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            Background: 
            Social isolation reportedly induces excessive aggression and impairs hippocampal neurogenesis. In this study, we investigated whether Geijigadaehwang-tang (GDT), a traditional herbal formulation containing Rhei Radix et Rhizoma and Cinnamomi Ramulus, could ameliorate such behavioral and neurogenic deficits.

          

          
            Methods and Results: 
            We assessed aggressive behaviors in socially isolated mice. Isolation markedly increased aggressive responses compared to sham controls. GDT treatment significantly reduced the number of attacks on days 3 and 7 and lowered both the attack duration and biting frequency. Immunohistochemical analysis of the dentate gyrus revealed that the isolation substantially reduced DCX-positive immature neuron numbers, whereas GDT administration partially restored these counts. Network pharmacology profiling has identified numerous GDT-associated compounds that interact with neuroendocrine and neurotransmission-related targets, including the dopaminergic, adrenergic, GABAergic, and CRH receptor pathways. Enrichment analysis highlighted neuroactive ligand-receptor interaction, PI3K-Akt signaling, calcium signaling, apoptosis regulation, and steroid hormone biosynthesis as major functional clusters, supporting the role of GDT in neural plasticity and stress-related behavior.

          

          
            Conclusions: 
            GDT attenuated isolation-induced aggression and partially rescued impaired hippocampal neurogenesis. Integrated network analysis suggests that its multimodal actions might involve the modulation of neurotransmitter systems, neuroendocrine pathways, and pro-survival signaling cascades. GDT represents a promising multitarget therapeutic candidate for stress-related behavioral dysregulation and neurogenic impairment.
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      INTRODUCTION
      Pathological aggression is associated with a variety of psychiatric disorders and disease states including brain injury, seizure and dementia disorders, schizophrenia, depression, personality disorders, and post-traumatic stress disorder. Long-term individual housing of mice during young adulthood increases aggressive behavior against conspecifics; this phenomenon has been termed “isolation-induced aggression” (Yen, 1959; Anton et al., 1968; Valzelli, 1969; Brain and Nowell, 1971; Valzelli, 1973; Miczek and O'Donnell, 1978). Isolation-induced aggression is the one of the most frequently used method to induce aggressive behavior in mice. Apart from attacking behavior, which includes lateral threat, aggression, and tail rattle, other behavioral elements including social interaction, exploration, avoidance, defense, inactivity, and self-care are also observed (Olivier and Young, 2002). The involvement of different neurotransmitters in mediating aggressive behavior has been studied extensively. Serotonin (5-HT) plays an important role, but noradrenaline (NA), dopamine (DA), and GABA are also involved (Eichelman, 1990).

      Geijigadaehwang-tang (GDT) was first described in the ancient medical text Shanghanlun (the late Eastern Han dynasty, China), and this remedy has since been widely used to treat enteritis (Ahn et al., 2020). From the perspective of formula composition, GDT is based on Gyejigajakyak-tang, which consists of Cinnamomi Ramulus, Paeoniae Radix, Zingiberis Rhizoma Recens, Jujubae Fructus, and Glycyrrhizae Radix, with the addition of Rhei Radix et Rhizoma (Rhubarb) (The Association of Herbal Formula Textbook Publication, 2023). Previous studies have shown antioxidant and neuroprotective effects of Cinnamomi Ramulus (Ulbricht et al., 2011), anti-inflammatory, antioxidant, and anti-Alzheimer's activities of ginger (Seibel et al., 2021), and neuroprotective and antineurodegenerative effects of peony (Du et al., 2020). Collectively, these findings suggest that GDT has potential as a therapeutic agent for neuropathological conditions.

      Schizophrenia is a mental illness characterized by severe cognitive and emotional dysfunction. Aggressive behavior is reported to be a key clinical feature of the disorder (Hodgins et al., 2017; Li et al., 2020). The social environment, particularly during early development and adolescence, plays a crucial role in shaping brain function. In humans, social isolation is a major environmental risk factor for the development of schizophrenia (Fone and Porkes, 2008). Against this backdrop, the rodent social isolation model is widely used as a valid animal model for studying the pathophysiology of schizophrenia. This model effectively replicates core symptoms observed in patients with schizophrenia, such as social withdrawal, sensorimotor gating deficits, and abnormally increased aggression (Fone and Porkes, 2008; Li et al., 2017). Therefore, evaluating drug efficacy using a social isolation-induced aggression model provides important academic evidence for elucidating the therapeutic mechanisms of schizophrenia-related mental disorders.

      In herbology, Rhei Radix et Rhizoma (Daehwang) is traditionally used to treat constipation, abdominal pain, diarrhea, jaundice, epistaxis, conjunctivitis, sore throat, appendicitis, bruising, amenorrhea, and burns (Herbology Textbook Committee, 2020). Classical formulas containing Rhei Radix et Rhizoma, such as Daeseunggi-tang, Dohaekseunggi-tang, Jeodang-tang, and Sasim-tang, were also prescribed for patients showing symptoms resembling modern psychiatric disorders, including hallucinations, mania, agitation, and aggressive behavior (Ahn et al., 2020). Rhubarb contains anthraquinone derivatives, such as emodin, aloe-emodin, chrysophanol, physcion, and sennosides, which exhibit neuroprotective properties (Li et al., 2019); these characteristics suggest that rhubarb may exert beneficial effects on pathological aggression.

      Recent in vivo and in silico studies have reported that rhubarb attenuates seizures and hippocampal neurodegeneration in trimethyltin-induced neurotoxicity models (Choi et al., 2024). Moreover, GDT has been shown -both in vitro and in vivo- to suppress trimethyltin-induced seizures and hippocampal injury, likely through modulation of inflammatory and oxidative stress pathways (Lee et al., 2022). Based on these findings, the present study investigated the effects of GDT on abnormal aggression induced by prolonged social isolation and on hippocampal neurogenesis.

      In this study, the therapeutic potential of GDT for isolation-induced aggression in mice was evaluated by integrating experimental research with network pharmacology.

    

    

  
    
      MATERIALS AND METHODS
      
        1. Herbal medicine extraction
        Cinnamomi Ramulus, Paeoniae Radix Alba, Zingiberis Rhizoma Recens, Zizyphi Fructus, Glycyrrhizae Radix et Rhizoma, and Rhei Radix et Rhizoma were purchased from Omniherb (Daegu, Republic of Korea), Nanum Co., Ltd.(Yeoncheon, Republic of Korea), or Bonchowon (Yeoncheon, Republic of Korea). GDT (a total of 141 g, Table 1) was prepared by a 150-min cooling reflux extraction using 1.5 L of distilled water as a solvent (100±2°C) after maceration at 4°C for 2 hours. The extract was filtered through a filter paper (6 mm, No. 1, Advantec MFS Inc., Tokyo, Japan), concentrated using a vacuum evaporator (N-1000; EYELA, Bohemia, NY, USA) at 70°C, and lyophilized using a freeze dryer (FD8512; Ilshin Lab Co. Ltd., Daejeon, Republic of Korea). GDT was prepared three times with a yield of 12.3±0.7% (12.0±0.7 g). GDT powder was stored in a freezer at -20°C. The diluted solution was filtered using a 20-Ø filter (Minisart® High Flow; DAWIMbio, Hanam-si, Korea) for cell treatment. The final concentration used for treatment was 5% or less to prevent osmotic shock.

        
          Table 1. 
				
          

          
            Constituents of Geijigadaehwang-tang.
          
          

        

        
          
            
              	Latin name
              	Scientific name
              	Amount (g)
              	Company, product number
            

          
          
            	Cinnamomi Ramulus (桂枝)
            	Cinnamomum cassia (L.) J.Presl
            	18
            	Omniherb, DH191024144V
          

          
            	Paeoniae Radix Alba (芍藥)
            	Paeonia lactiflora Pall.
            	36
            	Bonchowon, KH109-007
          

          
            	Zingiberis Rhizoma Recens (生薑)
            	Zingiber officinale Roscoe
            	18
            	Omniherb, D1911295143k
          

          
            	Zizyphi Fructus (大棗)
            	Ziziphus jujuba var. inermis (Bunge) Rehder
            	18
            	Omniherb, D190228190K
          

          
            	Glycyrrhizae Radix et Rhizoma (甘草)
            	Glycyrrhiza uralensis Fisch.
            	12
            	Omniherb, D200928117C
          

          
            	Rhei Radix et Rhizoma (大黃)
            	Rheum tanguticum Maxim. ex Balf.
            	12
            	Nanumherb, HA1900240302
          

        

        

      

      
        2. Animal experiments
        Six-week-old male C57BL/6 mice were sourced from Central Lab Animal Inc. (Seoul, Korea) and given a week to acclimatize. Following Olivier's suggestion and Ma X's study, we selected C57BL6 male mice to induce offensive behavior via social isolation. The animals were housed under the following controlled environmental conditions: 23±2°C temperature, 50±5% relative humidity, and a 12-h artificial light cycle (08:00-20:00). A standard diet was provided to the mice. All experimental procedures were conducted in accordance with the protocols approved by the Institutional Animal Care and Use Committee at Dongshin University (approval no.: DSU 2023-04-03) and Chonnam National University (approval no.: CNU2024-112).

      

      
        3. Isolation and GDT extract administration
        Mice were acclimated to stable environmental conditions for one week prior to the start of the study. Animals were divided into three groups: control, isolation + vehicle treatment, and isolation + GDT treatment. To induce aggression, mice in the isolation groups were singly housed in individual cages (254 × 145 × 127 mm) for eight weeks with ad libitum access to food and water. This is a condition known to enhance aggressive behavior in mice [isolation-induced aggression, (Olivier and Young, 2002)]. In contrast, control mice were socially reared in groups of 5-6 per cage (200 × 260 × 130 mm).

        To facilitate the manifestation of aggressive behavior, 6-week-old male C57BL/6 mice were purchased one week prior to the behavioral tests and acclimated to serve as smaller-sized opponents in the neutral arena. These group-housed intruders were utilized because they reliably provoke attacks from isolated residents without initiating the aggression themselves.

        To evaluate the inhibitory efficacy of GDT on isolationi-nduced aggression, isolated mice were subdivided into the isolation+GDT and isolation+vehicle groups after an initial encounter in the neutral arena. The isolation + GDT group was administered GDT at 180 mg/kg/day, administered twice daily for 7 days, and the isolation + vehicle group was administered the same amount of water twice daily. The GDT dosage was determined based on previous findings regarding its neuroprotective efficacy. Aggressive behavior was assessed at baseline (Day 0, prior to the initiation of drug administration) and subsequently on the 3rd and 7th days of the treatment period.

      

      
        4. Aggressive behavior assessment in a neutral arena
        Aggressive behavior was evaluated using a neutral arena paradigm. As noted by Olivier and Young (2002), neutral environments are particularly effective for observing a clear mixture of offensive and defensive behaviors that may occur less frequently during home cage confrontations. Isolated residents (large) and socially reared opponents (small) were placed together in a novel cage (260 × 420 × 180 mm) for a 1:1 encounter.

        To minimize external interference, the experimenter left the room during the session, and the interactions were recorded using a Quickcam system (Logitech, Lausanne). Aggression was quantified during the first 15 minutes of the encounter by measuring the frequency and total duration of fighting episodes, specifically focusing on biting behavior. All behavioral analyses were conducted by observers who were blinded to the housing and treatment conditions of the animals.

      

      
        5. Cotton bud biting test
        Aggressive behavior was assessed using the cotton bud biting test, following the procedure described previously (Park et al., 2015). Each mouse was gently held by the experimenter while a sterilized cotton bud was presented near its face. A bite directed toward the cotton bud was recorded as an aggressive response. Each animal underwent 10 trials, and the total number of biting events was used for analysis.

      

      
        6. Immunohistochemical analysis
        Immunohistochemistry was conducted according to the protocol described in our previous study (Lee et al., 2022). Fixed brain hemispheres were longitudinally sectioned at a thickness of 4 μm. The sections were subjected to immunolabeling using rabbit anti-DCX (1:500; Cell Signaling Technology, Beverly, MA, USA) primary antibodies. After incubation, the sections were treated with a biotinylated goat anti-rabbit IgG secondary antibody (Vector ABC Elite Kit; Vector Laboratories, Burlingame, CA, USA), followed by an avidin-biotin complex solution from the same kit. Signal detection was performed using a diaminobenzidine (DAB) chromogenic substrate (SK-4100; Vector Laboratories). The slides were then counterstained with hematoxylin and mounted. Digital images of the stained sections were obtained using the Motic EasyScan Digital Slide Scanner (Motic, Hong Kong, China), and staining intensity in the hippocampus was quantified using ImageJ software (NIH, Bethesda, MD, USA).

      

      
        7. Network pharmacology analysis
        
          7.1. Active small molecule screening
          The public database, Traditional Chinese Medicine Systems Pharmacology (TCMSP; https://tcmsp-e.com/tcmsp.php, version 2.3), was searched for small molecules of Cinnamomi Ramulus and Rhei Radix et Rhizoma. The information and structures of small molecules were confirmed using the ChEMBL database (https://www.ebi.ac.uk/chembl/, ChEMBL 32 version), PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 2, May 2023), ChemSpider (https://www.chemspider.com/, version 2022.0.66.0), and ChemDraw software 22.2.0.3300 (PerkinElmer Informatics, Revvity Signals Software, Inc.). All small molecules were screened through in silico integrative ADME model with oral bioavailability (OB) ≥ 30% and drug likeness (DL) ≥ 0.18 (Lee et al., 2018; Qi et al., 2020). OB refers to the relative amount of the drugs absorbed by the body into the systemic blood circulation and rate after oral administration, and DL refers to the likeness index of the molecules and the known marketed drugs (Chen et al., 2021).

        

        
          7.2. Potential target genes and protein-protein interaction (PPI)
          Genes related to 25 active components selected through the aforementioned ADME screening were collected from the SwissTargetPrediction databases (http://www.swisstargetprediction.ch/, accessed in 4, May 2023) with 'Homo sapiens' as the species and probability ≥ 0 and STITCH (http://stitch.embl.de/, version 5.0) with 'Homo sapiens' as the species and medium confidence (≥ 0.400). In this database, we used a probability derived from our cross-validation analysis to rank the targets and estimate the accuracy of the predictions (Gfeller et al., 2014). Potential target genes were identified in GeneCards: Human Gene Database (https://www.genecards.org/; version 5.15). Potential target genes were selected as the intersection of the genes related to active small molecules and schizophrenia-related genes.

          A PPI network and cluster analysis was performed using potential target genes in the STRING database (https://string-db.org/, version 11.5) with a medium confidence score (≥ 0.400). PPI networks were analyzed by identifying sub-networks or modules that exhibited specific topological and/or functional characteristics (Vella et al., 2018). The topological features of the related PPI network were used to identify possible combinations of hit targets (Mukherjee et al., 2021). Sophisticated network-based tools have been found to predict potential disease genes (Pak et al., 2022). PPI analyses were conducted with the STRING database (https://string-db.org/, version 11.5) with a medium confidence score (≥ 0.400), and the topology of PPI networks was evaluated using Cytoscape version 3.8.2 (https://cytoscape.org/) (Pak et al., 2022). Cluster analysis was performed using K-means, and after dividing into a total of five clusters, GO analysis was performed with Benjamini-Hochberg (p < 0.05).

        

        
          7.3 Signal pathway analysis
          Signal pathway analysis was performed using the DAVID informatics Resources (https://david.ncifcrf.gov; DAVID 2021 version) and KEGG: Kyoto Encyclopedia of Genes and Genomes (https://www.genome.jp/kegg/) with p < 0.05. The network was visualized using Cytoscape version 3.8.2.

        

      

      
        8. Statistical Analysis
        All data are presented as the mean±standard error (SE). Statistical significance was assessed using an unpaired t-test with GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Statistical significance was set at p < 0.05.

      

    

    

  
    
      RESULTS
      
        1. Anti-aggressive activity of GDT against isolation induced aggression
        To determine the anti-aggressive potential of GDT, isolated mice were treated with GDT (180 mg/kg/day). Across the experimental period, mice treated with GDT displayed a marked reduction in aggressive biting behavior compared with the water-treated controls. On Day 0, no significant difference was observed between groups. By Day 3, the isolation + GDT group showed a significant decrease in the number of biting attacks relative to the isolation+vehicle group (p < 0.05). This suppressive effect on aggression was further strengthened by Day 7, where GDT-treated mice exhibited an even greater reduction in attack frequency (p < 0.01) (Fig. 1A).

        
          
          

          Fig. 1.  
				
          

          
            Effects of GDT on isolation-induced aggressive behavior in mice.
            (A) Number of attacks measured on Days 0, 3, and 7. Social isolation significantly increased attack number, whereas GDT treatment markedly reduced aggressive responses on Days 3 and 7. (B) Duration of attacks across the same time points. GDT-treated mice showed shorter attack times compared with isolated controls. (C) Cotton Biting frequency assessed in sham, isolation + vehicle, and isolation + GDT groups. GDT administration decreased biting frequency relative to isolated controls. Data are presented as mean ± SE. * p < 0.05, ** p < 0.01 vs. Sham; # p < 0.05, ## p < 0.01 vs. Isolation + vehicle.

          
          

          

        

        
          
          

          Fig. 2.  
				
          

          
            Effects of GDT on hippocampal neurogenesis in socially isolated mice.
            (A–C) Representative immunohistochemical staining of DCX-positive immature neurons in the dentate gyrus of the hippocampus in the Sham (A), Isolation + vehicle (B), and Isolation + GDT (C) groups. Social isolation markedly reduced the number of DCX-positive cells, whereas GDT treatment partially restored DCX expression. (D) Quantification of DCX-positive cells among groups. Isolation significantly decreased DCX-positive cell counts compared with sham controls, while GDT administration significantly increased DCX-positive cells relative to the isolated vehicle group. Data are presented as mean ± SE. *** p < 0.001 vs. Sham; # p < 0.05 vs. Isolation + vehicle.

          
          

          

        

        Attack duration showed no significant difference between groups at baseline (Day 0). By Day 3, the GDT-treated mice exhibited a noticeable reduction in total attack time compared with the vehicle-treated mice; however, the difference did not reach statistical significance. This decreasing trend continued through Day 7, where GDT-treated animals maintained shorter attack durations than vehicle-treated animals. Overall, GDT administration was associated with a gradual attenuation of aggressive attack time across the observation period (Fig. 1B).

        Isolation markedly increased aggressive biting behavior in the isolation groups compared with the control group, as reflected by the elevated number of attacks. Administration of GDT to isolated mice reduced the biting frequency, resulting in substantially fewer aggressive responses than among vehicle-treated mice. Although variability remained high, the overall pattern indicates that GDT attenuates isolation-induced aggression (Fig. 1C).

      

      
        2. Inhibitory efficacy of GDT against isolation-induced neurodegeneration
        In the hippocampus, social isolation led to a reduction in the number of DCX-positive immature neurons compared with the sham group, indicating impaired neurogenesis following isolation-induced aggressive behavior. GDT administration partially restored DCX expression in isolated mice, showing an increased number of DCX-positive cells relative to the untreated isolation group. Although not fully recovered to sham levels, the upward trend suggests that GDT mitigates the isolation-associated decline in hippocampal neurogenesis.

      

      
        3. Network pharmacology analysis
        
          3.1. Active small molecules screening
          TCMSP was searched, and a total of 297 small molecules were identified; of these, 211 and 90 small molecules were related to Cinnamomi Ramulus and Rhei Radix et Rhizoma, respectively, and 4 molecules were overlapping. Then, there were a total of 21 active small molecules that satisfied the criteria of OB ≥ 30 and DL ≥ 0.18 (Lee et al., 2018), and 4 active small molecules were set the indicator molecules for Cinnamomi Ramulus and Rhei Radix et Rhizoma. The 23 active molecules were grouped as 10 anthraquinones (aloe-emodin, chrysophanol, emodin, emodin 1-O-beta-D-glucopyranoside, palmidin A, physcion, physcion diglucoside, rhein, sennoside D_qt, and sennoside E_qt), 3 steroids (beta-sitosterol, daucosterol_qt, and peroxyergosterol), 3 phenols (cinnamaldehyde, gallic acid-3-O-(6'-O-galloyl)-glucoside, and torachrysone-8-O-beta-D-(6'-oxayl)-glucoside), 5 flavonoids (catechin, epicatechin, eupatin, procyanidin B-5,3'-gallate, and taxifolin), 1 naphthopyran (toralactone), and 1 carotenoid (mutatochrome) (Fig. 3).

          
            
            

            Fig. 3.  
				
            

            
              Active small molecules of Radix Rhei Et Rhizome and Cinnamomi Ramulus passed through ADME screening according to TCMSP database.
              Green hexagons are herbs and pink ovals are active small molecules.

            
            

            

          

        

        
          3.2. Potential target genes and protein-protein interaction (PPI)
          As a result of a gene search related to 23 active molecules from the STITCH and SwissTargetPrediction databases, a total of 813 genes were retrieved (Fig. 3). Although (+)-catechin and (-)-catechin, taxifolin and (-)-taxifolin are enantiomers, the same genes were found in the aforementioned two DBs without distinction. In the GeneCards DB, a total of 14,037 genes related to schizophrenia were identified, and a total of 480 genes overlapped with 1,265 genes related to the small molecules. This network consisted of 457 nodes and 8,122 edges (Fig. 4A). According to the results of the PPI analysis (Fig. 4B), the genes with the top 10 of closeness centrality and node were AKT1, ALB, TNF, TP53, IL6, CTNNB1, SRC, EGFR, MAPK3, and VEGFA. There was also a high value of betweenness centrality nodes for AKT1, ALB, TP53, TNF, ESR1, IL6, CTNNB1, SRC, PPARG, and EGFR. The degree of a node is the number of edges connected to it (Lee et al., 2020). A node with a high degree of betweenness centrality and closeness centrality values plays a highly important role in the network (Zhang et al., 2020). Some proteins in biological activities have a close relationship and have the same or similar functions, which can be defined as a cluster (Hu et al., 2019). Fourteen clusters were obtained using the MCODE plugin cluster analysis of the PPI network of schizophrenia (Fig. 5A). Among the 14 clusters, the 6th cluster was found to be most related to schizophrenia, in which the related genes were ADRA2A, DRD4, SLC6A2, HSD17B1, GABBR1, ADRA2C, OXTR, HSD11B1, SRD5A1, AVPR1A, SLC6A3, STS, GRK6, ADRBK2, and CYP17A1.

          
            
            

            Fig. 4.  
				
            

            
              Network analysis of active small molecules and potential target genes related to Schizophrenia disease.
              (A) 480 nodes and 1,265 edges; pink ovals are active small molecules and cyan rectangles are potential target genes. (B) Protein-protein interactions (PPIs); Core gene is the larger size of the circle and the more orange color.

            
            

            

          

          
            
            

            Fig. 5.  
				
            

            
              Cluster of Schizophrenia disease PPI network and Gene ontology analysis.
              the genes included in the cluster most related to schizophrenia disease (A), biological process (B), molecular function (C), Cellular component (D), and KEGG pathway (E).

            
            

            

          

          Analyzing these selected genes in the String DB formed a network with 18 nodes and 40 edges, and gene ontology (GO) including biological process (BP), molecular function (MF), and cellular component (CC) analysis showed only the top 10 terms (Fig. 5B-D). In the KEGG pathway, steroid hormone biosynthesis, morphine addiction, and neuroactive ligand-receptor interaction (Fig. 5E). Diseases related to these features include oppositional defiant disorder, attention deficit hyperactivity disorder, endogenous depression, impulse control disorder, steroid inherited metabolic disorder, drug dependence, cognitive disorder, and diseases of mental health, and tissue expression acts on the dopaminergic system.

          The signaling pathways and functions of genes were analyzed using the DAVID and KEGG databases with p < 0.05 (Xu et al., 2022). A total of 17 pathways were related to schizophrenia. The pathways were as follows: neuroactive ligand-receptor interaction, calcium signaling pathway, PI3K-Akt signaling pathway, cAMP signaling pathway, apoptosis, estrogen signaling pathway, cellular senescence, Toll-like receptor signaling pathway, inflammatory mediator regulation, TRP channels, Alzheimer disease, long-term depression, PPAR signaling pathway, dopaminergic synapse, JAK-STAT signaling pathway, NF-kappa B signaling pathway, NOD-like receptor signaling pathway, and Wnt signaling pathway. As a result of the network analysis between pathways and genes, 17 pathways related to schizophrenia were related to 174 genes. Among them, the neuroactive ligand-receptor interaction pathway involved 57 genes from this network. Analyzing the KEGG categories, signal transduction accounted for 35.3%, followed by cell growth and death, the endocrine system, the immune system, and the nervous system with 11.8% each (Fig. 6).

          
            
            

            Fig. 6.  
				
            

            
              Pathway analysis related to schizophrenia.
              (A) The pathways (triangle orange color) and its corresponding genes (rectangle cyan color). (B) The KEGG classification of pathways. (C) The rank according to the p-value.

            
            

            

          

        

      

    

    

  
    
      DISCUSSION
      Social isolation is a well-established stressor that induces behavioral and neurobiological alterations including heightened aggression and impaired hippocampal neurogenesis (Olivier and Young, 2002). In the present study, isolated mice showed a clear increase in aggressive biting behavior together with a reduction in DCX-positive immature neurons in the dentate gyrus. These findings are consistent with those of previous reports demonstrating that chronic social isolation increases stress-related aggression (Ibi et al., 2008) and suppresses hippocampal neurogenesis through glucocorticoid-mediated and inflammation-mediated mechanisms (Stranahan et al., 2006).

      The following herbs or constituents of GDT have been reported to have neuroprotective and behavioral abnormality control effects. Ethanol extracts of Cinnamomi Ramulus showed anti-inflammatory activity in LPS-treated microglial BV2 cells and showed neuroprotective effects on tunicamycin-treated neuroblastoma SH-SY5Y cells (Hwang et al., 2009; Yang et al., 2017; Liu et al., 2018). Paeoniflorin, one of the bioactive compounds of Paeoniae Radix, was reviewed for its antidepressive activity via increasing monoamine neurotransmitter levels, inhibiting the hypothalamic-pituitary-adrenal axis, and elevating brain derived neurotrophic factor levels (Guo et al., 2023). Zingiberis Rhizoma Recens has been recognized for its great potential in treating neurological diseases such as multiple sclerosis, Parkinson's disease, Alzheimer's disease, migraine, and epilepsy due to its antioxidant, immunomodulatory, and anti-inflammatory properties (Arcusa et al., 2022). Glycyrrhizae Radix et Rhizoma has been systematically reviewed for its antioxidant, anti-inflammatory, neuroprotective, antidepressant, and sedative effects (Pastorino et al., 2018). An ethanol extract of Fructus Jujubae has been shown to reduce locomotor activity, relax muscles, and have anti-anxiety effects (Upadhyay et al., 2022). Rhei Radix et Rhizoma acts on the central nervous system to exhibit antipyretic effects (Cao et al., 2017), and its main ingredient, chrysophanol, protects the brain in cerebral ischemia-reperfusion in mice and improves learning and memory (Li and Jiang, 2018). Therefore, GDT has the potential to act on the central nervous system to induce behavioral changes such as alleviation of aggression.

      Although GDT has traditionally been utilized for gastrointestinal disorders, recent clinical reports suggest its significant potential in modulating central nervous system and neuropsychiatric conditions. Previous studies have documented a case where GDT administration markedly reduced pain intensity and neuropathic pain scores in a patient suffering from central post-stroke pain (Park, 2020). Furthermore, GDT has demonstrated efficacy in alleviating anxiety and somatic symptoms in patients with somatic symptom disorder through multi-center case series (Yun et al., 2021), and has been reported to improve sleep quality in patients with insomnia disorder (Doo and Lee; 2024). Its clinical utility extends to various psychiatric manifestations, including panic disorder, obsessive-compulsive behavior, and delusions, where GDT-based diagnostic approaches for Greater Yin disease yielded favorable clinical outcomes (Ha et al., 2020). These clinical findings support the hypothesis that GDT possesses the potential to modulate CNS plasticity and emotional regulation systems, consistent with the neurogenic and anti-aggressive effects observed in the present study. Nevertheless, further molecular biological investigations are warranted to fully elucidate the underlying mechanisms supporting these clinical observations.

      Administration of GDT attenuated both behavioral and cellular consequences of isolation. GDT markedly reduced aggressive attacks and partially restored the number of DCX-positive cells. The improvement in neurogenesis is particularly notable, as DCX expression reflects the survival and maturation of newly generated granule cells. Restoration of this population suggests that GDT may counteract isolation-related deficits by modulating neuroinflammatory signaling, oxidative stress, or stress-hormone pathways-mechanisms known to regulate adult hippocampal neurogenesis (Huang et al., 2015; Ryan and Nolan, 2016; Toda et al., 2019)

      Aggression and neurogenesis are closely linked as follows. Socially isolated female Wistar albino rats had significantly lower total neuronal counts and DCX-positive neuroblast counts in the dentate gyrus of the hippocampus compared to non-isolated rats (Yavaş and Ersoy, 2025). Aggressive foxes have suppressed hippocampal neurogenesis and significantly higher cortisol levels compared to docile foxes (Alexandrovich et al., 2023). Glucocorticoids secreted by stress inhibit neuronal regeneration in the hippocampus, which is known to be involved in anxiety and depression (Snyder et al., 2011). These studies suggest that the impairment of neurogenesis in the hippocampus plays a pivotal role in the manifestation of aggressive behavior.

      Although DCX recovery in the GDT-treated group did not reach sham levels, the partial restoration indicates a biologically meaningful effect. Subtle increases in neurogenesis have been shown to improve behavioral outcomes in stress-based models (Snyder et al., 2011). Therefore, modest neurogenic enhancement by GDT could still confer substantial functional benefits.

      Network pharmacology analysis provided additional mechanistic insight into the multi-target actions of GDT. GDT contains numerous bioactive compounds-such as emodin, aloe-emodin, rhein, palmidin A, taxifolin, catechins, and cinnamaldehyde-that have documented neuroprotective, anti-inflammatory, and neuromodulatory effects (Lee et al., 2022; Choi et al., 2024).

      Emodin is plentiful in three plant families: Polygonaceae (Rheum, Rumex, and Polygonum spp.), Fabaceae (Cassia spp.), and Rhamnaceae (Rhamnus, Frangula, and Ventilago spp.) (Mitra et al., 2022). Mizuno et al. reported that emodin could be a new class of prodrugs for antipsychotics by attenuating EGF receptor signaling and improving behavioral deficits (Mizuno et al., 2008). Emodin also attenuated methamphetamine-induced increases in dopamine and its metabolites and decreases in serotonin and its metabolites (Mizuno et al., 2010). Along with the bright spots in several studies, emodin has the potential to affect various signaling pathways and be stimulating (Mitra et al., 2022). Dietrich-Muszalska et al. reported that epicatechin, a major polyphenol component of green tea, significantly reduced haloperidol-induced plasma lipid peroxidation in humans (Dietrich-Muszalska et al., 2012).

      Although direct evidence linking taxifolin, catechins, and cinnamaldehyde to the inhibition of aggressive behavior is currently limited, their documented neuroprotective and neurotransmitter-modulating effects in various neurodegenerative models provide biochemical support for the observed effects of GDT. Taxifolin has been reviewed to prevent the loss of the dopaminergic nervous system in various neuropathological models, such as Parkinson's, Alzheimer's, and Huntington's diseases, by utilizing anti-inflammatory and antioxidant mechanisms (Yang et al., 2023). Cinnamaldehyde exhibits neuroprotective properties by inhibiting microglial activation and blocking neuroinflammatory pathways, which may ameliorate the pathophysiological environment associated with neuropsychiatric disorders (Hajinejad et al., 2020). Notably, catechins are known to contribute to the maintenance of neurochemical homeostasis in the brain by modulating the activity of GABA and glutamate transporters (Wang et al., 2016). While direct anti-aggressive studies of these individual compounds remain a subject for future research, their collective multi-target neuroprotective mechanisms suggest that they exert a synergistic effect within the GDT formulation to attenuate isolation-induced aggression.

      These compounds were predicted to interact with neurotransmission-related targets including dopaminergic, adrenergic, vasopressin, GABAergic, and CRH receptor pathways, all of which play central roles in aggression control and stress adaptation (Haller, 2013; Nelson and Trainor, 2007). Moreover, enrichment analyses highlighted key signaling pathways, such as PI3K-Akt signaling, calcium signaling, neuroactive ligand-receptor interactions, apoptosis regulation, and steroid hormone biosynthesis, which are pathways strongly associated with neuronal survival and plasticity.

      CRH receptor networks, adrenergic signaling, and dopaminergic synapse regulation are especially relevant, as dysregulation of these systems is known to underlie isolation-induced hyperarousal and aggressive behavior (Buwalda et al., 2017). The involvement of the PI3K-Akt and calcium signaling pathways parallels previous findings that activation of these cascades supports neurogenesis and ameliorates stress-related neural impairment (Duman and Aghajanian, 2012; Encinas et al., 2006). Taken together, the multi-layered network suggests that GDT exerts its effects not through a single molecular pathway but through coordinated modulation of neuroendocrine-, neurotransmitter-, and neuroplasticity-related systems.

      Although GDT significantly improved both behavioral and neurogenic outcomes, DCX expression did not fully recover to sham levels, indicating partial restoration. Additional studies are required to identify the specific active compounds, determine dose-dependent effects, and validate predicted signaling pathways through molecular assays. Moreover, evaluating synaptic markers, such as BDNF, CREB phosphorylation, and inflammatory cytokines, will help to clarify the broader neurobiological effects of GDT.

      In summary, behavioral tests, DCX-based neurogenesis evaluation, and network pharmacology converged to show that GDT reduces isolation-induced aggression and promotes hippocampal plasticity through multi-target molecular interactions. These findings highlight GDT as a promising therapeutic candidate for stress-related behavioral dysregulation and underscore the utility of network pharmacology for elucidating the complex actions of traditional medicinal formulations.
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