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and soybean mixture to enhance memory 
function through the gut‑brain axis: network 
pharmacology and in vivo validation 
of multi‑target mechanisms
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Abstract 

With the growing prevalence of memory impairment and limited treatment options, this study evaluated the cog‑
nitive-enhancing potential of an Omija (Schisandra chinensis (Turcz). Baill) 50% ethanol extract and soybean mixture 
(OSM). By integrating network pharmacology with in vivo validation, we aimed to elucidate the molecular mecha‑
nisms and therapeutic efficacy of OSM. Network pharmacology was used to identify core pathways and targets 
associated with the memory-enhancing effects of Omija (gomisin, schizandrin) and soybean. To validate these find‑
ings, scopolamine-induced memory-impaired rats (2 mg/kg/day for 8 weeks) through the parasympathetic nervous 
system (PNS) suppression were administered OSM (100, 250, or 750 mg/kg/day) or dextrin (positive control) along‑
side a high-fat diet. Behavioral, metabolic, and molecular evaluations were conducted. Network analysis identified 
key targets involved in neuroinflammation including interleukin (IL)-17 and nuclear factor Kappa B (NF-κB) signaling 
and neurotransmitter regulation (dopamine synapse), including acetylcholinesterase (AChE), prostaglandin-endop‑
eroxide synthase-2 (PTGS2), glycogen-synthase kinase-3beta (GSK-3β), solute carrier family 6 member 3 (SLC6A3; 
dopamine transporter), and plasminogen activator (PLAU). In vivo, OSM at 250 and 750 mg/kg significantly improved 
memory performance across passive avoidance, Y-maze, Morris water maze, and novel object recognition tests. 
These improvements were associated with suppressed neuroinflammatory genes (NF-κB, PTGS2, TNF-α, IL-17, IL-1β), 
enhanced cholinergic and dopaminergic balance (reduced AChE activity, increased dopamine), improved glucose 
metabolism, and upregulated neurotrophic factor expression (brain-derived neurotrophic factor, ciliary neurotrophic 
factor). Furthermore, OSM enhanced hippocampal insulin signaling (increased phosphorylation of Akt and GSK-3β), 
improved intestinal morphology, and increased portal vein butyrate levels, suggesting modulation of the gut-brain 
axis. In conclusion, OSM enhances memory through multiple central (cholinergic, dopaminergic, neurotrophic) 
and peripheral (anti-inflammatory, metabolic) mechanisms via activating the gut-brain axis. These findings support 
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Introduction
Memory impairment is a hallmark of neurodegenera-
tive disorders and age-related cognitive decline, posing a 
significant global health burden with limited therapeutic 
options [1]. Conventional pharmacological interventions, 
such as acetylcholinesterase inhibitors (donepezil) and 
N-methyl-D-aspartate receptor antagonists (meman-
tine), provide transient symptomatic relief and are often 
associated with adverse effects, including gastrointestinal 
disturbances, dizziness, and headache [2, 3]. Given the 
multifactorial pathology of cognitive decline, including 
cholinergic dysfunction, oxidative stress, and neuroin-
flammation, there is a need for safer, multi-target thera-
pies derived from natural products [4].

Traditional herbal formulations offer a promising ave-
nue for neuroprotective drug discovery. Among these, 
Omigalsu is a traditional Korean beverage composed of 
Schisandra chinensis (Turcz.) Baill. (Omija) and soybean 
(Glycine max). This formulation has been traditionally 

used to alleviate diabetic symptoms according to the 
Dongeuibogam, a seminal text on traditional Korean 
medicine. Previous research has demonstrated that both 
Omija and soybeans possess antioxidant, anti-neuroin-
flammatory, and adaptogenic properties [5, 6]. Since bio-
active compounds from Omija show optimal solubility in 
50% ethanol, an Omija 50% ethanol extract and soybean 
mixture (OSM) was developed to validate its potential for 
improving memory function. However, the mechanisms 
underlying the combined effects of these components 
require further exploration.

Some herbal products exhibit poor bioavailability 
and may lack direct neuroprotective effects [7]. How-
ever, emerging evidence suggests that they can indi-
rectly enhance memory function through modulation 
of the gut-brain axis (GBA), a bidirectional communica-
tion network that plays a critical role in brain health and 
cognitive performance [8]. Among the key mediators of 
this axis are short-chain fatty acids (SCFA)—metabolites 

OSM (250–750 mg/kg) as a promising candidate for cognitive enhancement potentially by inhibiting PNS suppres‑
sion, warranting further clinical investigation.

Keywords  Schisandra chinensis fruit, Soybean, Memory improvement, Network pharmacology, Neuroinflammation, 
Gut-brain axis
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produced by gut microbiota—that regulate intesti-
nal metabolism, neurotransmitter synthesis, immune 
responses, and systemic metabolic functions, all of which 
are linked to learning and memory processes [9, 10]. 
Importantly, disruption of intestinal barrier integrity has 
been associated with cognitive impairment, highlight-
ing the therapeutic relevance of gut-targeted strategies. 
Despite this, the specific effects of OSM on intestinal 
morphology, portal vein SCFA concentrations, and gob-
let cell populations—factors closely tied to memory 
improvement via the GBA—remain poorly understood.

Scopolamine, a muscarinic acetylcholine receptor 
antagonist, impairs memory by increasing acetylcho-
linesterase (AChE) activity and reducing acetylcholine 
availability, mimicking key aspects of cognitive deficits 
[11, 12]. Scopolamine-induced cognitive impairment is 
also associated with increased gut permeability, making 
it a suitable model for investigating the GBA in neuro-
degeneration [13]. High-fat diets (> 40% energy from fat) 
are increasingly prevalent in modern societies and have 
been independently associated with cognitive decline 
and memory impairment through mechanisms includ-
ing neuroinflammation, oxidative stress, and altered 
neurotransmitter function in animal, clinical, and epide-
miological studies [14–16]. The combination of a high-
fat diet and scopolamine creates a dual-challenge model 
that better reflects the multifactorial nature of cognitive 
impairment, where dietary factors compound cholinergic 
dysfunction commonly observed in neurodegenerative 
conditions.

The present study investigated the therapeutic poten-
tial of a novel herbal combination, OSM, for memory 
improvement using an integrative approach that applied 
network pharmacology to identify compound-target-
pathway interactions and predict the multi-target thera-
peutic mechanisms of Omija and soybean [17]. The 
predicted mechanisms were validated through in  vivo 
studies in a scopolamine and high-fat diet-induced 
memory impairment model. The experimental validation 
focused on three key aspects: (1) memory function and 
associated molecular mechanisms in the hippocampus 
as suggested by network pharmacology, (2) neuroinflam-
matory responses and neurotrophic factor expression, 
and (3) GBA modulation through intestinal morphology 
and portal vein SCFA levels. This integrated approach 
aimed to elucidate the multi-target mechanisms of OSM 
in memory enhancement and establish its therapeutic 
potential through both central and peripheral pathways.

Materials and methods
Network pharmacology analysis
Bioactive components of Omija and soybean were iden-
tified through comprehensive searches of databases 

including the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform (TCMSP), 
PubChem, Chemical Database of Bioactive Molecules 
and Linked Data (ChEMBL), and FooDB. The search 
encompassed the terms: “Schisandra chinensis,” “Wu Wei 
Zi,” “Omija”, “Glycine max”, “soy isoflavones”, and “soy-
beans”. Compounds were selected based on oral bioavail-
ability (≥ 30%) and drug-likeness (≥ 0.18) criteria. The 
target genes for these compounds were retrieved from 
multiple databases, including TCMSP, GeneCards®, and 
Online Mendelian Inheritance in Man (OMIM®). Alz-
heimer’s disease (AD)-related genes were identified from 
DrugBank, GeneCards®, and DISGENET using a rel-
evance score threshold of ≥ 30. The intersection between 
OSM-related genes and AD-associated genes was ana-
lyzed and visualized using Venn diagrams.

A comprehensive drug-component-disease-target net-
work was constructed using Cytoscape 3.8.2 to visualize 
the interactions between bioactive compounds and their 
molecular targets. Network topology analysis identified 
key therapeutic targets based on connectivity metrics, 
with genes showing a higher-than-average degree con-
sidered critical for memory dysfunction progressing to 
AD. Protein–protein interaction analysis was performed 
using the search tool for neighboring genes (STRING) 
database with a confidence score threshold of ≥ 0.9. The 
networks were analyzed using Cytoscape’s Network Ana-
lyzer function to identify the key target proteins influ-
enced by both Omija and soybean.

Pathway and functional enrichment analyses were 
conducted using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) and Gene Ontology (GO) databases 
to elucidate the biological significance of the identified 
targets. These analyses mapped molecular interactions 
and categorized targets based on biological processes, 
molecular functions, and cellular components, with 
significance thresholds of p < 0.05 for GO and q < 0.05 
for KEGG pathways. The analysis particularly focused 
on identifying overlapping and complementary path-
ways that might explain potential synergistic mecha-
nisms between Omija and soybean in memory function 
enhancement.

Molecular docking analysis
Molecular docking studies were performed to evaluate 
the binding interactions between the identified com-
pounds and their protein targets. Three-dimensional 
protein structures were obtained from the Research 
Collaboratory for Structural Bioinformatics (RSCSB) 
protein data bank (PDB), selecting those with the high-
est resolution and quality scores. Protein structures 
were preprocessed using the Discovery Studio software 
to remove water molecules and co-crystallized ligands 
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[18]. AutoDock Tools v1.5.6 was used to prepare pro-
tein receptors and ligand molecules in the Protein Data 
Bank, Partial Charge, and Atom Type (PDBQT) format, 
followed by molecular docking analysis using AutoDock 
Vina v1.2 [19]. Binding interactions and poses were vis-
ualized and analyzed using Discovery Studio, provid-
ing detailed insights into the molecular mechanisms of 
action.

OSM mixture production
Dried Omija (Schisandra chinensis, #HSS-19) and soy-
beans were cultivated in Mungyeong-si, Korea and the 
Mungyeong Agricultural Technology Center obtained 
them. The dried Omija was subjected to ethanol extrac-
tion using 50% (v/v) ethanol at 70 °C for 3 h. The Omija 
extract was concentrated under reduced pressure and 
lyophilized to obtain a dry powder. Soybeans were pro-
cessed through the following sequential steps: hydration 
with purified water, dehulling, steaming, and lyophiliza-
tion. The final OSM product (#HSS-11) was prepared by 
homogenizing the lyophilized Omija extract powder with 
the processed soybean powder at a weight ratio of 5:1 
(Omija 50% ethanol extract: soybean powder, w/w based 
on solid content). The OSM was dissolved in methanol, 
and lignans quantified using high-performance liquid 
chromatography (HPLC, Waters Co., Milford, MA, USA) 
with a Gemini C18 column (150 × 2.0  mm; 5  µm; Phe-
nomenex, Torrance, USA), 280  nm detection, 0.8  mL/
min flow rate, and a 55-min acetonitrile gradient. Ref-
erence compounds (schizandrin, daidzin, and genistin) 
with > 98% purity were sourced from Sigma-Aldrich Co. 
(St. Louis, MO, USA).

Animals and experimental design
The sample size was calculated using G*Power software 
(version 3.1.9.7, Universität Düsseldorf, Germany) based 
on a one-way ANOVA design. Parameters included a 
medium effect size (f = 0.4), a significance level (α) of 
0.05, and a statistical power (1–β) of 0.80. The analysis 
indicated that a minimum of 10 animals per group was 
sufficient to detect statistically significant differences 
among groups. No specific inclusion or exclusion crite-
ria for animals or data points were established a priori. 
All animals initially enrolled in the study completed the 
experimental procedures without complications. Conse-
quently, no animals or data points were excluded at any 
stage of the experiment or analysis. Each experimental 
group consisted of 10 rats (n = 10), and all animals were 
included in the final statistical analysis.

All experimental protocols adhered to the National 
Institutes of Health (NIH) Guidelines for Animal Care 
(Institute of Laboratory Animal Resources, 1996) and 
received approval from Hoseo University’s Animal Care 

and Use Committee (HSUIACUC-24–009). Sixty male 
Sprague–Dawley rats (8  weeks old, 189 ± 8.4  g) were 
obtained from Daehan Bio Inc. (Eum-Sung, Korea) and 
individually housed under controlled environmental 
conditions (23  °C, 60% humidity, and 12-h light/dark 
cycle). All animals were maintained on a high-fat diet 
(43% energy from lard, 37% carbohydrates, 20% proteins) 
based on a modified, polyphenol-free AIN-93 formula 
(CJ Co., Seoul, Korea), with added vitamins and minerals. 
Food and water were provided ad libitum throughout the 
experimental period.

After a 1-week acclimatization period, the animals were 
randomly assigned to six experimental groups (n = 10 
per group). Memory impairment was induced by daily 
intraperitoneal injections of scopolamine hydrobromide 
(2  mg/kg body weight; Sigma-Aldrich, St. Louis, MO, 
USA) for 8 weeks in all groups except the Normal-control 
(Normal-C) group. The combination of a high-fat diet 
and scopolamine was designed to create a dual-challenge 
model that better reflects the multifactorial nature of 
cognitive impairment, where dietary factors compound 
cholinergic dysfunction commonly observed in neuro-
degenerative conditions. The Normal-C group received 
equivalent volumes of saline via intraperitoneal injection 
and served as the control for the high-fat diet condition 
without cholinergic dysfunction. The OSM mixture was 
administered orally at designated doses daily.

The experimental groups were as follows: Nor-
mal-C (saline injection + 750  mg/kg dextrin), Con-
trol (scopolamine + 750  mg/kg dextrin), Low-OSM 
(scopolamine + 100  mg/kg OSM), Medium-OSM 
(scopolamine + 250  mg/kg OSM), High-OSM (sco-
polamine + 750  mg/kg OSM), and Positive-control 
(Positive-C; scopolamine + 1  mg/kg donepezil). Rand-
omization was performed using a computer-generated 
random sequence, ensuring unbiased allocation. To 
minimize confounding variables, animals were housed 
individually, with cage positions rotated weekly. Behav-
ioral testing and sample collection were performed in a 
randomized order. Blinding was applied during outcome 
assessment and data analysis, with assessors unaware of 
group assignments. Each diet formulation was labeled 
with a coded number, and the animal care staff were 
blinded to the contents and treatment allocation of each 
diet. Body weight and food intake were measured weekly 
to calculate food efficiency for weight gain.

Memory assessment
Memory function was assessed using a series of behavio-
ral tests. On testing days, scopolamine was administered 
50 min prior to the initiation of each behavioral assess-
ment. The passive avoidance test utilized a light–dark 
shuttle box where the rats underwent two 8-h acquisition 



Page 5 of 20Yue et al. Applied Biological Chemistry           (2025) 68:43 	

trials with electric stimulation (75  V, 0.2  mA, 50  Hz). 
Retention was tested after 16 h by measuring the latency 
to enter the dark chamber, with a maximum cutoff time 
of 600 s. Spontaneous alternation behavior was assessed 
using a Y-maze (50.5 × 20 × 20 cm) during 8-min sessions, 
with performance calculated as the percentage of correct 
alternations over total arm entries.

The novel object recognition test began with 3  days 
of habituation, during which the rats explored the test-
ing arena for increasing durations (5–20 min daily). On 
the fourth day, the rats explored two identical objects for 
10 min, followed by a 1-h interval before testing. During 
the test phase, one object was replaced with a novel item, 
and exploration was recorded for 5 min. The recognition 
index was calculated based on the time spent exploring 
the new object relative to the total exploration time.

Spatial memory was evaluated using the Morris water 
maze test over 5  days. The rats learned the platform 
location in Zone 5 during the first 2 days, with the final 
assessment on day 5 measuring latency, visit frequency, 
and duration in the target zone, using a maximum cutoff 
time of 600 s.

Oral glucose tolerance (OGTT) and intraperitoneal insulin 
tolerance tests (IPITT)
Overnight-fasted rats received an oral dose of glucose 
(2  g/kg body weight), and blood glucose levels were 
measured at 10-min intervals up to 90 or 120 min using 
a commercial glucose assay kit (Asan Pharmaceuticals, 
Korea). Serum insulin levels were determined at 0, 20, 40, 
and 90  min post-glucose administration using an ultra-
sensitive insulin ELISA kit (Crystal Chem, USA). On the 
following day, after a 6-h fasting period, rats were intra-
peritoneally injected with insulin (1 IU/kg body weight). 
Blood glucose levels were then measured every 15  min 
for 90 min to assess insulin sensitivity.

Sample collection and biochemical analysis
Following the completion of behavioral tests and a 16-h 
fast, samples were collected under ketamine/xylazine 
anesthesia. Blood was drawn from the portal vein and 
inferior vena cava, while brain tissue was collected from 
ten rats per group, with six samples frozen at − 70 °C and 
four fixed in 4% paraformaldehyde. Cecal contents were 
collected and stored at − 70 °C, and epididymal and ret-
roperitoneal fat masses were measured. Serum liver dam-
age index including aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT), were measured in 
colorimetry kits (Asan Pharmaceuticals, Seoul, Korea).

Serum inflammatory markers (tumor necrosis fac-
tor [TNF]-α, interleukin [IL]-1β) were analyzed using 
enzyme-linked immunoassay (ELISA), while the 
hippocampal tissue was lysis with RIPA buffer for 

measurements of triglycerides, cholesterol, lipid perox-
ides, glycogen, AChE activity using corresponding kits 
(Elabscience, Huston, TX, USA) and phosphorylation of 
Akt and GSK-3β using Western blot. The total RNA of 
the hippocampus was extracted with Trizol and cDNA 
was made from it. mRNA expression analysis for ciliary 
neurotrophic factor (CNTF), brain-derived neurotrophic 
factor (BDNF), TNF-α, and IL-1β was performed using 
real-time PCR with β-actin as a reference gene.

Equal amounts of protein (20–30 μg) in the hippocam-
pal lysate were separated by SDS-PAGE and transferred 
onto PVDF membranes. Membranes were blocked with 
5% non-fat milk in TBS-T and incubated overnight at 
4 °C with primary antibodies against phosphorylated Akt 
(pAkt, Ser473) and phosphorylated GSK-3β (pGSK-3β, 
Ser9). After washing, membranes were incubated with 
HRP-conjugated secondary antibodies and visualized 
using enhanced chemiluminescence (ECL). Band intensi-
ties were quantified using ImageJ and normalized to total 
Akt, total GSK-3β, or β-actin as loading controls.

Histological analysis
The brain and intestinal tissues underwent histological 
examination following standard procedures. The brain 
Sects.  (10  µm) were stained with cresyl violet to assess 
damage to the hippocampal CA1 region. Large intes-
tine Sects. (5 µm) were processed using both hematoxy-
lin and eosin (H-E) staining for structural analysis and 
Alcian Blue/Periodic Acid-Schiff (AB-PAS) staining for 
mucin-producing goblet cells. The histological evaluation 
included measurements of mucosal length, crypt dimen-
sions, cell damage scoring on a 0–5 scale, and quanti-
fication of goblet cells. All microscopic analyses were 
performed using a Zeiss Axiovert microscope with the 
Dilation X-ray Imager (DIXI) Imaging solution.

Serum SCFA analysis
Serum short-chain fatty acid concentrations were deter-
mined using gas chromatography. Samples were pro-
cessed by adding acid ethanol and the supernatants 
were collected after centrifugation at 15,000  rpm. The 
SCFA in the supernatants was measured using a Clarus 
680 GAS chromatograph (PerkinElmer) equipped with 
an Elite-Free Fatty Acid Phase (FFAP) capillary column 
(30  m × 0.25  mm × 0.25  μm). Acetate, propionate, and 
butyrate were quantified using external standards from 
Sigma Co.

Statistical analysis
Statistical analyses were performed using SAS version 7 
(Cary, NC, USA). Data are presented as means ± stand-
ard deviations. The normality of data distribution was 
assessed using univariate analysis, and all datasets met 
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the assumption of normality. Group comparisons were 
conducted using one-way ANOVA, followed by Tukey’s 
post hoc test for multiple comparisons when significant 
main effects were observed. A p-value of < 0.05 was con-
sidered statistically significant.

Results
Network pharmacology analysis of Omija and soybean
Compound identification and target gene selection. 
We identified 130 bioactive compounds in Omija and 
116 in soybean through comprehensive database min-
ing. After filtering based on pharmacokinetic parameters 
(oral bioavailability ≥ 30% and drug-likeness ≥ 0.18), we 
selected eight compounds from Omija, including deoxy-
harringtonine, gomisin A, gomisin R, schizandrin B, and 
schizandrin C, along with 13 compounds from soybean, 
such as stigmasterol, beta-sitosterol, and daidzein-4,7-di-
glucoside (Supplementary Table S1).

The analysis of the selected compounds using multiple 
databases identified 48 unique target genes for Omija and 
soybean combined (Supplementary Table  S2). We com-
pared these targets against 358 memory impairment-
related genes obtained. This comparison revealed eight 
overlapping targets (Fig. S1A).

Network analysis and protein–protein interaction 
(PPI) analysis. The compound-target network analysis 
(Fig.  1a) revealed that gomisin R from Omija and both 
stigmasterol and beta-sitosterol from soybean demon-
strated the highest connectivity. Each herb showed dis-
tinct targeting patterns: Omija and soybean targeted the 
acetylcholine esterase (ACHE) prostaglandin-endoper-
oxide synthase 2 (PTGS2), glycogen synthase kinase-3β 
(GSK-3β), and androgen receptor (AR) genes, while 
soybean additionally affected the solute carrier family 
6 member 3 (SLC6A3), plasminogen activator (PLAU, 
urokinase), alcohol dehydrogenase 1C (class I), gamma 
polypeptide (ADH1C), and paraoxonase 1 (PON1) genes.

The PPI network analysis identified PTGS2 and ACHE 
as central hub genes in the network. PTGS2 showed sig-
nificant interactions with AR, GSK3B, and PLAU, while 
ACHE demonstrated strong connections with PON1 and 
SLC6A3, indicating their crucial roles in the therapeutic 
effects (Fig. 1b, S1B).

Functional enrichment analysis. GO enrichment 
analysis highlighted significant enrichment in endo-
peptidase activity, catecholamine binding, nuclear 
receptor activity (involving ESR-1], AR, and nuclear 
receptor subfamily 3 group C member 2 [NR3C2]), 
G-protein-coupled neurotransmitter receptor activ-
ity (including ACHE, cholinergic receptor muscarinic 
1 and 2 [CHRM1], and CHRM2), and protein kinase 
A catalytic subunit binding (adjusted P = 1X10−4) 

(Fig.  1c). The KEGG pathway analysis revealed signifi-
cant involvement in the neurodegeneration pathways, 
IL-17 signaling, nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) signaling, and 
dopaminergic synapse modulation (Fig.  1d; P = 0.049). 
The signaling pathways of NF-κB and IL-17 are shown 
(Fig. S1c, d). Both signaling pathways were involved in 
releasing inflammatory markers, such as TNF-α and 
IL-1β. These findings collectively suggest that Omija 
and soybean may work synergistically to enhance mem-
ory function through multiple mechanisms, including 
cholinergic neurotransmission regulation, neuroinflam-
mation modulation, and neuroprotection.

Molecular docking. Among the proteins encoded by 
these genes, PTGS2, ACHE, and GSK3B lowered bind-
ing energy (< − 9  kcal/mol) with Omija and soybean 
including schizandrin B, schizandrin A, gomisin C, 
stigmasterol, beta-sitosterol, folate (Table 1). The bind-
ing of schizandrin B and gomisin R with PTGS2, schi-
zandrin C and gomisin R with GSK-3β, and gomisin A 
and schizandrin C with AChE are shown in Fig.  1e, f, 
and S1E, respectively.

Bioactive compound content in Omija and soybean
The retention times and peaks of the bioactive com-
pounds from HPLC analysis are shown in Fig. S2. The 
quantities of the compounds detected per 1  g OSM 
were: 8.83 ± 0.045  mg schizandrin; 0.15 ± 0.0  mg daid-
zin; and 0.24 ± 0.006 mg genistin.

OSM effect on energy metabolism and liver function 
in vivo
Body weights at the end of the interventions and weight 
gain during the interventions were significantly lower 
in the Normal-C compared to the Control group. There 
was a significant reduction in weight in the OSM-
treated groups and the Positive-C group (P < 0.05; 
Table  2). Food efficiency showed corresponding pat-
terns, being higher in the Normal-C versus the Con-
trol group, and the treatments with OSM prevented 
this decrease. There was no significant difference in 
the visceral fat mass between the Control and Normal-
C groups. The visceral fat content was significantly 
reduced after the treatment with Medium- and High-
OSM and the Positive-C group (P < 0.05; Table 2).

Serum ALT levels were significantly elevated in the 
Control group versus the Normal-C (P < 0.05), while 
AST levels remained unchanged between the groups. 
Both liver damage markers decreased dose-depend-
ently with the OSM treatment, and there was no evi-
dence of hepatotoxicity (Table 2).
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Fig. 1  Network pharmacology between the bioactive compounds of Omija (Schisandra chinensis (Turcz.) Baill) and soybeans and the molecular 
targets of memory impairment. a Network between the bioactive compounds of Omija and soybeans (pink diamonds) and the molecular targets 
(blue eclipses) linked to memory deficit. The lines indicate the interaction between the Omija bioactive compounds and the molecular targets 
of memory deficit. Network pharmacology analysis was conducted using Cytoscape-3.8.2, National Resource for Network Biology, National Institute 
of Health, Bethesda, Maryland, USA (http://​www.​cytos​cape.​org). b Interaction of molecular targets linked to memory deficit. c The interaction 
counts of Omija and the soybean ingredients with molecular targets in the Gene ontology (GO) enrichment analysis. d The interaction counts 
of Omija and soybean ingredients with molecular targets in the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. e 
Molecular docking between the molecular target of acetylcholinesterase (AChE) with schizandrin B. f Molecular docking between the molecular 
target of glycogen synthase kinase-3β (GSK-3B) with gomisin R. PTGS2, prostaglandin-endoperoxide synthase 2 (known as Cyclooxygenase-2); 
GSK3B, glycogen synthase kinase-3-Beta; ACHE, acetylcholinesterase; PON1, paraoxonase 1; SLC6A3, solute carrier family 6 member 3 
(known as dopamine transporter); AR, androgen receptor; PLAU, plasminogen activator, urokinase; IL-17, interleukin 17; NF-κB, nuclear factor 
kappa-light-chain-enhancer of activated B cells

http://www.cytoscape.org
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OSM effect on glucose metabolism
Fasting serum glucose and insulin levels were signifi-
cantly elevated in the Control group compared to the 
Normal-C (P < 0.05; Table  2). The OSM treatments 
reduced glucose levels dose-dependently, while only 
high-dose OSM significantly affected insulin levels. 
Insulin resistance measured by the Homeostasis Model 
Assessment for Insulin Resistance (HOMA-IR) was sig-
nificantly higher in the Control and Positive-C groups, 
with OSM at medium and high doses reducing it to lev-
els comparable to levels seen in the Normal-C group 
(Table 2).

In the OGTT, serum glucose levels were significantly 
higher in the Control and the Positive-C groups com-
pared to the Normal-C group (P < 0.05; Fig.  2a). The 
High-OSM group showed significantly lower glucose 
levels compared to the Control group. Treatments with 
medium and high OSM doses significantly reduced glu-
cose AUC compared to the Control group in both the 

early phase (0–40 min) and the late phase (40–120 min) 
(Fig. S3a).

Serum insulin levels during the OGTT were consist-
ently higher in the Control group compared to the Nor-
mal-C group. Treatments with medium and high doses of 
OSM normalized insulin levels at 40 and 90 min, while no 
significant differences were observed at 20 min (Fig. 2b). 
Insulin levels in both the early-phase (0–20  min) and 
late-phase (20–90 min) showed that treatment with high-
dose OSM achieved levels equivalent to the Normal-C 
group (Fig. S3b).

In the IPITT of the rats with 6-h fasting, serum glucose 
levels were significantly elevated in the Control and Posi-
tive-C groups compared to the Normal-C group (P < 0.05; 
Fig.  2c). The Medium- and High-OSM groups showed 
significantly improved insulin sensitivity, with high-dose 
treatment achieving glucose levels similar to the Normal-
C group. The High-OSM group maintained significantly 
lower glucose levels throughout the test period. Both the 

Fig. 1  continued
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early-phase (0–30 min) and late-phase (30–90 min) glu-
cose levels confirmed that the treatment with high-dose 
OSM demonstrated the most pronounced improvement 
in insulin sensitivity (Fig. S3c).

OSM effect on hippocampal neuronal cell death 
and memory function
Cresyl violet staining revealed significantly increased 
neuronal cell death in the hippocampal CA1 region of 
the Control group compared to the Normal-C (P < 0.05). 
The OSM treatment dose-dependently reduced neuronal 
cell death, and the High-OSM and Positive-C groups 
achieved levels comparable to the Normal-C (Fig. 3a).

In the hippocampus, the phosphorylation of Akt and 
GSK-3β linked to insulin signaling was attenuated, and 
it was potentiated in the High-OSM group, better than 
in the Normal-C group (Fig.  3b). However, their phos-
phorylation did not differ between the Control and 
Positive-C groups. By contrast, the phosphorylation of 
NF-κB was much higher in the Control group than in 
the Normal-C group and decreased in the Positive-C and 
High-OSM groups. The phosphorylation observed in the 

High-OSM group was similar to that of the Normal-C 
group (Fig. 3b).

Memory function was assessed using multiple behavio-
ral tests. In the passive avoidance test, the initial latency 
to enter the dark chamber was similar across all groups in 
the first trial (Fig. 4a). At 8- and 24-h post-training (sec-
ond and third trials), all groups showed increased latency 
compared to the first trial. Notably, the Positive-C, 
Medium-, and High-OSM groups demonstrated 1.5–1.7-
fold higher latencies than the Control group in the third 
trial, reaching levels similar to the Normal-C (Fig. 4a).

In the Morris water maze test, while platform 
zone (zone 5) duration showed no significant differ-
ence between the Control and Normal-C groups, the 
Medium- and High-dose OSM treatments significantly 
increased this duration (P < 0.05; Fig.  4b). The platform 
zone visit frequency was significantly higher in the Pos-
itive-C and Normal-C groups (1.8 and 2.1-fold, respec-
tively) compared to the Control (P < 0.05; Fig. 4b). All the 
OSM treatments increased visit frequency above the lev-
els seen in the Control groups. Latency to first platform 
zone entry was significantly shorter in the Normal-C 

Fig. 1  continued
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group versus the Control and Positive-C groups, with the 
High-OSM group showing the shortest latency (Fig. 4b).

Y-maze performance showed reduced spontane-
ous alternation in the Control group compared to the 
Normal-C group (P < 0.05; Fig.  4c), and treatment with 
high dose OSM restored performance to Normal-C lev-
els. Novel object recognition testing revealed a 1.5-fold 
reduction in the recognition index in the Control group 

versus the Normal-C group (P < 0.05), while the Positive-
C and High-OSM groups maintained indices similar to 
the Normal-C (Fig. 4c).

OSM effect on hippocampal oxidative stress 
and neuroinflammation
Associated with Memory Deficits. Markers of systemic 
inflammation, serum TNF-α, and IL-1β, were signifi-
cantly elevated in the Control group compared to the 
Normal-C (P < 0.05; Table  3). Treatment with Medium- 
and High-dose OSM significantly reduced these inflam-
matory markers. While hippocampal triglyceride content 
showed no significant differences among groups, hip-
pocampal cholesterol levels were significantly higher 
in the Control group compared to the Normal-C group 
(P < 0.05; Table 3). The levels were further elevated in the 
Positive-C group. Treatment with OSM reduced them 
below the Control group levels. Hippocampal glycogen 
content was lower in the control than in the Normal-
C and Medium- and High-OSM increased it (P < 0.05; 
Table 3).

AChE activity was markedly elevated (5.2-fold) in the 
Control group versus the Normal-C group (P < 0.05; 
Table 3). The activity was significantly lower in the Pos-
itive-C and Medium- and High-OSM groups. However, 

Fig. 1  continued

Table 1  The binding energy between the target protein and 
primary components in 50% ethanol extract of Omija and 
soybean mixture (OSM)

PTGS2, Prostaglandin-Endoperoxide Synthase 2; PON1, Paraoxonase 1; GSK3B, 
Glycogen Synthase Kinase 3-Beta; ADH1G, Alcohol Dehydrogenase 1G (Class I), 
Gamma Polypeptide; AChE, Acetylcholinesterase

PTGS2 PON1 GSK3B ADHG1 AChE

Angeloylgomisin-O  − 9  − 6.6  − 8.8  − 7.1  − 6.5

Gomisin-C  − 9.3  − 7.9  − 9.4  − 8.8  − 7.8

Schizandrin-B  − 9.2  − 8.2  − 8.5  − 6.7  − 9

Schizandrin-A  − 9.2  − 8.3  − 9.8  − 9.1  − 9.1

beta-Sitosterol  − 9.5  − 7.6  − 8.1  − 6.8  − 6.2

Stigmasterol  − 9.3  − 7.4  − 8.5  − 7.7  − 9.3

Folate  − 8.8  − 6.9  − 8  − 8.5  − 10.1
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these levels remained higher than that of the Normal-
C group. Lipid peroxidation and superoxide dismutase 
(SOD) activity were significantly increased in the Con-
trol group compared to the Normal-C (P < 0.05; Table 3). 
These were lower in the Positive-C and the OSM groups. 
Treatment with high-dose OSM lowered the activity 
to below the levels seen in the Normal-C group. Since 
network pharmacology indicated that the dopamine 
transporter, SLC6A3, was linked to OSM, the dopa-
mine contents in the hippocampus were measured. They 
were lower in the Control than the Normal-C group and 
increased in the Positive-C and the Medium-OSM and 
High-OSM groups (Table 3).

The quantity of hippocampal neuroinflammatory mod-
ulators, including PTGS-2, TNF-α, IL-17, and IL-1β is 
suggestive of the impact of OSM on memory impairment. 
Hippocampal mRNA expression of PTGS-2 involved in 
prostaglandin synthesis to modulate neuroinflammation 
and synaptic plasticity (Table 3) in the hippocampus was 
higher in the Control than in the Normal-C group. The 
expression was lower in the Positive-C, Medium-OSM, 
and High-OSM groups (Table  3). Hippocampal TNF-α 
mRNA expression was significantly elevated (1.3-fold) in 
the Control group compared to the Normal-C (P < 0.01). 

Medium- and High-OSM groups reduced TNF-α to lev-
els comparable to the Normal-C (P < 0.05; Table 3). Hip-
pocampal IL-1β mRNA in the Control group was also 
higher than in the Normal-C, with Medium- and High-
OSM treatments significantly reducing their expres-
sion. Conversely, neurotrophic factors BDNF and CNTF 
showed significantly reduced mRNA expression in the 
Control group compared to the Normal-C (P < 0.05; 
Table  3). The expression of these neurotrophic factors 
significantly increased in the Positive-C and OSM groups 
relative to the Control group (Table 3).

OSM effect on large intestinal morphology and portal vein 
SCFA
Histological analysis of large intestine morphology 
revealed significant structural alterations in the Control 
group compared to the Normal-C group. Treatment with 
medium- and high-doses of OSM prevented these mor-
phological changes (Fig. 5a, b). Specifically, the length of 
the colonic epithelium was significantly reduced in the 
Control group versus the Normal-C group (P < 0.05; Fig. 
S4B), while in the Positive-C group and after treatment 
with medium and high doses of OSM, the lengths were 
maintained comparable to that of the Normal-C group 

Table 2  Body weight and glucose metabolism at the end of experimental periods

Food efficiency gain/food intake; Visceral fat = (epididymal fat + retroperitoneal fat)/body weight; HOMA-IR, Homeostasis model assessment for insulin resistance. 
Male rats had intraperitoneal injections of scopolamine (2 mg/kg body weight/day) at 30 min after daily feeding of Omija (50% ethanol extract; Schizandra chinensis 
BAALL.) plus soybean mixture (OSM) or 1.2 mg donepezil (Positive-control) per kg body weight per day through feeding needle for 6 weeks. The normal-control rats 
had saline injections without scopolamine

Values represent means ± standard deviations (n = 10)
a,b,c  Means on the same row with different superscript letters indicated a significant difference among the groups by Tukey test at P < 0.05

Control Positive-C Low-OSM Medium-OSM High-OSM Normal-C

Final body weight (g) 340.4 ± 13.5a 299.2 ± 10.5b 329.2 ± 8.62a 322.6 ± 7.96b 299.4 ± 12.9b 325.6 ± 10.1b

Body weight gain (g) 112.4 ± 7.62a 84 ± 9.91c 94.6 ± 9.40bc 92.3 ± 10.6b 85.8 ± 11.9bc 100.6 ± 5.87b

Food efficiency 6.8 ± 0.73a 5.3 ± 0.53b 5.8 ± 0.85b 5.1 ± 0.57bc 4.9 ± 0.86c 5.9 ± 0.56b

Visceral fat (%) 2.82 ± 0.19a 1.97 ± 0.1c 3.04 ± 0.25a 2.48 ± 0.16b 2.4 ± 0.22b 2.98 ± 0.21a

Serum ALT (U/L) 49.2 ± 2.6a 48.3 ± 3.2a 44.3 ± 3.34b 43.7 ± 2.89b 39 ± 2.08c 39 ± 2.09c

Serum AST (U/L) 74.9 ± 4.43a 74.1 ± 1.04a 73.8 ± 3.22ab 71.8 ± 1.8b 63.2 ± 3.54c 75.8 ± 4.17a

Fasting serum glucose (mg/dL) 134 ± 9.3a 128 ± 7.1ab 121 ± 10.1b 102 ± 8.3c 108 ± 5.3c 117 ± 10.4b

Fasting serum insulin (ng/ml) 0.62 ± 0.04a 0.59 ± 0.04a 0.6 ± 0.08a 0.51 ± 0.06b 0.36 ± 0.04c 0.4 ± 0.05c

HOMA-IR 7.59 ± 0.97a 6.78 ± 0.83a 6.59 ± 1.18a 4.76 ± 0.89b 3.52 ± 0.57c 4.24 ± 0.91bc

(See figure on next page.)
Fig. 2  Serum glucose and insulin concentrations after administration of Omija (Schisandra chinensis (Turcz.) Baill)) and soybean mixture (OSM) 
during oral glucose tolerance tests (OGTT) and intraperitoneal insulin tolerance test (IPITT). a Changes in serum glucose concentrations 120 min 
after the oral administration of 2 g glucose/kg body weight (n = 10). b Changes in serum insulin concentrations during the OGTT (n = 10). c Changes 
in serum glucose concentrations 90 min after the intraperitoneal injection of 1 IU insulin/kg body weight during IPITT (n = 10). Each bar represents 
Means ± standard deviation (n = 10). The scopolamine-induced amnestic rats were fed high-fat diets with Control (750 mg dextrin/kg bw), Low-OSM 
(100 mg OSM/kg bw), Medium-OSM (250 mg OSM/kg bw), High-OSM (750 mg OSM/kg bw), and positive-control (Positive-C; 1 mg/kg donepezil). 
Saline-injected (no scopolamine) rats fed high-fat diets with 750 mg dextrin/kg bw were Normal-C. * Significantly different among the groups 
at each time point at P < 0.05
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(Fig. S4B). The colonic epithelium width showed a sig-
nificant increase in the Control group compared to the 
Normal-C (P < 0.05), while treatment with all doses of 
OSM significantly reduced the width. Crypt height was 
significantly diminished in the Control group versus the 
Normal-C group (P < 0.05), but this reduction was pre-
vented with high OSM treatment (Fig. S4B).

Goblet cell counts, indicative of mucin secretion capac-
ity, were significantly decreased in the Control group 
compared to the Normal-C group (P < 0.05). All OSM 
treatments restored counts to levels comparable to the 
Normal-C (Fig.  5a, b). The number of damaged cells in 
the large intestine was significantly elevated in the Con-
trol group versus the Normal-C (P < 0.05), with the OSM 
treatment significantly inhibiting this increase (Fig.  5a, 
b).

Analysis of the SCFA in the portal vein revealed that 
the serum acetate concentrations were similar between 
the Control and the Normal-C groups. The acetate levels 
were higher in the Positive-C group, while treatment with 
medium- and high-dose OSM significantly reduced them 
compared to the Control (P < 0.05; Fig. 5c). Serum propi-
onate concentrations showed no significant differences 
among groups. Serum butyrate levels were significantly 
lower in the Control group compared to the Normal-
C group (P < 0.05; Fig.  5c), with the OSM treatments 
increasing levels dose-dependently, reaching the maxi-
mum concentration in the medium-dose OSM group.

Discussion
This study uniquely integrated network pharmacology 
analysis with experimental validation to elucidate the 
mechanisms of OSM in treating memory deficits. Net-
work analysis revealed distinct targeting patterns: Omija 
and soybean targeted the ACHE, PTGS2, GSK-3β, and AR 
genes, while soybean additionally affected the SLC6A3, 
PLAU, ADH1C, and PON1 genes. In the molecular dock-
ing analysis, PTGS2, GSK3B, and AChE demonstrated 
lower binding energy with the gomisin C, schizandrin-B, 
and schizandrin-A compounds of Omija while PTGS2 
and AChE showed lower binding energy with β-sitosterol, 
stigmasterol, and folate of soybean. These computational 

predictions were experimentally validated in scopola-
mine-treated rats, where we observed significant altera-
tions in three key pathways: elevated hippocampal AChE 
activity (5.19-fold), increased PTGS2 mRNA expression 
(1.61-fold), and decreased dopamine content linked to 
SLC6A3 (1.53-fold). The OSM treatment effectively nor-
malized these parameters in a dose-dependent manner. 
Pathway enrichment analysis identified neuroinflam-
mation, mainly through IL-17 and NF-κB signaling, as 
a central mechanism. This was confirmed by elevated 
hippocampal NF-κB signaling and inflammatory mark-
ers (TNF-α and IL-1β) in the scopolamine-treated rats, 
which were significantly attenuated by OSM treatment. 
This is the first study to demonstrate that the synergistic 
effects of the two components of OSM operate through 
distinct. However, complementary molecular targets pro-
vide a novel therapeutic approach to improve memory 
through the simultaneous modulation of the cholinergic, 
dopaminergic, and inflammatory pathways.

Network pharmacology has emerged as a valuable tool 
for predicting the therapeutic targets of traditional herbal 
medicines, with recent studies demonstrating its utility 
in identifying the mechanism of action of single herbs 
in memory improvement [20]. Our study advances this 
approach by successfully predicting and validating the 
complementary mechanisms of a herbal combination, 
OSM. The molecular docking results provided mechanis-
tic support for our network pharmacology predictions, 
with the Omija compounds (gomisin C, schizandrin 
B, and schizandrin A) showing strong binding affinity 
to PTGS2, GSK3β, and AChE, while the soybean com-
pounds (β-sitosterol, stigmasterol, and folate) demon-
strated significant interactions with PTGS2 and AChE. 
These findings suggest that the bioactive compounds in 
both herbs can effectively modulate the identified target 
proteins.

While previous network analyses of Omija have iden-
tified its effects on cholinergic transmission [21, 22] and 
studies of soybean have highlighted its anti-inflamma-
tory properties [23], our integrated analysis uniquely 
revealed their synergistic potential through distinct 
molecular targets. This synergistic effect was validated in 

Fig. 3  Neuronal cell survival and insulin signaling in the hippocampus post-OSM intervention. a Neuronal cells stained by crezyl violet 
in the hippocampus (n = 5). The red scale bar indicated 50 μm in the upper panels and 10 μm in the lower panel. The red square box in the upper 
image panel indicates the part of the hippocampus enlarged to show in the lower panel. b Insulin signaling (phosphorylation of Akt and GSK-3β) 
and phosphorylation of NF-κB (n = 4). Each bar represents Means ± standard deviation. a,b Different letters on the bars indicate significant 
differences at P < 0.05. Omija (50% ethanol extract; Schizandra chinensis BAALL.) plus soybean mixture (OSM). The scopolamine-induced amnestic 
rats were fed high-fat diets with Control (750 mg dextrin/kg bw), Low-OSM (100 mg OSM/kg bw), Medium-OSM (250 mg OSM/kg bw), High-OSM 
(750 mg OSM/kg bw), and positive-control (Positive-C; 1 mg/kg donepezil). Saline-injected (no scopolamine) rats fed high-fat diets with 750 mg 
dextrin/kg bw were Normal-C. Akt, protein kinase B; GSK-3β glycogen synthase kinase 3β; NF-κB, nuclear factor kappa B-light-chain-enhancer 
of activated B cells

(See figure on next page.)
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our scopolamine-induced memory impairment model, 
wherein OSM effectively normalized multiple predicted 
targets. The strong binding affinity of the Omija com-
pounds to AChE and PTGS2 explains their potent effects 
on cholinergic function and neuroinflammation, while 
the soybean compounds complemented these actions 
through additional PTGS2 inhibition and modulation of 
the dopaminergic pathways.

Previous studies have demonstrated that scopolamine-
induced memory impairment primarily involves cholin-
ergic dysfunction and increased oxidative stress in the 
hippocampus [13, 24]. Our findings extend this under-
standing by showing that PTGS2 expression upregulation 
and NF-κB activation creates a pro-inflammatory envi-
ronment in the hippocampus, leading to increased TNF-
α (1.3-fold) and IL-1β production. This aligns with recent 
studies that elevated serum inflammatory markers cor-
relate with cognitive decline and brain atrophy in older 
adults and experimental animals [25–27].

The relationship between neuroinflammation and the 
reduced expression of neurotrophic factors observed in 
our study parallels the findings by Giacobbo et  al. [28], 
who demonstrated that chronic inflammation suppresses 
BDNF mRNA expression in the hippocampus. However, 
our study uniquely demonstrated that the anti-inflam-
matory effects of OSM occur through the simultaneous 
modulation of the PTGS2 and NF-κB pathways, leading 
to the restoration of BDNF and CNTF mRNA levels. The 
molecular docking results showing the low binding ener-
gies of the Omija and soybean compounds with PTGS2 
provide a molecular basis for these anti-inflammatory 
effects. This multi-target action was different from those 
seen in previous studies [29, 30] that typically focused 
on single pathways. The neuroprotective effects of OSM 
in preserving CA1 neurons align with previous research 
showing that reducing hippocampal inflammation can 
prevent neuronal death [5, 31]. Importantly, our study is 
the first to demonstrate that combining Omija with soy-
bean provides superior neuroprotection, probably due 
to their complementary effects on the inflammatory and 
neurotrophic pathways.

Our network pharmacology analysis identified SLC6A3 
(dopamine transporter) as a key target of soybean, 

suggesting potential modulation of dopaminergic sign-
aling. This prediction was validated by our experimen-
tal findings showing reduced hippocampal dopamine 
levels (1.3-fold decrease) in scopolamine-treated rats, 
which were effectively restored by the OSM treatment. 
This aligns with previous studies [32, 33] demonstrating 
that scopolamine administration disrupts not only cho-
linergic but also dopaminergic neurotransmission in the 
hippocampus. While Yan et al. [31] reported that Omija 
treatment could partially restore dopamine levels, in our 
study, treatment with a combination of Omija and soy-
bean in OSM showed superior efficacy in normalizing 
dopaminergic signaling.

The marked elevation in hippocampal AChE activity 
(5.2-fold) observed in our scopolamine model was con-
sistent with findings reporting similar increases in AChE 
activity correlating with memory deficits [34]. However, 
our study demonstrated that OSM treatment more effec-
tively reduced AChE activity than Omija treatment alone 
[5]. This enhanced efficacy may be attributed to the syn-
ergistic effects of the direct inhibition of AChE by Omija 
and the anti-inflammatory properties of soybean, as 
inflammation has been shown to modulate AChE expres-
sion [35]. The simultaneous normalization of both cho-
linergic and dopaminergic systems by OSM represents a 
novel therapeutic approach, as most existing treatments 
target only one neurotransmitter system.

Our findings revealed a novel aspect of the therapeu-
tic effects of OSM through the modulation of the GBA. 
The GBA represents a bidirectional communication 
network between the gastrointestinal tract and the cen-
tral nervous system, operating through multiple path-
ways including neural (parasympathetic nervous system, 
especially vagus nerve), hormonal (hypothalamic–pitui-
tary–adrenal axis), immune (cytokines and inflammatory 
mediators), and metabolic (microbial metabolites such 
as SCFA) mechanisms [36, 37]. Our analysis of intestinal 
morphology showed that scopolamine administration 
significantly disrupted the intestinal structure, charac-
terized by reduced colonic epithelium length, increased 
width, and diminished crypt height. These structural 
changes align with findings from previous studies [38, 
39]. It reports similar large intestinal morphological 

(See figure on next page.)
Fig. 4  Results of memory function tests post-intervention with OSM. a Latency time to enter the darkroom in the passive avoidance test (n = 10). b 
Latency to locate the zone with the platform, and the period of stay in the platform zone on day 5 during the water maze test (n = 10). c Right turn 
percentage in the Y-maze test and recognition index in novel object recognition test (n = 10). Bars and error bars represent the means ± standard 
deviations (n = 10). a,b,c Different letters on the bars indicate a significant difference among the groups by Tukey’s test at P < 0.05. The 
scopolamine-induced amnestic rats were fed high-fat diets with Control (750 mg dextrin/kg bw), Low-OSM (100 mg OSM/kg bw), Medium-OSM 
(250 mg OSM/kg bw), High-OSM (750 mg OSM/kg bw), and positive-control (Positive-C; 1 mg/kg donepezil). Saline-injected (no scopolamine) rats 
fed high-fat diets with 750 mg dextrin/kg bw were Normal-C
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alterations in cognitive decline models. The OSM treat-
ment effectively prevented these morphological changes 
and restored goblet cell counts, with high-dose treatment 
showing particular efficacy in maintaining crypt height. 
Such compromised intestinal barrier function allows 
increased translocation of bacterial endotoxins and pro-
inflammatory molecules into the systemic circulation, 
which can cross the blood–brain barrier and directly 
contribute to neuroinflammation and cognitive decline 
[40, 41].

The analysis of SCFA in the portal vein revealed distinct 
patterns of alteration that directly impact brain func-
tion through multiple mechanisms. SCFA, particularly 
butyrate, can cross the blood–brain barrier and exert 
neuroprotective effects by modulating microglial activa-
tion, promoting neurogenesis, and enhancing synaptic 
plasticity [42]. Earlier studies have indicated that butyrate 
levels are linked to enhancement of the GBA, improving 

cognitive function through both peripheral anti-inflam-
matory effects and direct central nervous system actions 
[8, 43]. While acetate and propionate showed variable 
responses, butyrate levels were markedly reduced in the 
scopolamine-treated rats and significantly increased by 
the OSM treatment, particularly in the medium-dose 
group. These findings parallel previous works showing 
that reduced circulating butyrate levels are associated 
with cognitive impairment [37, 44].

The restoration of butyrate levels by OSM is particu-
larly significant given butyrate’s established role in reduc-
ing neuroinflammation, strengthening the blood–brain 
barrier, and supporting cognitive function through direct 
neural signaling pathways. Additionally, butyrate can 
activate the vagus nerve, which transmits signals directly 
to brain regions involved in memory formation, including 
the hippocampus [45]. While we did not directly assess 
microbiota composition, the observed improvements in 

Table 3  Hippocampal lipids, oxidative stress and neuroinflammation

PBEH, porcine brain enzyme hydrolysates; MDA, malondialdehyde; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; BDNF, brain-derived neurotrophic factor; 
CNTF, ciliary neurotrophic factor. Male rats had intraperitoneal injections of scopolamine (2 mg/kg body weight/day) at 30 min after daily feeding of Omija (50% 
ethanol extract; Schizandra chinensis BAALL) plus soybean mixture (OSM) at 100, 250, or 750 mg (Low-OSM, medium-OSM, and high-OSM), or 1.2 mg donepezil 
(Positive-control) per kg body weight per day through feeding needle for 6 weeks. The normal-control rats had saline injections without scopolamine

Values represent means ± standard deviations (n = 10)
a,b,c  Means on the same row with different superscript letters indicated a significant difference among the groups by Tukey test at P < 0.05

Control Positive-C Low-OSM Medium-OSM High-OSM Normal-C

Serum TNF-α (ng/mL) 0.84 ± 0.08a 0.54 ± 0.07b 0.78 ± 0.07a 0.57 ± 0.07b 0.49 ± 0.06c 0.56 ± 0.06b

Serum IL-1β (pg/mL) 16.9 ± 2.07a 16.6 ± 1.87a 16.3 ± 2.02a 13.2 ± 1.64b 12.8 ± 1.37b 12.2 ± 1.35b

Triglyceride (mg/g tissue) 54.6 ± 2.91 52.5 ± 1.34 54.5 ± 1.49 53.4 ± 4.37 52.4 ± 1.58 53.3 ± 2.73

Cholesterol (mg/g tissue) 36.1 ± 1.62b 40.3 ± 1.29a 35.1 ± 1.35bc 34 ± 1.27c 31.6 ± 1.67d 32.3 ± 0.78d

Glycogen (mg/g tissue) 14.3 ± 4.06b 14.2 ± 3.26b 14.7 ± 3.29b 17.7 ± 2.01a 18.6 ± 3.08a 17.6 ± 2.77a

Acetylcholinesterase activity (U/mg protein) 0.83 ± 0.09a 0.48 ± 0.06c 0.77 ± 0.09a 0.63 ± 0.07b 0.52 ± 0.07c 0.16 ± 0.03d

Dopamine (pg/mg protein) 5.33 ± 0.65c 7.34 ± 0.83a 5.64 ± 0.67c 6.46 ± 0.84b 7.06 ± 0.75b 8.16 ± 0.83a

Lipid peroxides (MDA μmol/g tissue) 4.21 ± 0.58a 3.22 ± 0.39b 3.94 ± 0.48a 3.44 ± 0.43b 2.43 ± 0.37c 2.52 ± 0.33c

SOD (U/mg protein) 56.9 ± 5.34a 48.4 ± 4.23b 52.4 ± 5.21ab 47.3 ± 4.35b 41.5 ± 4.07c 43.5 ± 4.23c

TNF-α contents (ng/g protein) 5.34 ± 0.63a 3.72 ± 0.59b 4.83 ± 0.66a 3.79 ± 0.45b 3.38 ± 0.54b 3.54 ± 0.43b

Relative PTGS2 mRNA (AU) 1a 0.87 ± 0.10b 1.05 ± 0.13a 0.79 ± 0.59b 0.66 ± 0.83c 0.62 ± 0.08c

Relative TNF-α mRNA (AU) 1a 0.95 ± 0.06ab 0.96 ± 0.07ab 0.90 ± 0.07b 0.81 ± 0.07c 0.77 ± 0.08c

Relative IL-1β mRNA (AU) 1a 0.96 ± 0.08ab 0.95 ± 0.08ab 0.90 ± 0.07b 0.84 ± 0.07bc 0.81 ± 0.08c

Relative IL-17 mRNA (AU) 1a 0.94 ± 0.07a 0.93 ± 0.08ab 0.88 ± 0.08b 0.78 ± 0.07c 0.77 ± 0.07c

Relative BDNF mRNA (AU) 1c 1.53 ± 0.13a 1.09 ± 0.10c 1.32 ± 0.12b 1.49 ± 0.12a 1.42 ± 0.12ab

Relative CNTF mRNA (AU) 1c 1.81 ± 0.23b 1.12 ± 0.17c 1.54 ± 0.21b 1.68 ± 0.23b 2.45 ± 0.32a

Fig. 5  Large intestinal morphology after OSM intervention. a Damaged cells and goblet cell count (n = 5). b Alcian Blue-Periodic Acid Schiff 
(AB-PAS) staining (The scale bar indicated 10 μm and magnification was X100). The violet color indicates mucin (n = 5). c Serum short-chain fatty 
acid levels in the portal vein (n = 10). Bars and error bars represent the means ± standard deviations. a,b,c Different letters on the bars indicate 
a significant difference among the groups by Tukey’s test at P < 0.05. Omija (50% ethanol extract; Schizandra chinensis BAALL.) plus soybean mixture 
(OSM). The scopolamine-induced amnestic rats were fed high-fat diets with Control (750 mg dextrin/kg bw), Low-OSM (100 mg OSM/kg bw), 
Medium-OSM (250 mg OSM/kg bw), High-OSM (750 mg OSM/kg bw), and positive-control (Positive-C; 1 mg/kg donepezil). Saline-injected (no 
scopolamine) rats fed high-fat diets with 750 mg dextrin/kg bw were Normal-C

(See figure on next page.)
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both intestinal structure and SCFA profiles suggest that 
OSM may enhance cognitive function partly through 
modulation of the gut environment and its metabolites, 
which subsequently influence brain function through the 
established GBA communication pathways.

In conclusion, this study validates network pharma-
cology predictions through in  vivo experimentation, 
demonstrating OSM’s therapeutic potential in memory 
improvement through complementary mechanisms, 
namely cholinergic function (AChE inhibition), dopa-
minergic signaling (SLC6A3), and neuroinflammation 
(PTGS2/NF-κB pathways). The anti-inflammatory effects 
coupled with enhanced expression of neurotrophic fac-
tors (BDNF/CNTF) improved neuronal survival in the 
hippocampal CA1 region. Both medium (250 mg/kg bw) 
and high dose OSM (750 mg/kg bw) showed similar effi-
cacy in improving memory function by directly inhibiting 
neuroinflammation and indirectly modulating the GBA 
through enhanced intestinal morphology and butyrate 
production. This multi-target approach, combining neu-
roprotective effects with GBA modulation, suggests that 
OSM could be a promising therapeutic option for treat-
ing memory deficits. The effectiveness of the medium 
dose of OSM suggests a potential human equivalent dose 
of 40 mg/kg bw/day. Future clinical trials are warranted 
to validate these findings in human populations and 
establish optimal dosing regimens.
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