ranging from 5 to 8 mice are commonly adequate to detect significant
behavioral and molecular alterations.

Drugs and Reagents

Fluoxetine HCI (item number: S27345-5g), Pyrimethamine (Item number: B27266), pifithrin-mu (item number: S88152)
and mibefradil (item number: T23817) were procured from the Shanghai Yuanye Bioengineering Institute, situated in
Shanghai, China. ELISA (enzyme-linked immunosorbent assay) kits for CDK2 (cyclin-dependent kinase 2), GHR
(growth hormone receptor), GH (growth hormone), BDNF (brain-derived neurotrophic factor) and TrkB (tropomyosin
receptor kinase B) were obtained from Wuhan Gene Beauty Biotechnology Co., Ltd. (Wuhan, China).

Stress Model Establishment and Drug Intervention
After one week of acclimation, the mice were randomly (Mice were randomly assigned to 6 groups (n = 8 per group)
using a computer-generated random number table (https://www.random.org)) divided into the following six groups of

eight mice each: (1) the control group, (2) the model group, (3) the fluoxetine group, (4) the pyrimethamine group, (5) the
pifithrin-mu group, and (6) the mibefradil group. The mice in the control and model groups received intragastric
injections of 10% DMSO (dimethyl sulfoxide). Small-molecule drugs were dissolved in 10% DMSO and then adminis-
tered intragastrically (fluoxetine: 3.33 mgkg '/day; pyrimethamine: 4.17 mgkg '/day; pifithrin-mu: 8 mg.kg '/day;
mibefradil: 8.33 mg.kg '/day).>® In addition, all mice except those in the control group were exposed to chronic
restraint stress (CRS) on a daily basis for one week, with simultaneous administration of the drug intervention and
restraint procedures. CRS consists of placing the mice in tubes from 8:30 am to 14:30 pm each day.>® The one week CRS
protocol was selected based on prior research indicating that this duration reliably induces depressive-like behaviors in
mice, such as decreased locomotor activity and increased immobility in behavioral assessments.>® This experimental
model is extensively utilized in preclinical studies to simulate depression induced by chronic stress.

Behavioral Tests

Behavioral tests, including the open field test (OFT), the tail suspension test (TST), and the forced swim test (FST), were
performed after 2 weeks of stress. The behavioral tests were performed every day according to the damage intensity of
the behavioral tests, from weak to strong (7 d: OFT; 8 d: TST; 9 d: FST). The OFT was performed following the

1.60

procedures described by Choleris et al.”” The TST was performed following the procedures described by Andreasen and

Redrobe.®! Finally, the FST was carried out following the procedures described by Porsolt et al.®?

Western Blot Analysis

After the behavioral study, the hippocampus of each mouse was homogenized in RIPA buffer containing PMSF and
phosphatase inhibitors (time), and the supernatant was collected at 10000 RPM at 4°C for 10 min. The protein
concentration was determined via a BCA protein detection kit (Beyotime). After electrophoresis on a 10% gel, the
isolated proteins were transferred to a 0.45 um PVDF membrane, which was blocked with 5% skim milk in TBST at
room temperature for 1 hour and incubated with primary antibodies overnight. The primary antibodies used included
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rabbit polyclonal antibodies against GH1 (25KD; 1:500; Boster, BA14245), rabbit polyclonal antibodies against GHR
(72-130KD; 1:500; Boster, BM5255), rabbit monoclonal antibodies against CDK2 (30-34KD; 1:2000; Boster,
BM3926), rabbit monoclonal antibodies against BDNF (28KD; 1:2000, Boster, BM4113), rabbit monoclonal antibodies
against TrkB/NTRK2 (92/140KD; 1:2000; Boster, M01388-3), and rabbit monoclonal antibodies against GAPDH
(36KD; 1:2000; Boster, BM1623). The samples and molecular marker (10-180KD; Boster, AR1113) were incubated
with a secondary antibody (1:5000, Boster) at room temperature for 2 hours. ECL chemiluminescence reagent (Boster,
AR1196) was added to observe the imprinted protein, and the gray values of the protein bands were analyzed with
ImagelJ software (The original Western blot data is provided in the Supplementary Figure 1).

ELISA Test

After behavioral testing, the mouse hippocampus was collected and mixed with phosphate-buffered saline (pH
7.4). The tissue homogenizer was subsequently used (frequency 60 Hz, rotation rate 1800 times/min, duration
2 min) to homogenize the tissue, and the supernatant was collected at 4°C, 5000 RPM, 10 min, and stored at
—80°C. Mouse hippocampus samples were tested via ELISA according to the kit manufacturer’s instructions. An
enzyme label (EnSpire 2300, PerkinElmer, USA) was used. GH, GHR, CDK2, TrkB and BDNF were detected at
450 nm.

Statistical Analysis

All the data are expressed as the mean + standard deviation of the mean (SD), and one-way ANOVA was performed
via a fully randomized trial design. For multiple comparisons across groups (eg, behavioral tests and Western blot),
Bonferroni correction was applied to adjust p-values, reducing the risk of false positives. Adjusted P < 0.05 was
considered statistically significant. SPSS 22.0 software was used for one-way ANOVA to determine differences
between the means and for Person correlation analysis. P < 0.05 was considered to indicate statistical significance.
The effect size was quantified using Cohen’s d. The criteria for interpreting Cohen’s d are as follows: d = 0.2 indicates
a small effect, d = 0.5 indicates a medium effect, and d > 0.8 indicates a large effect.®®> The data were visualized via
Origin 2022 software.

Results

GEO2R Analysis of Differentially Expressed Genes in Patients with Depression
Through GEO2R analysis and a series of processing steps, we ultimately obtained 311 DEGs, as shown in Figure 1A.
Among these genes, 125 were upregulated, and the remaining 186 were downregulated. We collated the expression data
of the DEGs and performed PCA and OPLS-DA; the results are shown in Figure 1B and C. There were two obvious
groups, which indicates that these differentially expressed genes are well represented.

PPl Network and Enrichment Analysis

PPI networks identified 92 nodes, which were enriched in the PI3K-Akt, MAPK, and neurotrophin signaling pathways
(Figure 2A—C). The results of the enrichment analysis are shown in Figure 2A and B. The results of the KEGG pathway
enrichment analysis revealed several signaling pathways closely related to depression: the PI3K-Akt signaling pathway,**
the MAPK signaling pathway,’” and the neurotrophin signaling pathway.®® GO results revealed an association with
circadian rhythms®” and neurotrophins.®® There were 122 nodes in this network, 30 pathways and 92 proteins, and 382
edges: 235 for protein—protein and 147 for protein-pathway (Figure 2C).

WGCNA Results and Cluster Construction

Using WGCNA, we obtained a total of 20 coexpressed gene modules; the results are shown in Figure 3A and B. Nodes in
the PPI network were distributed mainly in the turquoise and blue modules of the WGCNA results. Therefore, we
constructed these groups, as shown in Figure 3C. This finding suggests, to some extent, that there may be synergistic
effects between different genes in the same module during the development and progression of depression.
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Immune Correlation Analysis

According to the relevant literature, the immune system in depressed patients is abnormal.** The expression of 12 key
genes in the PI3K—Akt signaling pathway, MAPK signaling pathway, and neurotrophin signaling pathway was correlated
with the proportion of immune cells, as shown in Figure 4A and B. The results revealed good correlations among them.
These findings also suggest that these genes affect the immune system of the organism.
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Screening of Potential Drugs

The “raw connectivity score” is an important parameter in the results provided via the CMAP database analysis platform.
A negative value indicates that the expression profile of the drug perturbation is negatively correlated with the expression
profile of the disease perturbation, tentatively suggesting the drug can alleviate or even reverse the disease state. By
searching the literature, five drugs were screened as potential small-molecule compounds for the treatment of depression
in the next step of the analysis, as shown in Table 1.

Molecular Docking

We used the compounds listed in Table 1 (scopolamine, pyrimethamine, pifithrin-mu, estradiol, and mibefradil) as
ligands and fluoxetine as a control. Twelve targets enriched in important pathways (PI3K-Akt signaling pathway, MAPK
signaling pathway, and neurotrophin signaling pathway) were used as receptors (CDK2, IGF1, IL3, IL3RA, ITGAYV,
NGFR NTRK1, NTRK2, SPP1, VIN, ARHGDIA, and SORT1). The results revealed that these compounds exhibited
good binding (Table 2). For molecular docking, a binding energy < —7 kcal/mol is generally considered a ‘strong’

Table | Specific Information on the Five Small-Molecule Compounds in the CMAP
Screening Results

Drug Name Raw Connectivity Score Structure CAS

Scopolamine —0.6280 114-49-8

Pyrimethamine —0.6053 i 58-14-0

Pifithrin-mu —0.6052 . 64,984-31-2

Estradiol —0.6035 . 17,916-67-5

Mibefradil —0.6001 116,644-53-2
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Table 2 Molecular Docking Results

Gene Protein UniProt ID PDB ID Drug Binding
Energy (kcal/mol)
CDK2 Cyclin-dependent kinase 2 P24941| 7RA5 Scopolamine —6.4
Pyrimethamine -8.2
Pifithrin-mu -6.0
Estradiol -8.8
Mibefradil —5.5
Fluoxetine =73
IGFI Insulin-like growth factor | PO5019 6PYH Scopolamine —6.9
Pyrimethamine -6.7
Pifithrin-mu -5.9
Estradiol -8.0
Mibefradil —74
Fluoxetine 7.8
IL3 Interleukin-3 P08700 5UwWcC Scopolamine -5.9
Pyrimethamine —6.4
Pifithrin-mu —49
Estradiol -74
Mibefradil -5.3
Fluoxetine —6.0
IL3RA Interleukin-3 receptor subunit alpha P26951 6NMY Scopolamine -6.7
Pyrimethamine —8.2
Pifithrin-mu —6.9
Estradiol -83
Mibefradil =57
Fluoxetine -5.9
ITGAV Integrin alpha-V P06756 60M2 Scopolamine =72
Pyrimethamine —6.8
Pifithrin-mu -55
Estradiol -8.1
Mibefradil —4.8
Fluoxetine -5.6
NGFR Tumor necrosis factor receptor superfamily member 16 P08138 7CSQ Scopolamine -6.0
Pyrimethamine -5.9
Pifithrin-mu —4.9
Estradiol —6.3
Mibefradil =52
Fluoxetine -5.7
NTRK/ High affinity nerve growth factor receptor P04629 6PME Scopolamine —5.4
Pyrimethamine -8.1
Pifithrin-mu -59
Estradiol -84
Mibefradil -7.5
Fluoxetine -7.0
NTRK2 BDNF/NT-3 growth factors receptor Q16620 5MO9 Scopolamine —6.7
Pyrimethamine -7.0
Pifithrin-mu =5.1
Estradiol -8.8
Mibefradil =55
Fluoxetine -6.2

(Continued)
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Table 2 (Continued).

Gene Protein UniProt ID PDB ID Drug Binding
Energy (kcal/mol)
SPPI Osteopontin P10451 3DSF Scopolamine -59
Pyrimethamine -5.9
Pifithrin-mu —6.1
Estradiol —6.9
Mibefradil -6.4
Fluoxetine —6.0
VTN Vitronectin P04004 605E Scopolamine -5.6
Pyrimethamine —6.8
Pifithrin-mu =52
Estradiol —6.8
Mibefradil -55
Fluoxetine -5.8
ARHGDIA Rho GDP-dissociation inhibitor | P52565 2N80 Scopolamine —6.1
Pyrimethamine —6.4
Pifithrin-mu -53
Estradiol —6.4
Mibefradil —4.8
Fluoxetine -54
SORTI Sortilin Q99523 6X4H Scopolamine —6.2
Pyrimethamine —6.3
Pifithrin-mu -5.6
Estradiol -7.5
Mibefradil —6.2
Fluoxetine -5.8

interaction, indicating stable binding between the compound and target protein. Most of the tested compounds (eg,
estradiol with CDK2: —8.8 kcal/mol, pyrimethamine with IL3RA: —8.2 kcal/mol) met this criterion, suggesting high
affinity. We plotted the binding energy of the molecular docking results as a heatmap (Figure 5A) and visualized the
lowest binding energy results with PyYMOL. Figure 5B shows the results of the molecular docking of estradiol with
CDK2, and Figure 5C shows the results of the molecular docking of estradiol with NTRK2.

Drug Similarity Calculation Results

We calculated the similarity of the drugs via the RDKit package, which is based on the method described previously; the
results are shown in Figure 5D. The predicted antidepressant drugs presented some structural similarity with various
types of current antidepressant representatives, which supports the results obtained from our predictions.

In vivo Validation Assays

Among the five predicted compounds, scopolamine and estradiol were excluded from in vivo testing. Scopolamine has
already advanced to phase II clinical trials for depression,?” and estradiol’s antidepressant effects are highly dependent on
gender,”® which limits its applicability in our male mouse model. Pyrimethamine, pifithrin-mu, and mibefradil were
selected for in vivo validation due to their limited prior association with depression, thereby emphasizing the novelty of
our findings. Following the bioinformatics analysis above, the validation test adopted the CRS model for stress binding,
simulated a depressive environment to induce depression-like behavior in mice and administered small molecule drugs
(pyrimethamine, pifithrin-mu and mibefradil) for intervention (Figure 6A).
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Figure 5 Results of the molecular docking and drug similarity calculations.
Notes: (A) Binding energy heatmap of molecular docking; (B) visualization of the molecular docking of estradiol with CDK?2; (C) visualization of the molecular docking of
estradiol with NTRK2. (D) Heatmap of similarity between predicted potential antidepressants and representative antidepressant drugs.

Behavioral Test Results

The effects of small-molecule drugs on depressive behavior and recovery were assessed through the open field test
(OFT), the forced swim test (FST) and the tail suspension test (TST). The results of the aforementioned tests are
presented in Figure 6B and D. Compared with the control group, the model group exhibited significant changes in
behavioral parameters: immobile time increased by 29.62% (P < 0.05; d = 0.69); struggling time increased markedly in
both TST (72.76%, P < 0.001; d = 1.92) and FST (65.86%, P < 0.001, d = 1.78); conversely, movement distance
decreased by 23.38% (P < 0.05; d = 0.68), center movement distance decreased by 94.21% (P < 0.001; d = 2.31), and
center residence time decreased by 89.16% (P < 0.001; d = 2.15). Following the administration of the small-molecule
drugs, the movement distance (fluoxetine: 24.67%, P < 0.05, d = 0.82; pyrimethamine: 33.44%, P < 0.01, d = 1.05;
pifithrin-mu: 34.62%, P < 0.01, d = 1.08; mibefradil: 60.32%, P < 0.001, d = 1.89), center residence time (fluoxetine:
399.44%, P < 0.05, d = 0.76; pyrimethamine: 381.02%, P < 0.01, d = 0.75; pifithrin-mu: 446.43%, P < 0.01, d = 0.85;
mibefradil: 409.02%, P < 0.001, d = 0.78) and center movement distance (fluoxetine: 594.86%, P < 0.01, d = 1.20;
pyrimethamine: 633.59%, P < 0.01, d = 1.25; pifithrin-mu: 804.52%, P < 0.01, d = 1.50; mibefradil: 843.97%, P <
0.01, d = 1.55) of the mice in each group were found to be significantly greater than those of the Model group.
Conversely, the immobile time (fluoxetine: —17.04%, P < 0.05, d = 0.60; pyrimethamine: —20.25%, P < 0.01, d = 0.70;
pifithrin-mu: —23.24%, P < 0.01, d = 0.80; mibefradil: —=30.19%, P < 0.001, d = 0.95), TST-struggling time (fluoxetine:
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Figure 6 The impact of stress and small-molecule drug intervention on mouse behavior.

Notes: (A) Behavioral tests; (B) OFT (open field test); (C) TST (tail suspension test); (D) FST (forced swim test). The data are shown as the means + SDs (n = 8). *P < 0.05,
##P < 0,01 and ¥*P < 0.001 denote significant differences from the control group. *P < 0.05, P < 0.01 and **P < 0.001 denote significant differences from the Model
group.

—25.00%, P < 0.05, d = 0.70; pyrimethamine: —26.54%, P < 0.05, d = 0.75; pifithrin-mu: —21.03%, P < 0.05, d = 0.65;
mibefradil: —20.21%, P < 0.05, d = 0.60) and FST-struggling time (fluoxetine: —19.60%, P < 0.05, d = 0.60;
pyrimethamine: —15.88%, P < 0.05, d = 0.55; pifithrin-mu: —25.23%, P < 0.01, d = 0.80; mibefradil: —17.16%, P <
0.05, d = 0.58) significantly decreased.

WB Verification Results

In accordance with the aforementioned relationship between small-molecule drugs and pathways, target proteins in the
PI3K—Akt signaling pathway and neurotrophic factor signaling pathway were selected for WB verification (Figure 7A).
The results, as illustrated in Figure 7B and C, demonstrated that the expression levels of GH (P < 0.001, d = 2.10), GHR
(P <0.01, d = 1.65) and CDK2 (P < 0.001, d = 1.95) in the Model group were markedly elevated in comparison with
those in the Control group, whereas the expression levels of TrkB (P < 0.001, d = 2.20) and BDNF (P < 0.001, d = 2.05)
were significantly reduced. Following the administration of a small molecule drug, the expression levels of GH
(fluoxetine: P < 0.01, d = 1.40; pyrimethamine: P < 0.001, d = 1.85; pifithrin-mu: P < 0.001, d = 1.70; mibefradil:
P <0.05, d = 0.75), GHR (fluoxetine: P < 0.01, d = 1.30; pifithrin-mu: P < 0.05, d = 0.65) and CDK2 (fluoxetine: P <
0.001, d = 1.60; pifithrin-mu: P < 0.05, d = 0.70; mibefradil: P < 0.05, d = 0.60) were significantly lower than those in the
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control group. Conversely, the expression levels of TrkB (fluoxetine: P < 0.001, d = 2.15; pyrimethamine: P < 0.001, d =
2.00; pifithrin-mu: P < 0.001, d = 1.90; mibefradil: P < 0.05, d = 0.80) and BDNF (fluoxetine: P < 0.001, d = 1.80;
pyrimethamine: P < 0.01, d = 1.25; mibefradil: P < 0.05, d = 0.70) were significantly elevated.

ELISA Test Results
The ELISA results are presented in Figure 7D. Compared with those in the control group, the expression levels of GH (P
<0.01,d=1.45), GHR (P <0.01,d=1.35) and CDK2 (P < 0.001, d = 1.80) in the model group were markedly elevated,
whereas the expression levels of TrkB (P < 0.05, d = 0.75) and BDNF (P < 0.05, d = 0.70) were significantly reduced.
Following the administration of the small molecule drug, there was a notable reduction in the expression levels of GH
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Figure 8 Pearson correlation analysis (n = 5).

(fluoxetine: P < 0.01, d = 1.20; pyrimethamine: P < 0.01, d = 1.25; pifithrin-mu: P < 0.001, d = 1.50; mibefradil: P <
0.01, d = 1.20), GHR (fluoxetine: P < 0.001, d = 1.60; pyrimethamine: P < 0.01, d = 1.30; pifithrin-mu: P < 0.001, d =
1.55; mibefradil: P < 0.01, d = 1.30), CDK2 (fluoxetine: P < 0.001, d = 1.70; pyrimethamine: P < 0.001, d = 1.65;
pifithrin-mu: P < 0.001, d = 1.75; mibefradil: P < 0.001, d = 1.60), while the expression levels of TrkB (fluoxetine: P <
0.001, d = 1.60; pyrimethamine: P < 0.01, d = 1.30; pifithrin-mu: P < 0.001, d = 1.55; mibefradil: P < 0.001, d = 1.50),
and BDNF (fluoxetine: P < 0.01, d = 1.10; mibefradil: P < 0.01, d = 1.05) markedly increased in comparison with the
levels observed in the Model group.

Correlation Analysis

A Pearson association analysis was conducted to examine the relationships between target proteins in the PI3K—Akt
signaling pathway and the neurotrophin signaling pathway and behavioral traits. As shown in Figure 8§, CDK2, GHR, and
GH were markedly positively correlated with immobility time (P < 0.05; P < 0.05; P < 0.05), TST-struggle time (P <
0.05; P <0.05; P <0.05), and FST-struggle time (P < 0.05; P < 0.05; P < 0.05) and negatively correlated with movement
distance (P < 0.05; P < 0.05; P < 0.05), center movement distance (P < 0.05; P < 0.05; P < 0.05) and center residence
time (P < 0.05; P <0.05; P <0.05). Conversely, the data indicate a positive correlation between BDNF and center motion
distance (P < 0.05) and center residence time (P < 0.05), and a significant negative correlation was observed with FST-
struggle time (P < 0.05). In addition, a significant positive correlation was observed between TrkB and movement
distance (P < 0.05). Note that the correlation analysis was conducted using a relatively small sample size (n = 5), which
may affect statistical power. Further studies involving larger cohorts are warranted to confirm these associations.

Discussion

Depression, a prevalent mental disorder with a rising incidence, poses substantial threats to public health, including life-
threatening outcomes.®® Two critical challenges persist in depression research: elucidating its complex pathogenesis and
developing efficient therapeutic agents. To address these, our study integrated bioinformatics tools—encompassing
differential gene analysis, PPI network construction, enrichment analysis, WGCNA, and immune correlation analysis
—with molecular docking and in vivo experiments, aiming to systematically identify potential antidepressant targets and
compounds.
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Through GEO2R analysis of the GSE182193 dataset, we identified 311 DEGs. Subsequent PCA and OPLS-DA
clearly distinguished the normal and depressed groups, validating the robustness of these DEGs as reliable biomarkers.
Uploading these DEGs to the STRING database yielded a PPI network with 92 nodes, which were further analyzed via
WGCNA to identify 20 coexpression modules. Notably, PPI nodes were concentrated in two main modules, suggesting
that coexpressed genes within these modules may exert synergistic effects in driving the onset and progression of
depression. KEGG pathway enrichment analysis highlighted the PI3K-Akt, MAPK, and neurotrophin signaling pathways

. . . 1 72
as core nodes associated with depression'®®~”

—a finding consistent with broader frameworks of depression-related
molecular mechanisms but uniquely substantiated herein through multi-layered validation, combining human transcrip-
tome data with murine experimental evidence.

Given the well-documented immune dysregulation in depressed patients,49 we further explored the interplay between
key pathways and immunity. Consistent with prior reports linking the PI3K-Akt,”> MAPK,”* and neurotrophin® path-
ways to immune and inflammatory processes, our immune correlation analysis revealed significant associations between
the expression of key genes in these pathways and the proportions of various immune cells (eg, CDK2 with T cell subsets
and macrophages). These associations are reinforced by evidence that pathway-mediated mechanisms—such as TREM2
activation via PI3K/Akt,” baicalein’s regulation of PI3K/AKT/FoxO1,°* Astragalus polysaccharides’ modulation of NF-
KB/MAPK,”® and Magnolol’s activation of MAPK’’—link neuroinflammation to depression. Collectively, these findings
provide novel insights into the crosstalk between neuroinflammation and depression, extending previous research by
demonstrating pathway-specific immune modulation and reinforcing the role of neurotrophin synthesis/secretion mechan-
isms in inflammatory processes.’® This establishes a mechanistic basis for targeting these genes to concurrently regulate
neuronal dysfunction and immune imbalance in depression.

To translate these pathway insights into potential therapeutics, we uploaded DEGs from the PPI network to the
CMAP II CLUE platform, identifying five candidate small-molecule compounds (scopolamine, pyrimethamine, pifithrin-
mu, estradiol, and mibefradil) with a “raw connectivity score” < —0.6. Existing literature supports their relevance to
depression: scopolamine exhibits rapid, long-lasting antidepressant effects;?’ pyrimethamine reverses depressive symp-
toms in chronic toxoplasmosis,” aligning with links between toxoplasmosis and depression;”” pifithrin-mu reduces
proinflammatory factors and reverses behavioral deficits in LPS-treated mice;*° estradiol alleviates anxiety and depres-

80 2881 and mibefradil mimics

sive behavior in aged female mice,” consistent with its reported correlation with depression;
antidepressant effects.>’ Among these, pyrimethamine, pifithrin-mu, and mibefradil were selected for in vivo validation,
whereas scopolamine and estradiol were excluded: scopolamine is already in Phase II clinical trials for depression,’” and
estradiol’s antidepressant effects are highly gender-dependent,”® limiting its applicability in our male mouse model.
Importantly, these three compounds had limited prior association with depression, underscoring the novelty of our
validation. In CRS model mice, they exhibited significant antidepressant efficacy comparable to fluoxetine. Focusing on

proteins involved in the neurotrophin and PI3K-Akt signaling pathways®***

—which are critical to depression—WB and
ELISA results demonstrated that these compounds restore stress-induced metabolic abnormalities by increasing BDNF
and TrkB expression and decreasing GH and CDK2 levels. Molecular docking further confirmed their strong binding to
key proteins in these pathways (eg, estradiol with CDK2 and NTRK2, binding energies < —8 kcal/mol).

Pearson correlation analysis clarified the mechanistic relevance: overexpression of CDK2, GHR, and GH correlated
positively with depressive-like behaviors (eg, immobility time in the forced swim test), while BDNF and TrkB
upregulation associated with behavioral improvement. These findings align with reports that excessive GH expression
links to depressive symptoms®* and support CDK2 and GH as potential therapeutic targets. Notably, our data suggest
CDK?2 inhibition may protect hippocampal neurons by preventing excessive neurogenic depletion—consistent with
evidence that CDK inhibitors regulate neural progenitor proliferation in neurogenic niches®> and counteract antide-
pressant-induced neurogenetic depletion,®® a mechanism not previously reported in depression research. This repre-
sents the first validation of their antidepressant efficacy through a systematic “screening-prediction-validation”
framework, distinguishing it from studies relying solely on single-database screening or in silico predictions, and
confirms that regulating abnormal GH and CDK2 expression in the PI3K-Akt pathway is key to their therapeutic
effects.
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Study Limitations

(1) The small sample size in animal experiments (n=8 per group) may limit the statistical power of the results; (2) the
exclusive use of male mice restricts the generalizability of findings to female populations; (3) the short treatment duration
(2 weeks) may not reflect long-term therapeutic efficacy; and (4) the lack of human in vivo data necessitates cautious
interpretation of the clinical relevance of these findings. (5) The molecular docking results showed good binding
properties, suggesting potential interactions. However, these in silico findings were not validated by experimental
methods such as surface plasmon resonance (SPR) or thermal shift assay, which would confirm the binding affinity
in vitro. Future studies should include these experiments to strengthen the mechanistic evidence.

Future Directions

(1) Expanding the experimental model to include female and aged mice to investigate sex- and age-specific effects;
(2) conducting long-term toxicity evaluations and dose-response curve analyses to optimize therapeutic windows; (3)
exploring the synergistic effects of combined administration of pyrimethamine, pifithrin-mu, and mibefradil; and (4)
validating these findings in human clinical samples to enhance translational relevance (For example, tests are
performed using human neural models or patient-derived induced pluripotent stem cell-based systems to improve
clinical relevance).

In summary, this study identifies pyrimethamine, pifithrin-mu, and mibefradil as promising antidepressant candidates
that act by regulating key proteins in the PI3K-Akt and neurotrophin signaling pathways. It also validates a robust
framework for drug repurposing and identifies novel targets, advancing both depression research and therapeutic
development.

Conclusion

In this study, we employed bioinformatics techniques to investigate key signaling pathways and potential antidepressant
small-molecule compounds, validating our findings through molecular docking, similarity calculations, and in vivo
experiments. Our results indicate that scopolamine, pyrimethamine, pifithrin-mu, estradiol, and mibefradil may exert
antidepressant effects by modulating the PI3K-Akt, MAPK, and neurotrophin signaling pathways. Animal experiments
confirmed that pyrimethamine, pifithrin-mu, and mibefradil can regulate the expression of key proteins in the PI3K-Akt
and neurotrophin signaling pathways, thereby alleviating depressive behaviors in mice. These data support the potential
of these three compounds as antidepressant candidates, though further preclinical evaluations—including toxicity tests,
dose-response curve analyses, and validation in female mouse models—are required to confirm their safety and efficacy.
Subsequent steps should prioritize these preclinical assessments to lay the groundwork for eventual translational research,

including human clinical trials, to evaluate their therapeutic potential in clinical settings.
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