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Abstract

Depression is a chronic and recurrent neuropsychiatric disorder with complex pathophysiology. Dihydromyricetin (DMY),
a bioactive flavonoid compound isolated from Ampelopsis grossedentata (commonly known as rattan tea), has demonstrated
multiple pharmacological properties including anti-inflammatory, antioxidant, antitumor, and antimicrobial activities. In
the present study, a well-established rodent model of depression was generated through chronic unpredictable mild stress
(CUMS) paradigm combined with social isolation. Following eight weeks of DMY intervention, comprehensive behavioral
assessments were conducted to validate both the successful establishment of the depression model and the therapeutic effi-
cacy of DMY treatment. We employed network pharmacology approaches to systematically predict potential antidepressant
targets of DMY. Further mechanistic investigations were performed to elucidate the underlying molecular pathways, provid-
ing novel perspectives for developing innovative antidepressant therapeutics.Integrating network pharmacology prediction
with molecular biology validation, our findings revealed that DMY exerts significant antidepressant-like effects through
suppression of the advanced glycosylation end products (AGEs)-RAGE signaling pathway, activation of the nuclear factor
E2-related factor 2 (NRF2)-mediated antioxidant defense system, and upregulation of synaptic plasticity-related proteins
including postsynaptic density protein 95 (PSD95) and synaptophysin (SYP). These results suggest that DMY may represent
a promising natural therapeutic candidate for depression treatment.
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Introduction

Depression is a persistent and recurring mental health con-
dition characterized by its prolonged duration. It is often
resistant to treatment and is characterized by high rates of
relapse, medication withdrawal symptoms, morbidity, and an
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elevated risk of suicide [1]. Based on the most recent infor-
mation from the World Health Organization (WHO), it is
estimated that more than 350 million individuals around the
globe are experiencing depression [2—4]. In more than three-
quarters of depression cases, symptoms of this condition will
manifest repeatedly and persistently throughout the lifetime
of an individual [5]. Depression not only leads to signifi-
cant mental distress but also disrupts sleep, appetite, meta-
bolic activity, and fundamental biological processes, such
as autonomic function and neuroendocrine regulation [6].
Maes and Vandoolaeghe [7] were the pioneers in proposing
the inflammatory hypothesis, grounded in their observation
of a systemic inflammatory state present in patients suffer-
ing from major depression. They proposed that there may
be a close association between the onset of depression and
the systemic inflammatory response. The core hypothesis
of this theory posits that under conditions of inflammation,
inflammatory cytokines, like tumor necrosis factor-o (TNF-
a) and interleukin-1p (IL-1p) increase while anti-inflamma-
tory factors decrease. This results in an overstimulation of
the immune system, which subsequently disrupts the bal-
ance between neuroendocrine and immune functions. It
leads to sustained inflammation, ultimately contributing to
the development of depression. Clinical research has indi-
cated that individuals undergoing treatment with interferon
(IFN) and interleukin-2 (IL-2) frequently exhibit symptoms
of depression frequently [8]. These symptoms typically
resolve after medication withdrawal. Animal experiments
have also manifested that inflammatory triggers can induce
depression-like behaviors in animals. These are reversible
after the administration of antidepressant drugs. Conversely,
inhibiting cytokine activity or eliminating its receptors has
demonstrated antidepressant effects [9]. Recently, there has
been an increased exploration and refinement of the inflam-
matory cytokine hypothesis in relation to depression. Pro-
longed, unpredictable mild stimulation has been proposed
to have an adverse effect on the neuroendocrine system
by excessively stimulating both the peripheral and central
immune responses. This results in the release of a significant
amount of inflammatory factors, a decrease in monoamine
neurotransmitters, and excessive and persistent activation of
the HPA axis-induced apoptosis. In the end, this affects the
progression of depression.

The AGEs—RAGE signaling pathway,which is an
inflammatory pathway [10], has been identified as a criti-
cal contributor to the onset of diabetic complications and
a range of chronic illnesses, including cardiovascular dis-
eases, neurodegenerative conditions (e.g., Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD)), cancer, and related
issues [11]. AGEs are generated during the later phases of
the Maillard reaction, in which proteins, amino acids, lipids,
or nucleic acids react with free amino groups and reducing
sugars—such as glucose, fructose, and pentose—resulting
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when forming stable compounds through carbonyl reactions
[12]. In response to elevated glucose levels, inflammation,
and oxidative stress, AGEs can trigger numerous signal-
ing pathways through their interaction with the receptor for
RAGE located on the cell surface. This process involves the
phosphorylation of phosphatidylinositol-3-kinase (PI3K)
and protein kinase B (AKT). This subsequently results in an
atypical activation of nuclear transcription factor (NF)-kB,
as the primary regulatory transcription factor in inflamma-
tion. NF-«B takes charge of regulating gene expression of
inflammatory cytokines like TNF-a and IL-1. It thereby
initiates a response characterized by inflammation. Repeti-
tive exposure to oxidative stress may increase the formation
of AGEs [13], activate RAGE, and subsequently increase
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase activity, resulting in the overproduction of reactive oxy-
gen species (ROS). We hypothesized that the AGEs-RAGE
pathway activates ROS production via NADPH oxidase,
leading to oxidative stress and subsequent neuroinflamma-
tion. The NRF2 pathway is considered the major mechanism
for inducing endogenous antioxidant stress in the body. The
fundamental pathophysiological mechanism of depression
involves the abnormal regulation of neuroplasticity [14].
This diminishes synaptic plasticity, representing the pre-
dominant pathological alteration in individuals affected by
depression [15-17].

Given the involvement of AGEs-RAGE in neuroinflam-
mation and oxidative stress, targeting this pathway with
anti-inflammatory compounds like DMY may offer thera-
peutic potential for depression. DMY, a naturally occurring
flavonoid obtained from ampelopsis grossedentata, exhibits
various pharmacological effects. These properties encom-
pass anti-inflammatory [18], anti-tumor [19], anti-oxidant
[20], anti-infective, and neuroprotective effects, particularly
within the realm of neurodegenerative diseases [21, 22].
Recent studies indicate that DMY possesses neuroprotec-
tive properties and shows potential for alleviating a range
of neurological disorders, such as alcohol addiction, AD,
PD. It demonstrates notable therapeutic efficacy for treat-
ing PD, ischemic stroke and alcohol addiction [23]. DMY
improves PD by acting on gamma-aminobutyric acid type A
receptor (GABA.,) and Free Fatty Acid Receptor 3 (FA3R)
pathways [24]. DMY, by acting as a positive allosteric mod-
ulator of GABA, receptors, restoring gephyrin expression,
and remodeling the density, size, and morphology of hip-
pocampal astrocytes. This leads to improvements in cogni-
tive deficits, anxiety, and astrocytic irregularities caused by
social isolation [25].

CUMS is a well-validated and non-invasive method for
establishing a depression model [26]. CUMS combined
with social isolation represents a novel depression model
[27], which has been verified through multiple experiments
[28-30]. Based on this, we established an animal model
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of depression using CUMS combined with social isola-
tion to investigate whether DMY improves the condition
of depressed rats by targeting the AGEs-RAGE signaling
pathway (Fig. 1).

Results

Effect of DMY on Anxiety-Like Behavior in the Open
Field Test (OFT)

In comparison to the control group, the depression model
group exhibited significantly reduced time spent (p <0.01)
and distance traveled (p <0.001) in the central zone dur-
ing the OFT. Compared with the model group, the 40 mg/
kg DMY group showed a significant increase in both the
activity time and the moving distance in the central area
(p <0.05). Moreover, the 80 mg/kg DMY group and the
fluoxetine treatment group demonstrated further improve-
ments in these parameters (p <0.01) (Fig. 2C-E).

Effect of DMY on Cognitive Function in Depressive
Model Rats of Y-Maze Test

In the Y-maze, no notable differences could be found in the
spontaneous alternation rate among the five groups (Fig. 2F).
Nevertheless, the depression model group exhibited a sub-
stantial decrease in the number of arm entries compared to
the control group (p <0.001). Conversely, both the DMY
(40 mg/kg and 80 mg/kg) and fluoxetine treatment groups
showed a significant increase in the number of arm entries
when compared to the depression model group (p <0.01).
These findings indicate that DMY may enhance exploratory
behavior in depression model (Fig. 2G).

Effect of DMY on Anxiety and Depression-Like
Behaviors in Depressive Model Rats of
Multi-Function Closed Maze (MCM)

Compared with the control group, the model group showed
significantly decreased activity frequency and total distance in
the MCM (p <0.001, p <0.01). The 40 mg/kg DMY, 80 mg/
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Fig. 1 Experimental flowchart

kg DMY, and fluoxetine exhibited increased activity fre-
quency (p<0.05, p<0.01, p<0.05) and total distance trave-
led (p <0.05) when compared to the model group (Fig. 2H, I).
The trajectory and hot zone diagrams further illustrate these
findings (Fig. 2J, K).

Effect of DMY on Depression-Like Behaviors
in Sucrose Preference Test (SPT)

The SPT was developed in accordance with rodents’ natural
inclination towards sweet substances, making it the most reli-
able approach for evaluating anhedonia in rat models. Pure
water consumption in the SPT did not reveal any notable dif-
ferences between the five groups of rats (Fig. 2L).However, in
contrast to the control group, the sucrose preference ratio was
significantly reduced in the model group (p <0.001). In com-
parison with the model group, the fluoxetine treatment, 40 mg/
kg DMY, and 80 mg/kg DMY group, exhibited a significant
increase in the sucrose preference ratio (p <0.01) (Fig. 2M).

Effect of DMY on Depression-Like Behaviors
in Novelty-Suppressed Feeding Test (NSFT)

In the NSFT, the depression model group exhibited a signifi-
cantly prolonged latency to the first feeding compared to the
control group (p <0.001) (Fig. 2N). The frequency of stand-
ing times was greatly decreased (p <0.01) (Fig. 20). Com-
pared with the depression model group, notable reductions
in the latency of the first feeding were observed in the fluox-
etine treatment, 40 mg/kg DMY, and 80 mg/kg DMY group
(p <0.05), alongside a significant increase in the number of
standing times (p <0.05).

Effect of DMY on Depression-Like Behaviors
in Forced Swimming Test (FST)

In the FST, compared with the control group, the immobil-
ity time of the rats in the depression model group was sig-
nificantly prolonged (p <0.001). The treatment groups (the
fluoxetine treatment group, the 40 mg/kg DMY group and the
80 mg/kg DMY group) all showed a significant reduction in
immobility time (p <0.05, p<0.05, p<0.01), among which
the improvement effect of the high-dose DMY group was
particularly prominent (Fig. 2P). The above results indicate
that DMY reduces the manifestation of behavioral despair and
effectively alleviates the depression-like behaviors of rats.

Results of Network Pharmacology Experiments
Target Screening of DMY and Depression

After integrating the corresponding targets of DMY into
the Traditional Chinese Medicine Systems Pharmacology
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Fig.2 A: Maze design for the first day of adaptation in the MCM; B:
Experimental design for the second-day test phase in the MCM. C:
Activity time in the central area in the OFT; D: Movement distance in
the central area in the OFT; E: all groups on behalf of the trajectory
in the OFT. F: Spontaneous alternating response rate in the Y-maze;
G: Number of maze entries in the Y-maze. H: Active frequency in
the MCM; I: Moving distance in the MCM; J: Trajectory diagram in
the MCM; K: Hot zone map in the MCM. L: The pure water con-
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sumption in the SPT; M: The sugar water preference ratio in the SPT.
N: Feeding latency in the NSFT; O: The number of standing times
of rats in the NSFT. P: Immobility time in FST. MCM Experimental
apparatus walls blue door to open says in an open position to allow
through; the red door is closed, impassable. All data are expressed
as Mean+SEM (n=10). ##p<0.01 and ###p<0.001 vs.control,
*p <0.05 and **p <0.01 vs. model
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Database and Analysis Platform (TCMSP, https://tcmsp-e.
com/tcmsp.php [31]), SwissTargetPrediction (http://www.
swisstargetprediction.ch/ [32]), and PharmMapper (https://
www.lilab-ecust.cn/pharmmapper/index.html [33]) data-
bases, a total of 86 unique protein targets were identified
after eliminating duplicates. By combining the search results
of five disease-related databases-GeneCards (https://www.
genecards.org/ [34]), Online Mendelian Inheritance in Man
(OMIM, https://omim.org/ [35]), The Pharmacogenomics
Knowledgebase (PharmGKB, https://www.pharmgkb.org/
[36]), Therapeutic Target Database (TTD, http://db.idrbl
ab.net/ttd/ [37]), and DrugBank (https://go.drugbank.com/
[38]) and removing duplicates, 11,757 protein targets asso-
ciated with depression were identified (Fig. 3A). A total
of 79 protein targets were identified as common targets of
DMY and depression. These were considered potential tar-
gets for the management of depression by DMY.A network
diagram of the intersecting targets of DMY and depression
is depicted in (Fig. 3B).

™

Fig.3 A: Depression targets; B: DMY-depression intersection targets
Venn diagram; C: PPI network diagram of STRING platform; D: Tar-
get PPI network diagram; E: Related targets corresponding values;
F: GO enrichment analysis; G: KEGG signaling pathway enrich-
ment analysis. Docking diagram of DMY and protein molecules: H:
VEGFA (PDB ID:1BJ1) -DMY; I: AGEs (PDB ID:2MOV) -DMY; J:
NF-xB (PDB ID:1A3Q) -DMY; K: HIF1A (PDB ID:3HQU) -DMY;

Construction of Protein — Protein Interaction (PPI) Network

The 79 potential targets of DMY for depression were
imported into the STRING platform (https://cn.string-db.
org [39]) to construct a PPI network (Fig. 3C). The PPI
network comprised 79 nodes and 1,080 edges, resulting in
an average degree of 27.34. The STRING platform for PPI
network information was visualized using the Cytoscape
(3.8.0) software (Fig. 3D). These targets included DMY,
which is a key target for treating depression. According
to the network topology analysis of the degree values
(Fig. 3E), the targets with higher degree values included
epidermal growth factor receptor (EGFR), Cysteine-aspar-
tic Protease 3 (Caspase-3), B-cell lymphoma 2 (BCL2),
Hypoxia-Inducible Factor 1 Subunit Alpha (HIF1A), and
amyloid precursor protein (APP).

E name Degree

EGFR 88

PTGS2 82

ESR1 80

SRC 76

BCL2 76

s Caspase-3 74
el MMP9 70
HIF1A 70

KDR 60

PPARG 60

MMP2 58

SERPINE1 48
APP 46

RN vy
. N NAEN ,};}% PGR 52

Name Compo Name Compou
und nd
VEGFA -6.2 IL- 1B -7.0
AGEs -6.6 RAGE -7.2
NF-kB -6.7 Caspase- -7.3
3
HIF1A -6.9 NRF2 -8.8

L: IL-1p8 (PDB ID:5BVJ) -DMY; M: RAGE (PDB ID:2ES5E) -DMY;
N: Caspase-3 (PDB ID:1NME)-DMY; O: NRF2 (PDB ID:2FLU)
-DMY; P: Keapl (PDB ID:4IFJ)-DMY; Q: HO-1 (PDB ID:4L9K)-
DMY; R: PSD95 (PDB ID: 8ah4)-DMY; S: SYP (AlphaFold ID:
AF-P08247-F1)-DMY. T: Molecular docking binding energy rating
(kJ/mol)
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Pathway Enrichment

The 79 potential targets of DMY for depression were
subsequently incorporated into the DAVID database for
enrichment analysis. The functional enrichment analysis
(Fig. 3F) yielded 420 GO terms, comprising 287 bio-
logical processes (BP), 54 cellular components (CC), and
79 molecular functions (MF). Through KEGG pathway
analysis (Fig. 3G), we identified a total of 70 related path-
ways and selected the top 20 pathways based on signifi-
cant enrichment for visual analysis. Through the combi-
nation of KEGG results from the literature, we selected
RAGE signaling pathways for later molecular biology
experiments.

Molecular Docking

In the PPI network, we selected high to moderate val-
ues for the targets HIF1A (PDB ID: 3HQU), Vascular
Endothelial Growth Factor A (VEGFA) (PDB ID: 1BJ1),
and Caspase-3 (PDB ID: INME). Within the AGEs-RAGE
signaling pathway, the primary targets include AGEs (PDB
ID: 2MOV), RAGE (PDB ID: 2E5E), NF-xB (PDB ID:
1A3Q), and IL-1p (PDB ID: 5BV]J). Key targets of the
NRF?2 signaling pathway are NRF2 (PDB ID: 2FLU),
kelch-like ECH-associated protein 1 (Keapl) (PDB ID:
41F)), and heme oxygenase-1 (HO-1) (PDB ID: 4L9K).
Additionally, synaptic proteins related to PSD95 (PDB
ID: 8AH4) and SYP (AlphaFold ID: AF-P08247-F1) were
included for molecular docking (Fig. 3H-S).

A molecular docking binding energy score of less
than -5 was considered to indicate good binding ability.
A molecular docking binding energy score of less than
-7 was considered to indicate strong binding ability. The
results indicate that DMY exhibits a strong binding affinity
for the target proteins. The docking scores, which illustrate
the molecular docking outcomes, are presented in Fig. 3T.

The Targets with Higher PPl Degree Values
of DMY had a Tendency to Change in the Rats
with Depression

Compared to the control group, the depression model
group exhibited a marked reduction in VEGFA protein
expression, accompanied by significantly elevated levels of
Caspase-3 and HIF1A. After the DMY treatment, VEGFA
expression increased a lot when compared to model group.
Simultaneously, Caspase-3 and HIF1A expression were
declined (Fig. 4A-F) (n=4, p <0.05).
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Effect of DMY on AGEs-RAGE Signaling in the Rats
with Depression

This study adopted Western blotting and immunohisto-
chemistry to detect the levels of proteins associated with
the AGEs-RAGE signaling pathway, aiming to explore the
role of DMY in depressive behavior in a rat model of depres-
sion as well as its mechanism of action. Our results revealed
that, compared to the control group, there was significant
down—regulation of AGEs, RAGE, NF-«xB, and IL-1f in
the depressed rats treated with DMY (Fig. 4G-P) (n=4,
p <0.05). The results demonstrated that DMY inhibited the
AGEs-RAGE signaling pathway, thereby improving depres-
sive behavior.

Effect of DMY on NRF2 Signaling in the Depression
Rats

Immunofluorescence Dihydroethidium (DHE) Results

The model group demonstrated significantly higher DHE
intensity in both the cerebral cortex (p <0.001) and the
hippocampus (p <0.01) compared to the control group. In
comparison, the 40 mg/kg DMY and 80 mg/kg DMY group
were lower than the model group in both the cerebral cortex
(»<0.001) and hippocampus (p <0.01). DMY significantly
reduced oxidative stress levels in the rat cerebral cortex and
hippocampus (Fig. SA-D) (n=4).

Western Blot Detection NRF2 Signaling Pathway

The results obtained from Western blotting and immunohis-
tochemistry indicated that the levels of NRF2 and HO-1 pro-
teins were significantly lower in the model group compared
to the control group, while it was increased by the DMY
treatment group. Additionally, the expression of Keapl was
found to be significantly elevated in this model, while it was
attenuated by the DMY treatment group (Fig. SE-L) (n=4,
p<0.05).

Transmission Electron Microscope (TEM)

Within the control group, the synaptic structure was com-
plete; the quantity of synapses was high, and the synaptic
vesicles were numerous, round, and clear. In the group sub-
jected to the depression model, the synaptic structure was
unclear, and the synapses and synaptic vesicles were fewer
in number. The synaptic architecture in the DMY group
group exhibited structural integrity, with synaptic density
and vesicle counts surpassing those observed in the model
group, yet remaining marginally lower than control levels.
A significant decrease in the expression of SYP and PSD95
proteins was observed in the model group. This situation
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pocampus; H: The area of NF-kB-positive cells in the hippocampus.
I, J: AGEs western blot bands and expression. K, L: RAGE west-

was overturned by DMY (Fig. SM-Q) (TEM: n=2; Western
blotting: n=4, p <0.05).

Materials and Methods
Animals and Groups

Fifty SD rats, specific pathogen-free (SPF) grade, aged
6 weeks (weighing 200-220 g), were obtained from Liaon-
ing Changsheng Biological Co. The study was approved by
the Animal Ethics Committee of Shenyang Medical College
(approval number: SYYXY2023021801).The animals were
raised in an environment with a standard 12 h-12 h light/dark
cycle and had free access to food and water. Humidity levels
were maintained between 50 and 60%, while the temperature
was consistently regulated at 23 °C.

Adhering to the principle of equal numbers of male
and female rats, the subjects were divided into five groups
through random assignment: control, depression model,
depression model 4+ low-dose DMY (40 mg/kg), depression
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ern blot bands and expression. M, N: NF-kB western blot bands and
expression. O, P: IL-1p western blot bands and expression. All data
are expressed as Mean+SEM (n=4 tissue samples). *p <0.01 and
##1 <0.001 vs.control, *p<0.05, **p<0.01, and ***p<0.01 vs.
model

model + high-dose DMY (80 mg/kg), and depression
model + fluoxetine (2 mg/kg). From the initial day of the
CUMS combined with social isolation modeling, the admin-
istration method was gavage. The administration persisted
throughout the entire experimental period, lasting 56 days
during the gavage cycle. DMY (HPLC purity > 98%,
Chengdu Pufei De Biotech Co., Ltd) was dissolved in saline.
All procedures were carried out in accordance with the Chi-
nese Animal Welfare Law and the guidelines of the Animal
Ethics Committee of Shenyang Medical College.The experi-
mental procedure is depicted in Fig. 1.

Animal Models Were Established

Rats were randomly assigned to a 42-day chronic variable
stress protocol, which including 24-h water deprivation, 24-h
fasting, tail clamping, light—dark reversal, 4-h restraint, 4-h
damp bedding, 4-h cage tilting, and forced swimming in
cold water at 4 °C for 5 min. These eight stress factors were
randomly applied within 42 days with one stimulus per day
and were not repeated within 3 days to prevent predictability.
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Fig.5 A, B: Images of DHE staining in the cortex and hippocam-
pus; C: cortex DHE average fluorescence intensity analysis; D: hip-
pocampus DHE average fluorescence intensity analysis. E: Images
of NRF2 immunofluorescence in the hippocampus; F: The area of
NRF2-positive cells in the hippocampus. G, H: HO-1 western blot
bands and expression. I, J: NRF2 western blot bands and expres-
sion. K, L: Keapl western blot bands and expression. M: The scale

Meanwhile, the rats were subjected to 42—day social iso-
lation. The control group was group-housed under normal
conditions.

Behavior Tests
OFT

All groups underwent behavioral testing under identical
conditions. The OFT was performed as follows: every rat
was positioned in the same corner of the arena for a 1-min
acclimatization period, followed by a 5-min recording of
spontaneous activity. The time spent and distance traveled
within the central area were utilized to evaluate anxiety-like
behaviors [40]. Following each experiment, the bottom and
inner walls of each rat’s active area were cleaned, and 0.1%
benzalkonium chloride was sprayed to eliminate any odors
that could disturb other rats.
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Y-Maze

At the beginning of the trial, the rats were placed in arm A
with their backs in the Y-maze (arm A served as the des-
ignated starting point). This prevented the subjects from
observing the entire experimental setup and granted free
access to all three arms. Record the sequence of entries
into the three arms and the total number of arm entries
within a 5-min interval. The correct alternation response
was defined as entering three distinct arms consecutively.
This offered an assessment of the spatial working memory
capabilities in the rats. The spontaneous alternation rate was
computed as [Number of Valid Alternations / (Total Arm
Entries —2)] X 100% [41]. Following each trial [42], it was
imperative to thoroughly cleanse any residual waste from the
Y-maze and disinfect it with 0.1% benzalkonium chloride
to prevent persistent odors from impacting subsequent rat
testing.



Neurochemical Research (2025) 50:171

Page9of15 171

MCM Test

The MCM serves as a behavioral instrument independently
developed by our laboratory. The device has a cylindrical
structure measuring 200 cm in diameter and 80 cm in height.
The MCM has been confirmed to detect anxiety and depres-
sion-like states in depressed rats [43]. It comprises six zones
labeled A-F, with each housing a fan-shaped partition. Each
fan-shaped partition is evenly distributed with four freely
accessible or closed doorways, numbered 1—4, and the chas-
sis has a rotating function. The experiment was divided into
2 days, with fan wall 1 as the starting point and fan wall 6 as
the endpoint. On the first day of the experiment, the purpose
was to allow the rats to acclimate to their new surroundings.
All doors of fan walls 1-6 were opened, allowing the rats
to roam freely for a duration of 10 min. Following a 24-h
period, the second day of the experiment was conducted,
with doors 1 and 4 of fan walls 1 to 6 opened and doors 2
and 3 closed. The rats explored the maze autonomously dur-
ing a five-minute observation period. On the second day of
the experiment, the distance moved and activity of the rats
were recorded to determine the degree of depression. The
experimental design of the MCM is shown in Fig. 2A, B.

SPT

Both containers were filled with a 1% sucrose water on the
first day one to acclimate the animals to the sugar liquids
[44]. The following day, each enclosure received one con-
tainer of 1% sucrose water, and another container contain-
ing pure water. On the third day, a full day of continuous
fasting and water deprivation was provided. On the fourth
day, each enclosure received a 200 mL bottle of 1% sucrose
water and another containing 200 mL of pure water, with
their positions swapped to avoid location bias. After 4 h,
both bottles were taken out and assessed to determine the
consumption levels of sucrose water, pure water, and total
intake. Sucrose preference ratio = (sucrose water consump-
tion/total intake) X 100%.

NSFT

The rats underwent a 24-h fasting period where they had
access to water only [45]. The rats were positioned in the
corner of the test box with their backs to the wall. A number
of pellets of comparable size were positioned at the center of
the test box. Simultaneously, the feeding latency was meas-
ured as the time from when each animal was introduced into
the test box until it began to ingest food. The experiment
lasted for 5 min. During this period, “feeding” was defined
as when an animal commenced chewing on the food and
did not include instances where animals merely smelled or
played with it before consuming.

FST

We conducted the FST in two days [46]. On the first day,
the rats were acclimated to the environment for 15-min. The
second day, the 6-min FST was performed as a behavioral
assessment for depression-like animal models.

Network Pharmacology
Acquisition of Targets Related to DMY

Using the CAS number of DMY on the PubChem platform,
we obtained its chemical structural formula. The targets were
identified through the utilization of the TCMSP, TCMID,
and Swiss Target Prediction databases.

Acquisition of Targets Related to Depression

Depression-related targets were sourced from the Gen-
eCards, OMIM, PharmGKB, TTD, and DrugBank data-
bases. After removing duplicate values, the targets related to
depression were ultimately selected from the five databases.

Construction of PPl Network

The corresponding targets of DMY and depression-related
targets were imported into the Venny 2.1.0 website to take
the intersection and draw a Venn diagram. Common tar-
gets identified through Venn analysis were mapped onto the
STRING platform as candidate anti-depressant targets of
DMY, followed by PPI network generation. The PPI results
were obtained from the STRING database and subsequently
imported into Cytoscape version 3.8.0 to conduct a compre-
hensive analysis of network topology.

GO and KEGG Enrichment Analysis

The PPI network diagram was generated using the STRING
database platform. DAVID (https://david.ncifcrf.gov/) was
used for GO and KEGG enrichment analyses of overlap-
ping targets. The results were presented visually through the
Microscopic Letter website.

Molecular Docking

Based on the above experiments, we identified the key tar-
get protein of DMY, which was subsequently chosen as the
receptor protein for molecular docking studies. The target
protein was initially identified using the UniProt database,
followed by retrieval of the corresponding file structure from
the PDB and PubChem websites. Subsequently, PyMOL 2.4
software was employed for molecular visualization, while
ChemDraw20 3D software utilized the FFMM90 force field

@ Springer


https://david.ncifcrf.gov/

171 Page 100f 15

Neurochemical Research (2025) 50:171

for energy minimization of the ligand molecules. AutoDock-
Tools 1.5.6 was responsible for handling the preparation
and docking procedures. AutoDock Vina version 1.1.2 was
employed to perform molecular docking simulations aimed
at further exploring the interactions between the target pro-
tein and the ligand model. The binding site characterized by
the highest binding affinity to the target protein was identi-
fied for analysis. Visualization of the results was accom-
plished using PyMOL version 2.4 software.

Western Blotting Analysis

The hippocampal tissue was lysed in freshly prepared lysis
buffer (Solarbio), and 1 mL of freshly prepared lysis buffer
was added to each 0.1 g of fresh tissue. The homogenate was
homogenized at a low temperature using a high-throughput
homogenizer. Post homogenization, the homogenate was
centrifuged at 12,000x g at 4 °C for 15 min. The primary
antibodies detected by Western blot included Caspase-3
(Cell Signaling Technology, 1:1000), NRF2 (Proteintech,
1:800), Keapl (Proteintech, 1:1000), HO-1 (ABclonal,
1:800), VEGFA (Proteintech, 1:800), HIF1A (ZEN-BIO-
SCIENCE, 1:600), AGEs (Bioss, 1:300), RAGE (R&D
Systems, 1:1000), IL-1p (Abcam, 1:1000), NF-xB (Abcam,
1:1000), and HRP-labeled secondary antibody (Protein-
tech, 1:4000) was used to detect specific protein bands on
the membrane. Protein expression was analyzed utilizing
enhanced chemiluminescence (ECL; Ncm ECL Ultra Kit;
New Cell Molecular Biotechnology Co., China).

Immunofluorescence

Superoxide anion detection using the fluorescent probe
DHE: For paraffin-embedded tissue sections, dewaxing and
hydration were performed according to standard protocols.
Each tissue section was incubated with 50 pL of 10 pmol/L
DHE at 26 °C in the dark for 30 min. After incubation,
the sections were mounted with antifluorescence quench-
ing mounting medium. Fluorescence microscopic imaging
was performed to visualize and document tissue section
morphology.

TEM

After the brain slices were cut with a blade, the amygdala
region of the rats was removed and sent to the university’s
electron microscope center for fixation, dehydration, heavy
metal staining, and imaging. TEM observations were con-
ducted to analyze the number of synapses and the morpho-
logical structure of the amygdala in rats.
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Immunohistochemistry

The intact rat brain, after cardiac perfusion, was immersed
in 4% paraformaldehyde fixative for 48—72 h. The fixed
brain was then cut into 3—4 mm-thick slices using a brain
matrix and placed in tissue cassettes for standby. After tis-
sue fixation, the samples were embedded and sectioned.
The sections were then subjected to deparaffinization and
rehydration, followed by antigen retrieval and blocking. The
sections were incubated overnight with rabbit anti-NF-xB
antibody (Abcam, 1:500) and rabbit anti-NRF2 antibody
(Proteintech, 1:800). The following day, secondary antibody
incubation was conducted for 50 min, after which 3,3’-Diam-
inobenzidine (DAB) staining was applied. The sections were
subsequently mounted and examined under a microscope.

Statistical Analysis

The data were presented as the mean + standard error of the
mean (SEM). The differences between groups were analyzed
by repeated one-way analysis of variance (ANOVA), and
non-parametric tests were used for data not conforming to
normality, followed by Fisher’s least significant difference
(LSD) multiple comparisons test, with a significance level
set at p < 0.05. The analysis of the data was conducted using
SPSS version 20.0.

Discussion

Depression is a common and recurrent psychiatric disease
that imposes a heavy economic burden on society. Cur-
rently, there are several hypotheses regarding the mecha-
nism of depression. However, the exact mechanism has not
been completely elucidated. The inflammation and cytokine
hypothesis is a widely accepted mechanism for the patho-
genesis of depression [47]. Studies suggest that immune
abnormalities, particularly inflammation, are closely asso-
ciated with depression. Anti-inflammatory therapy may
become the focus in the treatment of depression [48]. From
a modern pharmacological perspective, DMY is known for
its anti-tumor, anti-microbial, blood lipid-regulating, liver-
protective, cardiovascular, nervous system-protective, anti-
inflammatory, antioxidant, and several other pharmacologi-
cal effects and developments [49].

CUMS is an internationally recognized model of classical
depression. Since it was first proposed in 1982 [50], it has
been widely recognized for its ability to induce depression-
like behavior through relatively mild and unpredictable
artificial stimuli. This model is extensively used because it
closely resembles the pathological mechanisms of human
depression. To further optimize the model, this study inte-
grated social isolation. According to the relevant literature,
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CUMS combined with social isolation can more effectively
facilitate the establishment of animal models of depression
[51]. Depression has two major behavioral manifestations:
anhedonia and behavioral despair [52]. Modeling rats not
only demonstrated these characteristics but also showed
decreased exploration and motor activity. This mirrors the
reduction in energy levels and cognitive impairments com-
monly seen in individuals diagnosed with depression. Evalu-
ation of the effectiveness of antidepressant drugs in animal
models requires a variety of assessment methods. A single
method is not sufficient to completely reflect the actual situ-
ation. Therefore, the integrated OFT, SPT, FST, and NSFT
was employed to assess the behavior of the rats.

The OFT was used to detect anxiety-like behavioral
changes in depressed rats by observing the activity time and
moving distance of the central region. The results demon-
strated that the model group was significantly lower than
the control group on the two indices. However, the DMY
and fluoxetine groups demonstrated the opposite trend.
In the Y-maze, we counted the total arm entries (reflect-
ing exploratory and motor abilities) and the spontaneous
alternating response rate (reflecting spatial memory ability)
in depressed rats. Y-maze results demonstrated that DMY
improved exploration and motor function in depressed rats.
Nevertheless, the five groups showed no significant differ-
ences in the spontaneous alternating response rate, indicat-
ing that there were no differences in spatial memory among
the five groups. The reduced distance and activity observed
in the model group were increased in the DMY group, and
this reversal was further corroborated using a MCM. The
hot zone trace diagram and trajectory analysis showed that
the control group exhibited extensive activity with uniform
distribution. The model group had less activity and uneven
distribution, while the DMY group demonstrated greater
activity and more uniform distribution than the model group.
Following the completion of the OFT, Y-maze, and MCM,
the NSFT, SPT, and FST were subsequently employed to
assess the behavioral responses of rats.

The NSFT is a valuable tool for assessing the efficacy
of antidepressant medications and examining anxiety-like
behaviors in animal models of depression [53]. The experi-
ment was grounded in the interplay between the feeding
motivation observed in rodents and their apprehension in
unfamiliar surroundings [54]. The results showed that DMY
significantly shortened the feeding latency of model rats,
suggesting that it may serve as a potential component of
antidepressant medications. The SPT is designed according
to the preferences of rodents for sweetness and is used to
evaluate the most effective way to lose sensation in rats [27].
The SPT was used to detect two indicators: pure water con-
sumption and sucrose preference ratio. In the experimental
group, rats fed pure water did not demonstrate a statistically
significant difference, which is different from the findings of

previous studies [55]. Notably, DMY significantly increased
the sucrose preference ratio in depressed rats, suggesting that
it may improve anhedonia associated with depression. The
FST is also known as the behavioral despair experiment,
where animals cannot escape despair caused by bad envi-
ronmental behavior. It is one of the most classic methods for
assessing depression-like behaviors in animals. In the FST,
DMY significantly improves depression-like behaviors in
model group.

Through database mining, potential targets of DMY and
depression-related targets were systematically identified.
In this study, DMY targets and depression-related targets
were retrieved from a database. By taking the intersection
of these two target sets and predicting potential targets for
DMY’s anti-depressive effects, we identified 79 potential
anti-depression targets of DMY. The specific mechanisms
need to be further explored. In the PPI analysis, we selected
high-degree targets, including Caspase-3, VEGFA, and
HIF1A. Subsequent molecular docking experiments verified
that these proteins exhibited significant binding affinity to
DMY. To further validate our findings, Western blot experi-
ments were conducted. The results indicated a significant
increase in the expression levels of Caspase-3 and HIF1A
proteins within the hippocampus of the depressed model
group, while there was a notable decrease in VEGFA expres-
sion. However, these alterations were markedly influenced
by the administration of DMY. Although the above find-
ings suggest that Caspase-3, VEGFA, and HIF1 A may be
the key regulatory factors in depression, the exact interplay
mechanism between them still needs to be explored in detail
in future experiments. From the KEGG enrichment analysis,
the AGEs-RAGE signaling pathway was selected for further
molecular studies based on a network pharmacology review
of the relevant literature. AGEs are hyperoxic compounds
that, when stimulated by high glucose, cause inflammation,
aging, and oxidative stress, bind to their receptor RAGE,
and initiate signaling pathways [56]. This study focused on
the inflammatory aspects induced by AGEs [57] to verify
whether DMY could improve depression-like behavior in rat
models by reducing the inflammatory mechanism induced by
AGEs. Molecular docking was conducted on the key proteins
AGEs, RAGE, NF-kB, and IL-1f,which had strong bind-
ing ability to DMY. We verified AGEs-RAGE by Western
blot experiments and Immunohistochemistry experiments
to determine its expression trend in depression models. The
findings from Western blot experiments and immunohis-
tochemistry demonstrated that, when juxtaposed with the
control group, the protein levels of AGEs, RAGE, NF-«B,
and IL-1p in the depression model group exhibited a notable
elevation. In contrast, dihydromyricetin (DMY) effectively
mitigated these increases. These results strongly suggest that
DMY has the potential to alleviate depressive symptoms by
modulating the AGEs-RAGE signaling pathway.
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Fig.6 Molecular mechanisms
of DMY alleviates depression-
like behavior in rats

[___ 1 SYP

PSD95

An excessive buildup of oxidative stress can facilitate the
formation of AGEs [13], which interact with their recep-
tor RAGE. This leads to an enhancement in the activity of
the NADPH oxidase family, resulting in the overproduc-
tion of ROS [58]. Based on these theories, we proposed the
hypothesis that the AGEs-RAGE signaling pathway initi-
ates the production of ROS,which in turn triggers oxida-
tive stress responses [59]. NRF2 is one of the most classic
oxidative stress pathways [60]. We hypothesized that DMY
may improve depression-like changes in depressed rats by
activating the NRF2 signaling pathway through AGEs-
RAGE. Molecular docking demonstrated that NRF2, Keapl1,
and HO-1 exhibit strong binding affinity to DMY. We used
a DHE fluorescent probe to detect ROS levels in the hip-
pocampus and cortex of rats to examine the antioxidant
effects of DMY in each group. The results demonstrated
that DMY notably reduced the ROS levels in the hippocam-
pus and cortex of rats with depression. Western blotting and
immunohistochemistry experiments revealed that the expres-
sion of NRF2 and HO-1 significantly increased, while Keapl
expression was lower in the DMY group compared to the
model group. These findings indicate that DMY alleviates
depression-like behaviors in rats through the activation of
the NRF2 signaling pathway.

We determined the impact of DMY on synaptic plas-
ticity in depression model rats. The alterations in amyg-
dala neurons in each group were observed using TEM.
DMY significantly improved the synaptic ultrastructure
in model rats. Among the mechanisms underlying depres-
sion pathogenesis, hippocampal neuroplasticity is vital.
Neuroplasticity entails modifications across various brain
regions, prominently including the prefrontal cortex, hip-
pocampus, amygdala, and nucleus accumbens. These mod-
ifications lead to the dysfunction of brain nerve circuits
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and depression symptoms [61]. Antidepressant treatment
can restore synaptic protein expression levels and improve
synaptic plasticity [62]. SYP and PSD95 are important
components of synaptic plasticity. Studies have demon-
strated the severe depression model rat’s hippocampal
synaptic protein expression in the brain regions [15].
Through molecular docking and western blot experiments,
we found that the synaptic proteins SYP and PSD95 have
strong binding affinity for DMY and that DMY signifi-
cantly enhanced the expression of PSD95 and SYP. These
results suggested that DMY protected neurons and reduced
neuronal damage by regulating synaptic plasticity, thereby
alleviating depression. Molecular mechanisms by which
DMY alleviates depression-like behavior in rats (Fig. 6).

In summary, the behavioral results demonstrated that
DMY improved depression-like behavior in CUMS com-
bined with social isolation-induced model rats. Network
pharmacology and molecular biology have collaboratively
demonstrated that DMY alleviates depression-like behav-
ioral changes by inhibiting the AGEs-RAGE signaling
pathway, activating the NRF2 signaling pathway, and
regulating synaptic functions.
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