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Abstract: Depression is one of the most common neurological diseases, which imposes a substantial
social and economic burden on modern society. The purpose of this study was to explore the
mechanism of total ginsenoside ginseng root (TGGR) in the treatment of depression through a
comprehensive strategy combining network pharmacology, transcriptomics, and in vivo experimental
validation. The Traditional Chinese Medicine Systematic Pharmacology (TCMSP) database and
literature were used to collect the main components and targets of TGGR. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were applied to explore the underlying
mechanisms. In addition, the chronic unpredictable mild stress (CUMS)-induced C57BL/6 mouse
model was used to evaluate the antidepressant activity of TGGR. The results showed that TGGR
improved depression-like behavior in mice and increased the decrease in serum 5-hydroxytryptamine
(5-HT) and brain-derived neurotrophic factor (BDNF) levels caused by CUMS. Combined network
pharmacology and transcriptomic analysis showed that the AMP-activated kinase (AMPK) signaling
pathway mainly enriched the core target. Immunohistochemistry, Western blotting, and reverse
transcription quantitative polymerase chain reaction (RT-qPCR) were used to confirm whether TGGR
exerts antidepressant effects by regulating this pathway. The results showed that TGGR has a
regulatory impact on related proteins in the AMPK pathway, and the regulatory effect of TGGR
on proteins was inhibited after the administration of related pathway inhibitors. In summary, total
ginsenosides may regulate the AMPK signaling pathway and activate the sirtuin 1 (SIRT1) peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1x) pathway to have therapeutic
effects on depression.

Keywords: depression; TGGR; network pharmacology; transcriptome sequencing; AMPK-SIRT1-
PGC-1a pathway

1. Introduction

Depression is a mood disorder that places a massive burden on society and individu-
als [1], and is characterized by persistent depressed mood, decreased interest, cognitive
impairment, sleep disturbances, and suicidal tendencies, which severely reduce the psy-
chosocial function and quality of life of patients [2]. It is expected to be one of the top
three causes of disease burden by 2030 [3]. The pathogenesis of depression is very com-
plex, involving many factors, such as genetic, physiological, social, and psychological
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factors. There are many hypotheses about the pathogenesis of depression, including
monoamine neurotransmitters, neurotrophic factors, inflammation, neuroplasticity, and
the hypothalamic—pituitary—adrenal axis, among which the monoamine neurotransmitter
hypothesis is the most concerning one at present [4]. Although there have been many
hypotheses about the pathogenesis of depression, its specific pathogenesis and causes are
still unclear. Therefore, this study combined transcriptomics and network pharmacology
techniques to explore whether TGGR can treat depression through predicted targets and
pathways and to explore its specific mechanism of action. Some drugs based on monoamine
neurotransmitters have been used to reduce depressive symptoms. These drugs have par-
ticular efficacy but also shortcomings, such as significant side effects, single targets, severe
adverse reactions, and lagging efficacy [5]. Therefore, the search for new drugs to alleviate
or treat depression has significant clinical and social value.

Panax ginseng C. A. Mey, a perennial herb of the Acantharean family, is one of the
most famous and valuable forms of traditional herbs and has been widely used for thou-
sands of years. TGGR is the main active component of ginseng. Ginseng and TGGR have
been shown to have multiple beneficial functions in the brain, including antidepressant
or anti-stress effects [6]. In addition, TGGR also has abundant pharmacological activities,
which not only include anti-inflammatory, anti-tumor, anti-fatigue, and immunity enhance-
ment effects but also significant regulatory effects on the central nervous system, mainly
manifested in enhancing the excitatory and inhibitory processes of the cerebral cortex [7].
Modern pharmacological studies have also found that ginseng can play a neuroprotective
role through the blood-brain barrier and has a therapeutic effect on some neurodegenera-
tive diseases, including depression [8-10]. Currently, about 250 ginsenosides have been
isolated and identified, which are mainly divided into three groups: protopanaxadiols
(PPDs, such as ginsenoside Rb1, Rb2, Rc, Rd, and Rg3); protopanaxatriols (PPTs, such as
ginsenoside Re, Rf, Rgl, and Rh1), and oleanolic acids (OAs, such as ginsenoside Ro) [11].
Many ginsenoside monomers and crude extracts have been shown to have antidepressant
effects. For example, ginseng extract G115, a standardized extract of ginseng, showed an-
tidepressant effects in ethanol-treated mouse models by increasing levels of brain-derived
neurotrophic factor (BDNF) in the hippocampus and prefrontal cortex [12]. Ginsenoside
Rgl increased connexin43 (Cx43) protein levels by upregulating Cx43 mRNA and downreg-
ulating Cx43 degradation to improve depression-like symptoms in mice [13]. Ginsenoside
Rk3 alleviates depression-like behavior in mice by improving disorder of the hypothalamic-
pituitary—adrenal axis, targeting tryptophan hydroxylase, and reshaping the intestinal
microenvironment [14]. Due to their large numbers, ginsenoside Re, Rd, Rf, Rg3, Rc, Rg1,
Rb1, and protopanaxadiol with higher content were screened for further experiments.

SIRT1 is a Nicotinamide Adenine Dinucleotide (NAD™")-dependent deacetylase with
multiple functions in DNA repair; transcriptional recombination; and combating stress,
oxidative stress, inflammation, and apoptosis [15-17]. So far, there have been many studies
linking SIRT1 to depression. For example, in a clinical trial where SIRT1 was first identified
as a gene associated with major depressive disorder (MDD), SIRT1 was significantly down-
regulated in blood samples from MDD patients compared to healthy people [18]. In animal
models of depression, treatment with resveratrol, a well-known SIRT1 activator, improved
the excessive anxiety state and reduced depression-like behavior in Wistar-Kyoto (WKY)
rats [19]. In addition, SIRT1 plays an important role in regulating cellular metabolism and
mitochondrial health by regulating the transcription of PGC-1« [20,21]. Activation of SIRT1
also promotes mitochondprial protein recovery and function by increasing mitochondrial
biogenesis [22].

Network pharmacology can demonstrate the synergistic effect of combination drugs,
traditional Chinese medicines, and drug monomers on multiple targets and pathways by
constructing an interaction network of various compounds, targets, and pathways [23].
Nevertheless, network pharmacology is based on public databases and can only predict the
potential outcome. Transcriptome sequencing analysis can identify and visualize changes
in gene expression profiles during drug interference in disease development, demonstrate
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gene function and structure at the whole level, and reveal the molecular mechanisms un-
derlying the drug’s role in disease [24,25]. The CUMS model is a widely used animal model
of depression [26], and antidepressants can effectively reverse most of the depressive-like
symptoms of CUMS. Thus, the integration of network pharmacology and transcriptomics
helps to overcome the limitations of the lack of experimental basis for the former and the
lack of molecular mechanism explanation in the latter, provides new targets and pathways
for drugs to treat diseases, and provides new research strategies [27]. For this study, com-
bining network pharmacology with transcriptomics would help to understand better the
mechanism of antidepressant action of TGGR on CUMS -induced depression.

Therefore, based on the CUMS mouse model, this study first explored the potential
targets and mechanisms of action of TGGR in the treatment of depression through tran-
scriptomics combined with network pharmacology. Immunohistochemistry, transmission
electron microscopy, Western blotting, and RT-qPCR validated the transcriptomic and net-
work pharmacological results. These provide a theoretical basis for the scientific research
and clinical application of TGGR.

2. Results
2.1. Network Pharmacological Analysis

A total of 101 ginsenoside-related targets were obtained through the PharmMapper
database, and 3450 depression-related targets were obtained from the DisGeNET database:
Disease gene association database. The intersection of ginsenoside and depression targets
yielded 71 intersection targets (see Figure 1A).

The 71 intersection genes were imported into the String database to build the Protein-
protein interaction (PPI) interaction network (see Figure 1B). GO and KEGG enrichment
analyses were performed for intersection genes. They were screened with p < 0.05, and the
GO enrichment analysis yielded 313 functional relationships. Among them, 207 participated
in biological processes (BP), mainly involving positive regulation of gene expression,
negative regulation of the apoptotic process, protein kinase B signaling, positive regulation
of cell proliferation, positive regulation of protein phosphorylation, and so on. The cell
composition (CC) in 40 functional relationships mainly involved the phosphatidylinositol 3-
kinase complex, cell cortex, perinuclear region of cytoplasm, class IB, and so on. Molecular
functions (MF) in 66 functional relationships mainly involved enzyme binding, steroid
binding, RNA polymerase II transcription factor activity, ligand-activated sequence-specific
DNA binding, heme binding, identical protein binding, and so on. Several significant
biological processes were analyzed in the online platform, and the results are shown
in Figure 1C. Similarly, screening of KEGG pathways at p < 0.05 yielded 130 signaling
pathways. KEGG enrichment showing ginsenoside antidepressant effect-related pathways
included Chemical carcinogenesis—receptor activation, Prolactin signaling pathway, EGFR
tyrosine kinase inhibitor resistance, Kaposi sarcoma-associated herpesvirus infection, and
so on. Several more significant pathways were uploaded to the online platform for visual
processing, and the results are shown in Figure 1D. Most importantly, the analysis results
were also imported into the Cytoscape 3.9.1 software to construct the ginseng—ginsenoside—-
depression-pathway-target network map, to explore the relationship between eight active
compounds and 71 overlapping targets (See Figure S1E in the Supplementary Material)
and analyze the network topological parameters by using the plugin cytoNCA, The top 10
genes were selected based on the degree value (degree); these were: AKT1 (degree = 39),
ESR1 (=34), TP53 (=30), STAT3 (=29), PTGS2 (=27), HSP90AA1 (=26), SIRT1 (=25), PIK3CA
(=25), BCL2L1 (=22), and IL2 (=22).
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Figure 1. Potential targets of TGGR antidepressants and enrichment analyses. (A) Ginsenoside and de-
pression target Venn plots. (B) Construction of the intersection target PPI network map of ginsenoside.
(C,D) Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses.

2.2. Effect of TGGR on Depression-like Behavior Induced by CUMS in Mice

During the whole experiment, the weight of the mice in the control group increased
steadily. Compared with the control group, the body weight of mice in the CUMS model
group was significantly reduced. After TGGR was administered, the situation was im-
proved considerably (Figure 2A). Secondly, the antidepressant effect of TGGR was evalu-
ated by four behavioral manifestations: sucrose preference test (SPT), forced swimming
Test (FST), tail suspension test (IST), and morris water maze (MWM).

As shown in Figure 2B-F, the sucrose preference score and the number of times that
CUMS model mice were upright was significantly reduced compared with the control
group. Similar results were found for TST and FST. The immobile time for FST and TST in
CUMS mice was considerably longer than that in the control group, which indicated that
the animals had anhedonia, decreased motor ability and exploration ability, and showed
the core symptoms of depression. The MWM test also showed that model mice spent
less time in the target quadrant compared to the control group. These behavioral changes
can be improved after TGGR treatment. These findings suggest that TGGR improves
depression-like behavior in mice induced by CUMS.
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Figure 2. (A) Effects of TGGR on body weight of mice. (B) The effect of TGGR on sucrose preference
in mice. (C,D) Effects of TGGR administration on resting time of FST and TST mice. (E) Heat map of
MWM mouse activity. (F) The residence time of mice in the MWM target quadrant. (G) The levels of
serum 5-HT and MDA, determined by ELISA. (H) Apoptosis of hippocampal neurons in each group
(Nissl staining).The second picture for each group is a larger picture inside the red dashed box of
the first picture. * p < 0.05 and ** p < 0.01 were significantly different from the control group, and
#p <0.05 and # p < 0.01 were significantly different from model group.

2.3. Effects of TGGR on CUMS-Induced Neuronal Apoptosis and Depression-Related Indexes
in Mice

5-HT is an important neurological marker to identify depression in clinical studies [28];
MDA is one of the essential indicators to measure oxidative damage in the body and
is often used to detect depression in clinical practice. Enzyme linked immunosorbent
assay (ELISA) kit was used to detect 5-HT and MDA levels in plasma. As shown in
Figure 2G, compared with the control group, the levels of 5-HT in CUMS model mice were
significantly decreased, and the levels of MDA were significantly increased. After TGGR
administration, the concentrations of 5-HT significantly increased, and the concentrations
of MDA significantly decreased. The survival rate of hippocampal neurons was measured
by Nissl staining. As shown in Figure 2H, compared with mice in the control group, a large
number of neurons in the CUMS-treated group showed acidosis, nuclear shrinkage, and
cell structure loss. On the contrary, TGGR can significantly reduce the degree of neuronal
degeneration and necrosis induced by CUMS.

2.4. Effect of TGGR on Transcriptomics Profile in CUMS-Induced Mice

Transcriptomics techniques have recently been regarded as a reliable and precise
method to search the differential expressed genes (DEGs) and predict potential targets and
underlying mechanisms [29]. An RNA sequencing (RNA-seq) transcriptomics strategy
was performed to decode the antidepression mechanism of TGGR and find DEGs in the
hippocampus of CUMS-induced mice treated with or without TGGR. According to the
results, compared with CUMS group, 190 DEGs were detected in the control group, among
which 39 DEGs were significantly upregulated, and 151 DEGs were significantly downregu-
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lated. Similarly, 688 DEGs were detected in the TGGR group, among which 167 DEGs were
significantly upregulated and 521 DEGs were significantly downregulated compared with
CUMS group. Compared with the model group, 9 genes were significantly upregulated in
the control group and dose group and 23 genes were significantly downregulated in the
control group and administration group, indicating that 32 differential genes changed after
CUMS modeling were adjusted after the application of TGGR, and that TGGR may achieve
an antidepressant effect based on these genes, as shown in the Figure 3A. Figure 3B,C show
the volcanic distribution of DEGs. Blue dots indicate mRNA downregulation, and red dots
indicate mRNA upregulation. The data were analyzed to obtain the differential gene cluster
diagram. It can be seen that there are more genes from the TGGR group clustered with
the genes from the control group, as shown in Figure 3D, with the abscissa representing
different samples.
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Figure 3. (A) DEGs crossover results in the control group, CUMS group, and TGGR group. (B,C) DEG
volcanic distribution map. Blue dots indicate downregulated mRNA; red dots indicate upregulated
mRNA. (D) Heat map analysis of low- and high-expression DEG. (E) GO enrichment analysis was
performed on DEGs’ cellular components, biological processes, and molecular functions. The first
10 items are shown in the figure. (F) The top 10 pathways of DEGs after performing KEGG enrichment.

Through GO enrichment analysis, we found that 232 GO entries could be enriched
in 845 expressed DEGs regulated by TGGR when p < 0.05. There were 84 entries in the
biological process, including the neuromuscular process, regulation of neuronal synaptic
plasticity, etc. There were 24 entries of cellular components, mainly including centrosome,
postsynaptic membrane, etc., and 124 molecular functional entries, such as regulation of
neuronal synaptic plasticity, nitric oxide, and stimulation of guanylate cyclase. The GO
enrichment analysis of the top 10 with high expression of DEGs, in which TGGR exerts
antidepressant effects, is shown in Figure 3E. In addition, we performed a KEGG pathway
enrichment analysis of TGGR-regulated DEGs. A total of 845 highly expressed DEGs could
be enriched in 64 signaling pathways; the first 10 pathways are shown in Figure 3F, and
mainly include long-term depression and the mitogen-activated protein kinase (MAPK)
signaling pathway; etc.
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2.5. Combining Network Pharmacology with Transcriptomics to Analyze the Key Targets and
Pathways of TGGR in the Prevention and Treatment of Depression

The cross-targets of TGGR and depression in network pharmacology were intersected
with differential genes in the transcriptome using the Weisengxin platform, and the key
targets of TGGR and depression were obtained, as shown in Figure 4A. The key targets
were imported into the DAVID platform for GO and KEGG enrichment analysis. A total of
21 key crossover targets were mainly enriched into 16 GO entries, as shown in Figure 4B.
The results of the KEGG enrichment analysis primarily include the Phosphatidylinositol
3-kinase-protein kinase B (PI3K-Akt) signaling pathway, long-term depression, the AMPK
signaling pathway, and other signaling pathways, as shown in Figure 4C. The study
found that the path was highly consistent with the pathway that ranked high in network
pharmacology and showed most of the above pathways in the transcriptome analysis
results, indicating that the results of the two prediction methods were consistent. The
results show that the combined analysis of network pharmacology and transcriptomics can
help explore critical targets and pathways for treating TGGR antidepressants. Therefore,
AMPK signaling pathways with the best enrichment and high coincidence with network
pharmacology and transcriptomics were selected for subsequent validation.
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Figure 4. The key targets and pathways of TGGR in the prevention and treatment of depression
and the preliminary validation of this target and pathway of action, analyzed with a combination of
network pharmacology and transcriptomics. (A) Cross-targets of TGGR and depression in network
pharmacology and cross-targets of transcriptomic differential genes. (B) Cross-target GO enrichment
analysis. (C) The top 10 KEGG enrichment pathways for cross-targets. (D,E) Expression of SIRT1 and
PGC-1« in mouse hippocampus (immunohistochemical staining). (F) Western blot analysis of AMPK,
SIRT1, and PGC-1¢ in the hippocampus of mice in each group. Protein expression was normalized
to B-actin for quantitative analysis, and its value expressed as an average (G). Normalization of the
data to 3-actin. Values are expressed as average + SD. ** p < 0.01 was significantly different from the
control group, and * p < 0.05 and # p < 0.01 were significantly different from model group.
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2.6. Validation of the Target and Mechanism of TGGR in the Treatment of Depression

SIRT1 is the central downstream molecule of the AMPK signaling pathway. Studies
have shown that AMPK is involved in energy metabolism and the development of anxiety
and depression-like behaviors through SIRT1 [30-32]. In addition, SIRT1 often increases
mitochondrial biosynthesis by activating deacetylated PGC-1«, so we selected SIRT1 as
a key protein in subsequent mitochondrial energy metabolism. We first detected the ex-
pression of SIRT1 and PGC-1a in the hippocampus of mice by the immunohistochemical
method. Then, protein expression levels of AMPK, SIRT1, and PGC-1o were detected by
immunoblotting, to verify whether TGGR exerts antidepressant effects by modulating the
AMPK signaling pathway. As shown in Figure 4D,E, the positive signal intensity of SIRT1
and PGC-1« in the hippocampus of Model group mice was significantly decreased, and
the positive signal intensity of SIRT1 and PGC-1« was significantly increased after TGGR
treatment. Western blot results in Figure 4F showed that CUMS stimulation increased
AMPXK levels and decreased SIRT1 and PGC-1a expression compared with controls. Com-
pared with the model group, TGGR treatment reversed the effects of CUMS on AMPK,
SIRT1, and PGC-1e. It could be seen that after TGGR administration, the expression levels
of SIRT1 and PGC-1ax were significantly increased, while the expression levels of AMPK
were significantly decreased. Quantitative results are shown in Figure 4G. These results
suggest that the antidepressant mechanism of TGGR may be related to the AMPK-SIRT1
signaling pathway.

2.7. Effect of TGGR on Depression-like Behavior in CUMS Model Mice in the Presence of the
SIRT1-Specific Inhibitor Selisistat (EX-527)

During the whole experiment, the weight of mice in the control group steadily in-
creased, while the weight of mice in the CUMS model group decreased significantly. After
treatment with TGGR, the situation improved significantly, and there was no significant
change in body weight after administration of 5 mg/kg EX-527 (Figure 5A). Secondly, the
antidepressant effect of TGGR was evaluated by four behavioral manifestations (SPT, FST,
TST, MWM). After 3 weeks of modeling, the sucrose preference score of each group of
mice was significantly lower than that of the control group. After 7 weeks of modeling
(4 weeks of simultaneous administration), the sucrose preference score of CUMS model
mice continued to decrease, and the sucrose preference score of TGGR mice increased
significantly (see Figure 5B). After EX-527 was applied, there was no significant effect on
the sucrose preference score of mice. As shown in Figure 5C,D, the resting time for FST
and TST of CUMS mice was significantly longer than that of the control group, indicating
that the animals had anhedonia, decreased motor and exploration ability, and showed the
core symptoms of depression. After the administration of TGGR, the resting time of mice
was significantly shortened, and after the administration of EX-527, the resting time of
mice was slightly extended. From the MWM tests in Figure 5E,F, it can be seen that the
model mice spent less time in the target quadrant compared to the control group. These
behavioral changes can be improved after TGGR treatment. The resting time of the mice
after the administration of EX-527 did not change significantly. These results suggest that
inhibition of the SIRT1-PGC-1x pathway does not significantly affect the improvement of
depression-like behavior in CUMS mice.
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Figure 5. (A) Changes in body weight of mice. (B) Changes in sucrose preference of mice. (C,D) Effects
of TGGR administration on resting time of TST and FST mice. (E) Heat maps of MWM mouse activity.
(F) Residence time of mice in the MWM target quadrant. (G,H) ELISA-detected serum 5-HT and
MDA levels. (I) Apoptosis of hippocampal neurons in each group (Nissl staining). ** p < 0.01 was
significantly different from the control group, * p < 0.01 was significantly different from model group,
A p <0.05 was significantly different from TGGR pair, ns > 0.05 was not significantly different.

2.8. Effects of TGGR on Depression-Related Indicators in CUMS Model Mice in the Presence of the
SIRT1-Specific Inhibitor EX-527

ELISA was used to detect the plasma levels of 5-HT and MDA. Compared with the
control group, the serum levels of 5-HT in CUMS model mice were significantly reduced.
The concentration of 5-HT increased dramatically after the administration of TGGR, while
the level of 5-HT did not change substantially after the administration of EX-527 (see
Figure 5G). As shown in Figure 5H, compared with the control group, the serum MDA
level of CUMS model mice was significantly increased after TGGR administration, while
the serum MDA concentration of mice in the TGGR group was significantly decreased
compared with the model group after TGGR administration. Compared with the TGGR
group, 5-HT levels were slightly increased after administration of EX-527. These results
suggest that inhibition of the SIRT1-PGC-1x pathway does not significantly affect the
improvement of depression-related indicators in CUMS model mice.

2.9. Effects of TGGR on the Ultrastructure of Hippocampal Neurons in CUMS Mice in the
Presence of the SIRT1-Specific Inhibitor EX-527

The SIRT1 inhibitor 5 mg/kg EX-527 was applied to mice, and the ultrastructure of hip-
pocampal neurons was observed through transmission electron microscopy. Figure 6A(1)
shows transmission electron microscopy (TEM) results. Compared with the control group,
hippocampal neurons in the CUMS group displayed moderate edema, sparse cytoplasm,
reduced electron density, clear membrane boundaries, local dissolution, and noticeable
swelling of most organelles. The nucleus was elliptical, the nuclear membrane was intact,
the perinuclear space was not widened, the chromatin distribution was not uniform, and
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the edge sets were occasionally seen. After administering 40 mg/kg TGGR, the neuronal
cells displayed mild edema, the cytoplasm was uniform, the cell membrane was intact, and
the organelles were partially swollen. The nucleus is elliptical, the nuclear membrane is
intact, the perinuclear space is standard, and the chromatin is slightly agglutinated. After
EX-527 was applied, the destructive effects of CUMS on the hippocampus resumed. These
findings suggest RSV may affect nerve cell survival through the SIRT-1 pathway.
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Figure 6. (A) Ultrastructure of hippocampal neurons and mitochondria of mice in each group. (B) ATP
content in mouse hippocampus. (C) ROS levels in mouse brain tissue. (D) Expression of SIRT1 and
PGC-1« in mouse hippocampus (immunohistochemical staining). (E) Western blot analysis of SIRT1
and PGC-1« in the hippocampus of mice in each group. (F) Protein expression normalized to (3-actin
for quantitative analysis, and its value expressed as an average. (G) SIRT1 and PGC-1oc mRNA
levels detected by RT-qPCR. Data are normalized to $-actin. Values are expressed as average + SD.
** p < 0.01 was significantly different from the control group, # p < 0.01 was substantially different

from model group, and © p < 0.05 and % p < 0.01 were substantially different from TGGR group.

2.10. Effects of TGGR on the Ultrastructure and Function of Hippocampal Mitochondria in CUMS
Mice in the Presence of the SIRT1-Specific Inhibitor EX-527

To investigate whether TGGR plays an antidepressant role by regulating the expres-
sion of SIRT1 and PGC-1« and improving the morphology and function of hippocampal
mitochondria in mice, SIRT1 inhibitor Ex-527 was administered to mice, and the ultra-
structure of hippocampal mitochondria was observed by transmission electron microscopy,
as shown in Figure 6A(2). In the model group, most hippocampal mitochondria had in-
creased swelling, a damaged membrane, a dissolved matrix, and a ridge. After TGGR
administration, the degree of mitochondrial swelling was significantly reduced, the size
was uniform, the membrane was relatively intact, the matrix was shallow, and the in-
cidence of ridge breakage and shortening was reduced. After EX-527 was applied, the
damaging effect of CUMS stimulation on the hippocampal mitochondrial structure was
restored. Next, reactive oxygen species (ROS) levels in brain tissue were detected by 2,
7-dichlorofluorescein diacetate (DCFH-DA), and Adenosine triphosphate (ATP) levels in
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the hippocampus were detected by colorimetry. The quantitative results for ATP are shown
in Figure 6B. Compared with the control group, the ATP level in the CUMS group was
reduced, ATP consumption was significantly increased after TGGR administration, and the
ATP level was again reduced after EX-527 administration. The quantitative results for ROS
levels are shown in Figure 6C. Compared with mice in the control group, ROS levels in the
hippocampal tissue of the CUMS mice were significantly increased.

In contrast, ROS formation in the hippocampal tissue of mice treated with TGGR
decreased considerably. After the application of EX-527, ROS levels increased again. In
summary, in the presence of SIRT1-specific inhibitors, the improvement effect of TGGR on
the morphology and function of hippocampal mitochondria in mice is inhibited. These
findings suggest that TGGR has a protective effect against mitochondrial damage induced
by CUMS, and that this protective effect may depend on SIRT1 activity.

2.11. Effects of TGGR on the Expression of SIRT1 and PGC-1wa Protein in the Hippocampus of
CUMS Mice in the Presence of the SIRT1-Specific Inhibitor EX-527

Immunohistochemistry, Western blotting and RT-qPCR were used to detect the expres-
sion levels of SIRT1 and PGC-1c in the hippocampus of mice. The immunohistochemical
results are shown in Figure 6D. After the administration of TGGR, the positive signal
intensity of SIRT1 and PGC-1« in the model group was significantly increased compared
with that in the model group, while the positive signal intensity of SIRT1 and PGC-1« was
significantly decreased when the expression of SIRT1 was inhibited compared with that in
the TGGR group. In addition, Western blot results in Figure 6E show that the expression
levels of SIRT1 and PGC-1a were significantly reduced in the model group compared
with the control group. However, compared with the model group, the expression levels
of SIRT1 and PGC-1x were significantly increased after TGGR administration. After the
administration of EX-527, the expression levels of SIRT1 and PGC-1« were again reduced
compared to the TGGR group. The results of RT-qPCR in Figure 6F also show that the
expression of SIRT1 and PGC-1oc mRNA was significantly reduced in the model group com-
pared with the control group. However, compared with the model group, the expression of
SIRT1 and PGC-1oc mRNA was significantly increased after TGGR administration. After
EX-527 administration, the expression of SIRT1 and PGC-1a« mRNA was again reduced
compared to the TGGR group. These results indicate that TGGR regulates the expression
level of PGC-1« through SIRTT.

3. Discussion

Depression is a common and severe mental illness that can cause significant psycho-
logical and physical damage [33]. The pathogenesis of depression is a complex multi-stage
process involving multiple targets and multiple pathways [34,35]. Therefore, network
pharmacology and multi-omics technology are often used to explore the pathogenesis of
diseases and drug treatment methods [34]. Although network pharmacology has a good ef-
fect in exploring the synergistic effect of multi-components and multi-targets of traditional
Chinese medicine, it also has certain limitations. For example, phytochemicals screened
on the basis of oral bioavailability (OB) and drug similarity (DL) parameters may differ
from those actually absorbed in the blood [36]. In addition, some of the major pathways
produced by enrichment analysis may not have a clear association with the disease under
study. Even if there is a relatively clear association with the disease under study, it is
difficult to rule out whether it is dependent on the predicted target [36]. Moreover, the
components of TGGR are diverse and specific. Therefore, differences in patient populations,
disease severity, and reporting practices can greatly affect the accuracy and reliability of
results. In addition, we recognize that transcriptomics also has certain limitations, such
as the loss of spatial information due to cell dissociation during library preparation [37].
Therefore, more effort is needed to investigate these limitations and improve network
pharmacology and transcriptomics.
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Unfortunately, there are still few rapid, stable, and sustained antidepressants for clin-
ical use [38]. As a natural product, TGGR has been shown to have potent therapeutic
potential by modulating multiple biological mechanisms to improve depression-related
symptoms, including neuroinflammation [39], immune disturbance [40], synaptic dys-
function, apoptosis [41,42], and so on. This study used a network pharmacology strategy
combined with a whole-transcriptome sequencing approach to explore the mechanism of
action of TGGR.

Consistent with previous studies, in this study, we observed depressive-like behavior
in mice exposed to CUMS, and 40 mg/kg of TGGR effectively improved anxiety /depressive-
like behavior and cognitive deficits in 7-week-old CUMS mice. At the same time, after
TGGR administration, the irregular release of stress-related markers such as 5-HT and MDA
in the serum of mice was significantly reversed, which helped to improve the depressed
state of mice. In this study, the anxiety/depression-like behavior and cognitive impairment
of CUMS mice were determined by SPT, FST, TST, and MWM. After TGGR treatment, the
anxiety /depression-like behavior and cognitive impairment of CUMS mice were reduced.

After investigation and analysis, we found that the antidepressant effect of TGGR may
be related to 71 potential targets of pharmacological networks and 845 transcriptomic DGEs.
Combining network pharmacology and transcriptomic sequencing analysis identified eight
key targets and 10 key signaling pathways. The key signaling pathways mainly involve the
AMPK signaling pathway, PI3K/ Akt signaling pathway, vascular endothelial growth factor
(VEGEF) signaling pathway, long-term depression, etc. Previous studies have found that the
occurrence and treatment of depression are closely related to these pathways [43-47]. In the
central nervous system (CNS), the PI3K/AKT pathway is a classical pathway that regulates
neuronal survival and neurogenesis [48]. Protein expression of PI3K and AKT are signifi-
cantly reduced in the brains of depressed mice, and fluoxetine can reverse this situation [49].
So far, there have been many studies on ginsenosides’” antidepressive effects through the
PIBK/AKT signaling pathway, while there are few studies on ginsenosides’ effects on
depression through the AMPK/SIRT1 signaling pathway, so we chose the AMPK/SIRT1
signaling pathway for follow-up experimental verification.

AMPK is a highly conserved serine/threonine protein kinase with anti-inflammatory
functions that mediates catabolism and anabolism and changes the redox balance by regulat-
ing the expression or activation of its downstream molecules [38,50]. The AMPK signaling
pathway has been identified to regulate depression-like behavior in animal models of
CUMS [39].Moreover, SIRT 1 is a central downstream molecule in the AMPK signaling
pathway and is closely associated with body energy metabolism processes, including neu-
ronal damage and apoptosis [38,51]. Peroxisome proliferator-activated receptor-gamma
coactivator 1-o (PGC-1w) is a major transcriptional coactivator of genes encoding proteins
responsible for regulating mitochondrial biogenesis and function and is considered to be a
downstream target of SIRT1 in a variety of biological effects, coordinating the regulation of
genes required for mitochondrial biogenesis, which stimulates mitochondrial activity. The
AMPK/SIRT1 pathway has been reported to have neuroprotective effects on neurons in
neurological disorders such as Parkinson’s disease and Alzheimer’s disease [52]. At the
same time, methods to improve activation of the AMPK and SIRT1 signaling pathways
are also thought to enhance stress-induced depression-like behavior in animal models [53].
However, it is unclear whether ginseng can improve depression by adjusting the body’s
energy metabolism through the AMPK/SIRT 1 signaling pathway.

Overall, activation of the AMPK/SIRT1 signaling pathway holds great promise as a
strategy to facilitate depression-like behavior. Combining the results of network pharma-
cology and transcriptomic analysis, we found that the AMPK/SIRT1 signaling pathway
mainly involves LEPR, CD36, SLC2A4, SIRT1, PGC-1«, and other genes. Transcriptomic
analysis showed that AMPK in the model group was higher than that in the control group
and TGGR group, while SIRTT and PGC-1a gene expression was lower than those in the
control group and TGGR group. Therefore, we speculated that TGGR might alleviate de-
pression by downregulating AMPK and upregulating the expression of PGC-1a and SIRT1
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genes. To further clarify whether the mechanism of TGGR regulating depression is related
to the AMPK/SIRT1 signaling pathway, we used immunohistochemistry, immunoimprint-
ing, and RT-qPCR to detect the protein expression level of this pathway. The results showed
that TGGR increased the expression of SIRT1 and PGC-1« in the hippocampus of CUMS
mice and decreased the expression of AMPK.

Meanwhile, PGC-1a is an essential downstream protein of SIRT1 because it regulates
mitochondrial biogenesis and function. Mitochondria are the prominent organelles of
cellular energy metabolism and reactive oxygen species (ROS) production [54]. In recent
years, more and more studies have reported that the mitochondrial function and structure
of patients with depression are abnormal, and the changes in mitochondrial ultrastructure
can lead to energy metabolism disorders. Therefore, mitochondrial dysfunction is thought
to be related to the pathogenesis of depression [55]. Discovering the importance of mito-
chondrial dysfunction in the pathogenesis of depression may help provide new therapeutic
targets for the treatment of depression [56]. To verify whether TGGR can increase the
expression of PGC-1« and affect the hippocampus mitochondria of mice, we observed
and detected the morphology and function of hippocampus mitochondria by transmission
electron microscopy and related mitochondrial function kits. In addition, to further verify
whether changes in hippocampal mitochondrial morphology and function are caused by
TGGR increasing SIRT1 and PGC-1a expression, we applied the SIRT1 inhibitor EX-527.
The results showed that hippocampal neuronal injury could lead to mitochondrial morpho-
logical and functional disorders, a decrease in ATP levels, and an increase in mitochondrial
ROS production. After TGGR administration, hippocampal mitochondrial morphology and
function were improved in the CUMS group, while EX-527 restored the effects of CUMS
on hippocampal mitochondrial morphology and function. Therefore, TGGR may play an
antidepressant role by regulating the AMPK/SIRT1 signaling pathway and improving
mitochondrial morphology and related functions in the hippocampus of mice.

4. Materials and Methods
4.1. Materials

TGGR (98%, yuanye BioTechnology, Shanghai, China); Selisistat (EX-527, an SIRT1 in-
hibitor, MedchemExpress, Shanghai, China); mouse 5-HT ELISA kit (Ruixin Biotechnology,
Quanzhou, China); malondialdehyde (MDA) assay kit (TBA method) (Jiancheng Biotech-
nology, Nanjing,China); BCA protein assay kit, PMSF, RIPA lysis buffer, 5 x SDS-PAGE
protein loading buffer (Servicebio Biotechnology, Wuhan, China); polyvinylidene fluoride
(PVDF) membranes (0.45 pm, Millipore, Darmstadt, Germany); anti-AMPK (1:1000, Wan-
leibio, Shenyang, China); anti-SIRT1 (1:1000, Wanleibio, Shenyang, China); anti-PGC-1o
(1:1000, Wanleibio, Shenyang, China), anti-3-actin (1:1000, Wanleibio, Shenyang, China);
HRP goat anti-rabbit IgG (1:3000, Servicebio, Wuhan, China); ECL chemiluminescence kit
(biosharp, Hefei, China); RNA keyTM reagent (Seven Biotechnology, Beijing, China); all-
in-one first-strand cDNA Synthesis Kit II for gPCR (Seven Biotechnology, China); primers
used for RT-qPCR (f3-actin, AMPK, SIRT1, PGC-1«) (Servicebio Biotechnology, Wuhan,
China); reactive oxygen species (ROS) test kit (012) (Beijing Biao Leibo Technology, Beijing,
China); ATP content determination kit (Aidisheng Biotechnology, Yancheng, China)

4.2. Target Prediction and Disease Target Acquisition of Each Ginsenoside

Through literature review, several saponins with high ginseng root content were
screened to obtain the ginsenosides Re, Rd, Rf, Rf, Rg3, Rc, Rgl, Rbl, and ginsenoside
saponin diol [57-60]. We used the TCMSP (https:/ /tcmsp-e.com/, Accessed on 2 April
2023) Swiss Target Prediction database (STP, http:/ /www.swisstargetprediction.ch/, Ac-
cessed on 2 April 2023) 7 kinds of ginseng saponin database) and the chemical structure
of the original ginseng diol molecules file. Through the PubChem and Drugbank (https:
/ /pubchem.ncbi.nlm.nih.gov/, Accessed on 3 April 2023) (https://go.drugbank.com/,
Accessed on 3 April 2023) database for validation, and after verification, the obtained mol
files were uploaded to the pharm-mapper (http://www.lilab-ecust.cn/pharmmapper/,
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Accessed on 4 April 2023) database to predict the targets of each ginsenoside. The predicted
target names were normalized using the UniProt (https://www.uniprot.org/, Accessed
on 4 April 2023) database. The protein Target components of depression were also de-
rived from the TCMSP and Swiss Target Prediction database [25]. We used the UniProt
database (https:/ /www.uniprot.org/, Accessed on 5 April 2023) to change the name of the
protein target to the corresponding gene symbol [25]. We searched the GeneCards database
(https:/ /www.genecards.org/ Accessed on 6 April 2023), online human Mendelian gene
database (OMIM, https://omim.org/, Accessed on 6 April 2023), DrugBank database
(https://go.drugbank.com/, Accessed on 7 April 2023), and therapeutic targets online
database (TDD, http://db.idrblab.net/ttd/, Accessed on 8 April 2023) using keywords to
identify the potential targets associated with ‘depression’ [25].

4.3. The Construction of the PPI Network

The acquired ginsenoside and the depression targets were uploaded to the Weishengxin
(https:/ /www.bioinformatics.com.cn/, Accessed on 9 April 2023) online platform for Venn
mapping and obtaining the intersection genes. Then, the intersection genes were imported
into the String (https:/ /string-db.org/, Accessed on 10 April 2023) database for protein
interaction analysis, and the analysis results were imported into Cytoscape 3.9.1 software.
The plugin cytoNCA was used simultaneously for the analysis of results and the top
10 genes with degree value (degree) for visualization, as the experimental basis of target
gene selection [61].

4.4. GO Functional Enrichment Analysis and KEGG Pathway Enrichment Analysis

The DAVID (https:/ /david.ncifcrf.gov/, accessed on 15 April 2023) database was used
for the intersection of genes for the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis, biological processes in KEGG enrichment
analysis and GO analysis (Biological Process, BP), the molecular function (MF), and the
cellular components (Cellular Component, the first 10 results of (CC)); these were then
uploaded to the WeChat-credit platform for visual processing.

4.5. Construction of the “Drug-Target-Disease-Pathway” Network Map

According to the top 20 KGEE signaling pathways selected by the DAVID database
and the intersection genes obtained in the above steps, the genes were sorted into network
files and type files and imported into Cytoscape 3.9.1 software to build a “drug-component-
target-pathway” network map.

4.6. Preparation of CUMS Mouse Model of Depression

The CUMS model was created with minor changes in the reference literature, including
fasting, no water, day and night reversal, the 45-degree tilt of the cage, shaking of the cage,
wet bedding, noise stimulation, ice water swimming, placing foreign objects in the cage,
etc. [62]. The mice were subjected to random CUMS stimulation every day for 7 consecutive
weeks, and their body weight was recorded weekly. After 3 weeks of modeling, the
depression-like behavior of CUMS-induced mice was evaluated by sucrose preference
test (SPT). Drug treatment began at week 4 after the initiation of the CUMS regimen and
continued for 4 weeks. After the end of administration, the sucrose preference test (SPT),
forced swimming test (FST), tail suspension test (TST), and Morris Water Maze (MWM) test
were performed again. After the mice underwent behavioral tests, the mice were killed, and
part of the hippocampal tissue was immersed in 4% paraformaldehyde. In contrast, other
tissues were immediately stored in liquid nitrogen and preserved at —80 °C for future use.

4.7. Animals, Drugs, and Treatment

Male, 6-week-old, C57BL/6 mice (22-25 g) were obtained from Changchun Yisi Labo-
ratory Animal Technology Co., LTD. (Changchun, China). The local institutional Animal
care conducted all animal experiments and used guidelines approved by the Institutional
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Animal Care and Use Committee of Jilin Agricultural University. Animals were raised
under standard conditions (23 £ 2 °C), with light and dark cycles for 12 h and free flow
of food and water. The animals were fed for 1 week before the experiment. The mice
were randomly divided into: control group, CUMS model group, CUMS + total ginseng
saponins ginseng root (TGGR) (40 mg/kg/d) [55,63] group, and CUMS + TGGR + EX-527
(5 mg/kg/d) [64] group. TGGR (40 mg/kg, dissolved in saline) was administered via
intragastric administration (ig) from week 4 to week 7. EX-527 (5 mg/kg, dissolved in
saline) was injected intraperitoneally (ip) from week 6 to week 7. The control group was
given normal saline.

4.8. Sucrose Preference Test

About 1-2 days before the SPT, sugar water (usually a 1% sucrose solution) was given
to the animals to acclimate them to the taste of sugar water. On the day of the experiment,
sugar water and regular water were put in two separate drinking bottles and labeled
clearly. The drinking bottles of sugar and ordinary water were put into the animal cage
simultaneously so the animals could freely choose to drink. We recorded the consumption
of both liquids over a specific period (e.g., 12 h or 24 h). Liquid consumption could be
measured by weighing or using a drinking bottle marked with a scale. We calculated the
Sugar Water Preference Index (SPI): SPI = (sugar water intake/total intake) x 100%, where
total intake is the sum of sugar water intake and regular water intake.

4.9. Forced Swimming Test

The mice were placed in a cylindrical bucket filled with 20 cm deep water at a tem-
perature of 23 & 2 °C for 6 min, and the resting state of the mice (when the mice floated or
stopped struggling) was recorded for the last 4 min.

4.10. Tail Suspension Test

Mice were suspended 50 cm above the floor by adhesive tape placed approximately
1 cm from the tip of the tail. Each mouse was tested for 6 min, and the time during which
the mouse remained immobile was recorded for the last 4 min [29].

4.11. Morris Water Maze

The water maze consisted of a circular water box with a 120 cm diameter and a plat-
form complete with running water (22 £ 2 °C) placed 1-2 cm below the water surface [38].
The animals were put in one quadrant of the water maze and trained for five consecutive
days to learn the platform position. With the camera installed above the water maze, the
video tracking system (Smart 3.0, Panlab, Spain) was used to monitor the swimming trail
of mice [38]. The time spent on test days to reach the platform was recorded. On day 6, the
platform was removed, and the percentage of time mice spent in the target quadrant of the
original platform was monitored [38]. The frequency of appearance in the target quadrant
was analyzed.

4.12. Enzyme-Linked Immunosorbent Assay (ELISA)

Eyeball blood was centrifuged at 8000 rpm for 15 min at 4 °C, and the supernatant
was collected. The 5-HT and MDA levels were measured using an ELISA kit according
to the manufacturer’s instructions. The absorbance at the recommended wavelength for
each well was measured using an ELISA meter (Epoch2; Burton Instruments Co., LTD,
Gainesville, FL, USA).

4.13. RNA Extraction and Construction of RNA-Seq Libraries

Using Trizol reagent, total RNA was isolated from hippocampal tissue from mice in the
Control, CUMS, and TGGR groups [CUMS + total ginseng saponins ginseng root (TGGR)
(40 mg/kg/d)] (n = 3). Complementary DNA (cDNA) synthesis was performed after frag-
mentation of total RNA fragments into short fragments and enrichment of messenger RNA
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(mRNA) using oligo (dT) magnetic beads. The RNA was analyzed for integrity and purity
using a NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA) to guarantee
qualified samples for transcriptomics sequencing. After cluster generation, sequencing of
the library preparations was performed using the Illumina HiSeq2500 platform provided
by Bemec Biotechnology Co., Ltd. in Wuhan, China. Biomarker Technologies (Beijing,
China) performed the entire RNA-Seq analysis. In fact format, the raw data underwent
processing to remove reads containing adapters and those with low quality based on Q30
(an error rate of base calling < 0.1%) to obtain clean and high-quality data.

4.14. Transcriptomic Analysis

The BMKCloud platform (https:/ /international.biocloud.net/, Accessed on 6 Decem-
ber 2023) was used for dressing by screening DEG, adjusting the p-value by false discovery
rate to p < 0.05 with the foldchanges > 2 being set as statistically significant. Differen-
tial expression analysis is a method used to identify genes expressed differently between
various samples or sample groups. Metascape (https://metascape.org/, accessed on 11
December 2023) was used for GO functional enrichment and KEGG pathway analysis, and
Weishengxin (http:/ /www.bioinformatics.com.cn/login/, accessed on 12 December 2023)
was used for graphical visualization analysis.

4.15. Nissl Staining

Nissl staining was used to detect necrotic cell death according to morphological
changes in the brain. Paraffin-embedded hippocampi were cut into 5 um thick sections,
and the sections were stained with 0.1% cresyl violet (Sigma Aldrich, Darmstadt, Germany),
dehydrated with ethanol, and cover-slipped with Entellan. The staining was observed
under a light microscope (400 x magnification).

4.16. Immunohistochemical Staining

Immunohistochemical analysis of 5 um thick paraffin-embedded sections of mouse
hippocampus was performed. Then, they were incubated with SIRT1 (1:150) and PGC-1c
(1:200) antibodies at room temperature for 4 h, shaken gently at 4 °C overnight, then
washed with PBS 3 times and incubated with biotinylated secondary antibody at room
temperature for 30 min. The sections were dyed with 3,3'-diaminobenzidine solution and
then stained with hematoxylin. Five sections were selected from each animal, and the areas
with SIRT1- and PGC-1a-positive cells were locally counted using Image ] 2022 software.

4.17. Western Blot Analysis

We used Western blotting standard protocols to extract total protein from hippocampal
tissue and then quantified the protein concentration with a bicinchoninic acid (BCA) protein
assay kit. An equal amount of protein extract was loaded onto sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel (80 V, 0.5 h, then 120 V, 1 h) and
electrotransferred to a 0.45 pm polyvinylidene fluoride film. The isolated proteins were
sealed with 5% skim milk at room temperature for 2 h and incubated with the primary
antibody at 4 °C overnight. The next day, the second antibody was applied to the membrane
at room temperature for 2 h, then washed with Tris-buffered saline and Tween 20 (TBST,
10 min each) at 3-round intervals. Finally, a Jena multifunctional imager (Analytikjena,
Jena, Germany) was used to visualize the membrane, and the target protein for (3-actin was
standardized and quantified by Image J 2022 software.

4.18. Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA was extracted from the hippocampus using the RNA keyTM reagent kit
(Seven Biotechnology, Beijing, China), and the purity and concentration were measured by
spectroscopy. The isolated RNA (1 ug) was reverse-transcribed into cDNA using a reverse
transcription kit. The cDNA sample was added to the real-time PCR reaction solution and
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amplified by a real-time polymerase chain reaction (PCR) instrument. PCR primers were
as follows:

SIRT1 upstream primer, ATCGTTACATATTCCACGGTGCT and downstream primer,
CACTTTCATCTTCCAAGGGTTCT; PGC-1aupstream primer, GGATATACTTTACGC-
AGGTCGA, and downstream primer, CGTCTGAGTTGGTATCTAGGTC; 3-actin upstream
primer, GTCCCTCACCCTCCCAAAAG and downstream primer, GCTGCCTCAACACCT-
CAACCC.

The PCR amplification and uncoupling curves were confirmed after the reaction was
completed. The relative expression levels of target genes were compared by two methods,
AACt and B-actin mRNA.

4.19. Transmission Electron Microscopy

Hippocampal tissue (<1 mm?) was fixed with 2.5% glutaraldehyde for 2 h, then washed
with BPS and fixed with 1% osmic acid for 2 h, and finally rinsed with PBS. Gradually,
the tissue was dehydrated with different concentrations of ethanol and acetone, and then
encased in acetone solution overnight. After fixation, the tissue was cut into 50 nm slices,
stained with 3% uranium acetate and lead citrate, and then the mitochondrial morphology
was observed under transmission electron microscopy.

4.20. Quantification of ATP

The content of ATP in the hippocampus was determined by colorimetry. The sample
and the ATP standard were diluted in the ATP test lysate and mixed with the ATP test
working solution according to the manufacturer’s instructions. The absorption value was
detected using Biotek’s enzyme label, which adjusted the wavelength to 700 nm, and the
ATP content in each sample was calculated according to the kit instructions. The results are
shown as the percentage of controls.

4.21. Detection of Mitochondrial Reactive Oxygen Species

The fresh hippocampal tissue samples were washed with PBS. We accurately weighed
50 mg of tissue, added 1 mL homogenate buffer A, and thoroughly homogenized the
mixture with a glass homogenizer. Next, the samples were centrifuged at 1000x g, 4 °C for
10 min, discard precipitation and take supernatant. Then, 190 uL homogenate supernatant
and 10 pL 012 probes were added into a 96-well plate, blown with a pipette, mixed
thoroughly, and incubated at 37 °C for 30 min without light. The fluorescence intensity was
measured with an excitation wavelength of 488 nm and an emission wavelength of 530 nm.

4.22. Statistical Analysis

All data and statistical analysis complied with the recommendations on experimental
design and analysis in pharmacology. Statistical comparisons were performed using one-
way analysis of variance (ANOVA). GraphPad Prism 9.5.1 was used for all statistical
analysis. p < 0.05 was considered statistically significant [29].

5. Conclusions

In summary, this study systematically explored the potential mechanism of TGGR in
treating depression through network pharmacology, transcriptome sequencing analysis,
and in vivo experiments. Our study confirms that TGGR exerts antidepressant effects
through the AMPK-SIRT1 signaling pathway, and more importantly, we found that inhibit-
ing SIRT1 expression in the mouse hippocampus can affect hippocampal mitochondrial
morphology and related functions. Thus, this study demonstrates that strategies combining
network pharmacology with transcriptomic analysis can help to explore and elucidate
targets, pathways, and mechanisms of drug action in disease. This will provide a new
theoretical basis for the research and application of TGGR in the field of depression treat-
ment. It is emphasized that TGGR may be used to prevent people with chronic anxiety
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and high stress from becoming depressed, or may be used clinically for the early treatment
of depression.
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Author Contributions: Conceptualization, W.C.; data curation, P.G. and L.S.; formal analysis, X.G.;
funding acquisition, R.D.; investigation, W.C.; methodology, P.G., L.S., and M.S.; project adminis-
tration, R.D. and Z.H.; validation, M.S., ].G., and Y.Z. (Yan Zhao); visualization, Y.Z. (Ying Zong);
writing—original draft, P.G.; writing—review and editing, W.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Major Science and Technology Project of Sika Deer
Industrial Scientific and Technological Innovation—Modern pharmacological connotation, biological
mechanism of action and basic research on the traditional core functions of Sika deer medicinal parts
(20220304001YY), the Jilin Province Major Science and Technology Special Project (20220304002YY),
the Demonstration and Promotion of Sika Deer Breeding and Reproduction, Disease Prevention and
Control, Product Processing Industry Technology (202300801-04), the study on key technology and
industrialization of deer heart peptide product, a special diet that can increase exercise endurance
(23JQ08) and the Jilin Province Science and Technology Department Talent Special—deer sinew
chelated calcium preparation key technology and industrialization research (20240601086RC).

Institutional Review Board Statement: All animal experiments were conducted with the approval
of the Experimental Animal Ethics Committee at Jilin Agricultural University. (Permit number:
SYXK-JLAU 2023-0021) (No0.20240827001).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest, financial or otherwise.

References

1. Walker, A K.; Wing, E.E.; Banks, W.A.; Dantzer, R. Leucine competes with kynurenine for blood-to-brain transport and prevents
lipopolysaccharide-induced depression-like behavior in mice. Mol. Psychiatry 2019, 24, 1523-1532. [CrossRef] [PubMed]

2. Meénard, C.; Hodes, G.E.; Russo, S.J. Pathogenesis of depression: Insights from human and rodent studies. Neuroscience 2016, 321,
138-162. [CrossRef] [PubMed]

3. Mathers, B.M.; Degenhardt, L.; Phillips, B.; Wiessing, L.; Hickman, M.; Strathdee, S.A.; Wodak, A.; Panda, S.; Tyndall, M.; Toufik,
A; et al. Global epidemiology of injecting drug use and HIV among people who inject drugs: A systematic review. Lancet 2008,
372,1733-1745. [CrossRef] [PubMed]

4. Seo, ].S.; Wei, ].; Qin, L.; Kim, Y.; Yan, Z.; Greengard, P. Cellular and molecular basis for stress-induced depression. Mol. Psychiatry
2017, 22, 1440-1447. [CrossRef] [PubMed]

5. Malberg, J.E; Eisch, AJ.; Nestler, E.J.; Duman, R.S. Chronic antidepressant treatment increases neurogenesis in adult rat
hippocampus. J. Neurosci. Off. ]. Soc. Neurosci. 2000, 20, 9104-9110. [CrossRef]

6. Kezhu, W,; Pan, X.; Cong, L.; Liming, D.; Beiyue, Z.; Jingwei, L.; Yanyan, Y.; Xinmin, L. Effects of Ginsenoside Rgl on Learning
and Memory in a Reward-directed Instrumental Conditioning Task in Chronic Restraint Stressed Rats. Phytother. Res. PTR 2017,
31, 81-89. [CrossRef]

7. Zhu, G,; Wang, Y,; Li, J.; Wang, J. Chronic treatment with ginsenoside Rgl promotes memory and hippocampal long-term
potentiation in middle-aged mice. Neuroscience 2015, 292, 81-89. [CrossRef]

8. Zhou, Y; Li, HQ, Lu, L; Fu, D.L,; Liu, A.J,; Li, ].H.; Zheng, G.Q. Ginsenoside Rgl provides neuroprotection against blood brain
barrier disruption and neurological injury in a rat model of cerebral ischemia/reperfusion through downregulation of aquaporin
4 expression. Phytomed. Int. ]. Phytother. Phytopharm. 2014, 21, 998-1003. [CrossRef]

9. Lu, YW, Wang, YJ; Wang, Z; Ren, S.; Gong, X.J.; Hu, ].N.; Zhang, ].T; Li, W. Ginsenoside Rg2 alleviates astrocyte inflammation
and ameliorates the permeability of the Alzheimer’s disease related blood-brain barrier. Phytomed. Int. J. Phytother. Phytopharm.
2024, 135, 156063. [CrossRef]

10. Yu,S.; Wang, X.; Lv, L.; Liu, T.; Guan, Q. Borneol-modified PEGylated graphene oxide as a nanocarrier for brain-targeted delivery
of ginsenoside Rg1l against depression. Int. J. Pharm. 2023, 643, 123284. [CrossRef]

11.  Wu, T,; Kwaku, O.R;; Li, H.-Z,; Yang, C.-R.; Ge, L.-].; Xu, M. Sense Ginsenosides From Ginsengs: Structure-Activity Relationship

in Autophagy. Nat. Prod. Commun. 2019, 14, 1934578X19858223. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms252312606/s1
https://www.mdpi.com/article/10.3390/ijms252312606/s1
https://doi.org/10.1038/s41380-018-0076-7
https://www.ncbi.nlm.nih.gov/pubmed/29988087
https://doi.org/10.1016/j.neuroscience.2015.05.053
https://www.ncbi.nlm.nih.gov/pubmed/26037806
https://doi.org/10.1016/S0140-6736(08)61311-2
https://www.ncbi.nlm.nih.gov/pubmed/18817968
https://doi.org/10.1038/mp.2016.118
https://www.ncbi.nlm.nih.gov/pubmed/27457815
https://doi.org/10.1523/JNEUROSCI.20-24-09104.2000
https://doi.org/10.1002/ptr.5733
https://doi.org/10.1016/j.neuroscience.2015.02.031
https://doi.org/10.1016/j.phymed.2013.12.005
https://doi.org/10.1016/j.phymed.2024.156063
https://doi.org/10.1016/j.ijpharm.2023.123284
https://doi.org/10.1177/1934578X19858223

Int. J. Mol. Sci. 2024, 25, 12606 19 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Boonlert, W.; Benya-Aphikul, H.; Welbat, J.U.; Rodsiri, R. Ginseng Extract G115 Attenuates Ethanol-Induced Depression in Mice
by Increasing Brain BDNF Levels. Nutrients 2017, 9, 931. [CrossRef] [PubMed]

Wang, H.-Q.; Yang, S.-W.; Gao, Y,; Liu, Y.-J.; Li, X;; Ai, Q.-D.; Lin, M.-Y,; Yang, Y.-T.; Zeng, Q.; Zhang, Y.; et al. Novel antidepressant
mechanism of ginsenoside Rgl: Regulating biosynthesis and degradation of connexin43. J. Ethnopharmacol. 2021, 278, 114212.
[CrossRef]

Shao, J.; Qu, L.; Liu, Y,; Zhang, J.; Liu, Y,; Deng, J.; Ma, X.; Fan, D. Ginsenoside Rk3 Regulates Tryptophan Metabolism
along the Brain-Gut Axis by Targeting Tryptophan Hydroxylase and Remodeling the Intestinal Microenvironment to Alleviate
Depressive-Like Behavior in Mice. J. Agric. Food Chem. 2024, 72, 7100-7120. [CrossRef]

Meng, F; Qian, M.; Peng, B.; Peng, L.; Wang, X.; Zheng, K.; Liu, Z.; Tang, X.; Zhang, S.; Sun, S.; et al. Synergy between SIRT1 and
SIRT6 helps recognize DNA breaks and potentiates the DNA damage response and repair in humans and mice. eLife 2020, 9.
[CrossRef]

Rada, P,; Pardo, V.; Mobasher, M.A.; Garcia-Martinez, I.; Ruiz, L.; Gonzédlez-Rodriguez, A_; Sanchez-Ramos, C.; Muntané, J.;
Alemany, S.; James, L.P; et al. SIRT1 Controls Acetaminophen Hepatotoxicity by Modulating Inflammation and Oxidative Stress.
Antioxid. Redox Signal. 2018, 28, 1187-1208. [CrossRef]

Feng, K.; Chen, Z.; Pengcheng, L.; Zhang, S.; Wang, X. Quercetin attenuates oxidative stress-induced apoptosis via SIRT1/AMPK-
mediated inhibition of ER stress in rat chondrocytes and prevents the progression of osteoarthritis in a rat model. J. Cell. Physiol.
2019, 234, 18192-18205. [CrossRef]

CONVERGE consortium. Sparse whole-genome sequencing identifies two loci for major depressive disorder. Nature 2015, 523,
588-591. [CrossRef]

Hurley, L.L.; Akinfiresoye, L.; Kalejaiye, O.; Tizabi, Y. Antidepressant effects of resveratrol in an animal model of depression.
Behav. Brain Res. 2014, 268, 1-7. [CrossRef]

Omidian, K.; Rafiei, H.; Bandy, B. Increased mitochondrial content and function by resveratrol and select flavonoids protects
against benzo[a]pyrene-induced bioenergetic dysfunction and ROS generation in a cell model of neoplastic transformation. Free
Radic. Biol. Med. 2020, 152, 767-775. [CrossRef]

Kadiyala, C.S.R.; Zheng, L.; Du, Y.; Yohannes, E.; Kao, H.Y.; Miyagi, M.; Kern, T.S. Acetylation of retinal histones in diabetes
increases inflammatory proteins: Effects of minocycline and manipulation of histone acetyltransferase (HAT) and histone
deacetylase (HDAC). J. Biol. Chem. 2012, 287, 25869-25880. [CrossRef] [PubMed]

Zhou, Y,; Wang, S.; Li, Y,; Yu, S.; Zhao, Y. SIRT1/PGC-1« Signaling Promotes Mitochondrial Functional Recovery and Reduces
Apoptosis after Intracerebral Hemorrhage in Rats. Front. Mol. Neurosci. 2017, 10, 443. [CrossRef] [PubMed]

Yuan, H.,; Ma, Q.; Cui, H.; Liu, G.; Zhao, X.; Li, W.; Piao, G. How Can Synergism of Traditional Medicines Benefit from Network
Pharmacology? Molecules 2017, 22, 1135. [CrossRef] [PubMed]

Yang, X.; Kui, L.; Tang, M,; Li, D.; Wei, K.; Chen, W.; Miao, J.; Dong, Y. High-Throughput Transcriptome Profiling in Drug and
Biomarker Discovery. Front. Genet. 2020, 11, 19. [CrossRef] [PubMed]

Zhang, W.; Sang, S.; Peng, C.; Li, G.Q.; Ou, L,; Feng, Z.; Zou, Y,; Yuan, Y.; Yao, M. Network Pharmacology and Transcriptomic
Sequencing Analyses Reveal the Molecular Mechanism of Sanguisorba officinalis Against Colorectal Cancer. Front. Oncol. 2022,
12, 807718. [CrossRef]

Willner, P. The chronic mild stress (CMS) model of depression: History, evaluation and usage. Neurobiol. Stress 2017, 6, 78-93.
[CrossRef]

Liu, Z.; Sun, Y.; Zhen, H.; Nie, C. Network Pharmacology Integrated with Transcriptomics Deciphered the Potential Mechanism
of Codonopsis pilosula against Hepatocellular Carcinoma. Evid. Based Complement. Altern. Med. 2022, 2022, 1340194. [CrossRef]
Nutt, D.J. Relationship of neurotransmitters to the symptoms of major depressive disorder. J. Clin. Psychiatry 2008, 69, 4-7.
Qiao, Y.-L.; Zhou, J.-J; Liang, ].-H.; Deng, X.-P; Zhang, Z.-].; Huang, H.-L.; Li, S.; Dai, S.-F; Liu, C.-Q.; Luan, Z.-L.; et al. Uncaria
rhynchophylla ameliorates unpredictable chronic mild stress-induced depression in mice via activating 5-HT(1A) receptor:
Insights from transcriptomics. Phytomedicine Int. |. Phytother. Phytopharm. 2021, 81, 153436. [CrossRef]

Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19, 121-135.
[CrossRef]

Zhu, S.; Wang, J.; Zhang, Y.; Li, V.; Kong, ].; He, J.; Li, X.-M. Unpredictable chronic mild stress induces anxiety and depression-like
behaviors and inactivates AMP-activated protein kinase in mice. Brain Res. 2014, 1576, 81-90. [CrossRef] [PubMed]

Huang, W.; Cao, J.; Liu, X.; Meng, F; Li, M.; Chen, B.; Zhang, ]. AMPK Plays a Dual Role in Regulation of CREB/BDNF Pathway
in Mouse Primary Hippocampal Cells. J. Mol. Neurosci. 2015, 56, 782-788. [CrossRef] [PubMed]

Koenig, H.G. Depression in the medically ill: A common and serious disorder. Int. J. Psychiatry Med. 2000, 30, 295-297. [CrossRef]
[PubMed]

Wang, Y.; Zhang, F; Li, X,; Li, X;; Wang, J.; He, J.; Wu, X,; Chen, S.; Zhang, Y.; Li, Y. Integrated Multi-Omics Techniques and
Network Pharmacology Analysis to Explore the Material Basis and Mechanism of Simiao Pill in the Treatment of Rheumatoid
Arthritis. ACS Omega 2023, 8, 11138-11150. [CrossRef] [PubMed]

Zhang, Z.; Deng, T.; Wu, M.; Zhu, A.; Zhu, G. Botanicals as modulators of depression and mechanisms involved. Chin. Med. 2019,
14, 24. [CrossRef]


https://doi.org/10.3390/nu9090931
https://www.ncbi.nlm.nih.gov/pubmed/28837087
https://doi.org/10.1016/j.jep.2021.114212
https://doi.org/10.1021/acs.jafc.3c07599
https://doi.org/10.7554/eLife.55828
https://doi.org/10.1089/ars.2017.7373
https://doi.org/10.1002/jcp.28452
https://doi.org/10.1038/nature14659
https://doi.org/10.1016/j.bbr.2014.03.052
https://doi.org/10.1016/j.freeradbiomed.2020.01.021
https://doi.org/10.1074/jbc.M112.375204
https://www.ncbi.nlm.nih.gov/pubmed/22648458
https://doi.org/10.3389/fnmol.2017.00443
https://www.ncbi.nlm.nih.gov/pubmed/29375306
https://doi.org/10.3390/molecules22071135
https://www.ncbi.nlm.nih.gov/pubmed/28686181
https://doi.org/10.3389/fgene.2020.00019
https://www.ncbi.nlm.nih.gov/pubmed/32117438
https://doi.org/10.3389/fonc.2022.807718
https://doi.org/10.1016/j.ynstr.2016.08.002
https://doi.org/10.1155/2022/1340194
https://doi.org/10.1016/j.phymed.2020.153436
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1016/j.brainres.2014.06.002
https://www.ncbi.nlm.nih.gov/pubmed/24971831
https://doi.org/10.1007/s12031-015-0500-2
https://www.ncbi.nlm.nih.gov/pubmed/25645685
https://doi.org/10.2190/P57Y-0PT5-FRB8-7QK7
https://www.ncbi.nlm.nih.gov/pubmed/11308033
https://doi.org/10.1021/acsomega.2c07959
https://www.ncbi.nlm.nih.gov/pubmed/37008152
https://doi.org/10.1186/s13020-019-0246-9

Int. J. Mol. Sci. 2024, 25, 12606 20 of 21

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

Li, Z.; Qu, B.; Wu, X.; Chen, H.; Wang, J.; Zhou, L.; Wu, X.; Zhang, W. Methodology improvement for network pharmacology to
correct the deviation of deduced medicinal constituents and mechanism: Xian-Ling-Gu-Bao as an example. J. Ethnopharmacol.
2022, 289, 115058. [CrossRef]

Zhang, Y.; Petukhov, V.; Biederstedt, E.; Que, R.; Zhang, K.; Kharchenko, P.V. Gene panel selection for targeted spatial transcrip-
tomics. Genome Biol. 2024, 25, 35. [CrossRef]

Ren, Y;; Hu, S.; Pu, H,; Zhou, Y,; Jiang, M.; Li, Y,; Deng, C.; Gao, J.; Xu, M.; Ge, C. Juglanin ameliorates depression-like behavior in
chronic unpredictable mild stress-induced mice by improving AMPK signaling. J. Funct. Foods 2022, 98, 105263. [CrossRef]
Zhang, Y.-Q.; Wang, X.-B.; Xue, R.-R.; Gao, X.-X.; Li, W. Ginsenoside Rg1 attenuates chronic unpredictable mild stress-induced
depressive-like effect via regulating NF-kB/NLRP3 pathway in rats. Neuroreport 2019, 30, 893-900. [CrossRef]

Kang, A.; Xie, T.; Zhu, D.; Shan, ].; Dj, L.; Zheng, X. Suppressive Effect of Ginsenoside Rg3 against Lipopolysaccharide-Induced
Depression-Like Behavior and Neuroinflammation in Mice. J. Agric. Food Chem. 2017, 65, 6861-6869. [CrossRef]

Kim, Y.; Cho, S.-H. The effect of ginsenosides on depression in preclinical studies: A systematic review and meta-analysis. J.
Ginseng Res. 2021, 45, 420-432. [CrossRef] [PubMed]

Li, Y; Li, J.; Yang, L.; Ren, E; Dong, K.; Zhao, Z.; Duan, W.; Wei, W.; Guo, R. Ginsenoside Rb1 protects hippocampal neurons in
depressed rats based on mitophagy-regulated astrocytic pyroptosis. Phytomed. Int. |. Phytother. Phytopharm. 2023, 121, 155083.
[CrossRef] [PubMed]

Wang, G,; Liu, Y;; Zhu, X,; Lin, K; Li, M.; Wu, Z.; Zhang, R.; Zheng, Q.; Li, D.; An, T. Knockdown of miRNA-134-5p rescues
dendritic deficits by promoting AMPK-mediated mitophagy in a mouse model of depression. Neuropharmacology 2022, 214,
109154. [CrossRef] [PubMed]

Wang, R.; Hu, X; Liu, S.; Wang, J.; Xiong, F.; Zhang, X.; Ye, W.; Wang, H. Kaempferol-3-O-sophoroside (PCS-1) contributes to
modulation of depressive-like behaviour in C57BL/6] mice by activating AMPK. Br. J. Pharmacol. 2023, 181, 1182-1202. [CrossRef]
Tang, K.-R.; Mo, X.-W.; Zhou, X.-Y.; Chen, Y.-Y,; Liu, D.-D.; He, L.-L.; Ma, Q.-Y,; Li, X.-J.; Chen, ].-X. Xiaoyao San, a Chinese herbal
formula, ameliorates depression-like behavior in mice through the AdipoR1/AMPK/ACC pathway in hypothalamus. J. Integr.
Med. 2022, 20, 442-452. [CrossRef]

Tian, J.-S.; Wu, Z.-N.; Wu, D.; Yang, C.; Gao, Y.; Yan, D.-L.; Qin, X.-M. Combining network pharmacology and experimental
verification to reveal the mechanism of Chaigui granules in the treatment of depression through PI3K/Akt/mTOR signaling
pathways. Metab. Brain Dis. 2023, 38, 2849-2864. [CrossRef]

Tang, Y.; Su, H.; Nie, K.; Wang, H.; Gao, Y.; Chen, S.; Lu, F; Dong, H. Berberine exerts antidepressant effects in vivo and
in vitro through the PI3K/AKT/CREB/BDNF signaling pathway. Biomed. Pharmacother. Biomed. Pharmacother. 2024, 170, 116012.
[CrossRef]

Liu, Q.; Telezhkin, V.; Jiang, W.; Gu, Y.; Wang, Y.; Hong, W.; Tian, W.; Yarova, P.; Zhang, G.; Lee, S.M.-Y,; et al. Electric field
stimulation boosts neuronal differentiation of neural stem cells for spinal cord injury treatment via PI3K/Akt/GSK-3[3 / 3-catenin
activation. Cell Biosci. 2023, 13, 4. [CrossRef]

Wang, H.; Xiao, L.; Wang, H.; Wang, G. Involvement of chronic unpredictable mild stress-induced hippocampal LRP1 up-
regulation in microtubule instability and depressive-like behavior in a depressive-like adult male rat model. Physiol. Behav. 2020,
215,112749. [CrossRef]

Salt, I.P; Hardie, D.G. AMP-Activated Protein Kinase: An Ubiquitous Signaling Pathway With Key Roles in the Cardiovascular
System. Circ. Res. 2017, 120, 1825-1841. [CrossRef]

Libert, S.; Guarente, L. Metabolic and neuropsychiatric effects of calorie restriction and sirtuins. Annu. Rev. Physiol. 2013, 75,
669-684. [CrossRef] [PubMed]

Wang, S.; Pan, J. Irisin ameliorates depressive-like behaviors in rats by regulating energy metabolism. Biochem. Biophys. Res.
Commun. 2016, 474, 22-28. [CrossRef] [PubMed]

Hu, Y,; Zhao, M.; Zhao, T.; Qi, M.; Yao, G.; Dong, Y. The Protective Effect of Pilose Antler Peptide on CUMS-Induced Depression
Through AMPK/Sirtl /NF-kB/NLRP3-Mediated Pyroptosis. Front. Pharmacol. 2022, 13, 815413. [CrossRef] [PubMed]

Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145-1159. [CrossRef] [PubMed]

Zhu, X.; Gao, R;; Liu, Z.; Cheng, Z.; Qi, Y.; Fan, C.; Yu, S.Y. Ginsenoside Rgl reverses stress-induced depression-like behaviours
and brain-derived neurotrophic factor expression within the prefrontal cortex. Eur. J. Neurosci. 2016, 44, 1878-1885. [CrossRef]
Wang, Y.; Ni, J.; Gao, C.; Xie, L.; Zhai, L.; Cui, G.; Yin, X. Mitochondrial transplantation attenuates lipopolysaccharide- induced
depression-like behaviors. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2019, 93, 240-249. [CrossRef]

Huang, Q.; Lou, T; Lu, J.; Wang, M.; Chen, X.; Xue, L.; Tang, X.; Qi, W.; Zhang, Z.; Su, H,; et al. Major ginsenosides from Panax
ginseng promote aerobic cellular respiration and SIRT1-mediated mitochondrial biosynthesis in cardiomyocytes and neurons. J.
Ginseng Res. 2022, 46, 759-770. [CrossRef]

Shi, Z.-Y.; Zeng, J.-Z.; Wong, A.S.T. Chemical Structures and Pharmacological Profiles of Ginseng Saponins. Molecules 2019, 24,
2443, [CrossRef]

Jakaria, M.; Haque, M.E.; Kim, J.; Cho, D.-Y.; Kim, I.-S.; Choi, D.-K. Active ginseng components in cognitive impairment:
Therapeutic potential and prospects for delivery and clinical study. Oncotarget 2018, 9, 33601-33620. [CrossRef]

Mohanan, P.; Subramaniyam, S.; Mathiyalagan, R.; Yang, D.-C. Molecular signaling of ginsenosides Rb1, Rg1, and Rg3 and their
mode of actions. |. Ginseng Res. 2018, 42, 123-132. [CrossRef]


https://doi.org/10.1016/j.jep.2022.115058
https://doi.org/10.1186/s13059-024-03174-1
https://doi.org/10.1016/j.jff.2022.105263
https://doi.org/10.1097/WNR.0000000000001302
https://doi.org/10.1021/acs.jafc.7b02386
https://doi.org/10.1016/j.jgr.2020.08.006
https://www.ncbi.nlm.nih.gov/pubmed/34025135
https://doi.org/10.1016/j.phymed.2023.155083
https://www.ncbi.nlm.nih.gov/pubmed/37722244
https://doi.org/10.1016/j.neuropharm.2022.109154
https://www.ncbi.nlm.nih.gov/pubmed/35659969
https://doi.org/10.1111/bph.16283
https://doi.org/10.1016/j.joim.2022.07.003
https://doi.org/10.1007/s11011-023-01312-5
https://doi.org/10.1016/j.biopha.2023.116012
https://doi.org/10.1186/s13578-023-00954-3
https://doi.org/10.1016/j.physbeh.2019.112749
https://doi.org/10.1161/CIRCRESAHA.117.309633
https://doi.org/10.1146/annurev-physiol-030212-183800
https://www.ncbi.nlm.nih.gov/pubmed/23043250
https://doi.org/10.1016/j.bbrc.2016.04.047
https://www.ncbi.nlm.nih.gov/pubmed/27079240
https://doi.org/10.3389/fphar.2022.815413
https://www.ncbi.nlm.nih.gov/pubmed/35401226
https://doi.org/10.1016/j.cell.2012.02.035
https://www.ncbi.nlm.nih.gov/pubmed/22424226
https://doi.org/10.1111/ejn.13255
https://doi.org/10.1016/j.pnpbp.2019.04.010
https://doi.org/10.1016/j.jgr.2022.02.002
https://doi.org/10.3390/molecules24132443
https://doi.org/10.18632/oncotarget.26035
https://doi.org/10.1016/j.jgr.2017.01.008

Int. J. Mol. Sci. 2024, 25, 12606 21 of 21

61.

62.

63.

64.

Zhang, R; Liu, X.; Wang, T.; Yu, J.; Wang, M.; Sun, J.; Yu, X,; Niu, N.; Chen, L. HPLC Fingerprint Combined with Chemometrics
and Network Pharmacology for Q-Markers Prediction Analysis of Saposhnikovia divaricata. J. Anal. Test. 2024, 8, 83-94.
[CrossRef]

Sun, X.; Zhang, T.; Zhao, Y.; Cai, E.; Zhu, H.; Liu, S. Panaxynol attenuates CUMS-induced anxiety and depressive-like behaviors
via regulating neurotransmitters, synapses and the HPA axis in mice. Food Funct. 2020, 11, 1235-1244. [CrossRef] [PubMed]

Li, Y.; Wang, L.; Wang, P; Fan, C.; Zhang, P; Shen, J.; Yu, S.Y. Ginsenoside-Rg1 Rescues Stress-Induced Depression-Like Behaviors
via Suppression of Oxidative Stress and Neural Inflammation in Rats. Oxidative Med. Cell. Longev. 2020, 2020, 2325391. [CrossRef]
[PubMed]

Lei, M.Y,; Cong, L.; Liu, Z.Q.; Liu, Z.F; Ma, Z; Liu, K; Li, J.; Deng, Y.; Liu, W.; Xu, B. Resveratrol reduces DRP1-mediated
mitochondrial dysfunction via the SIRT1-PGCl« signaling pathway in manganese-induced nerve damage in mice. Environ.
Toxicol. 2022, 37, 282-298. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s41664-023-00285-9
https://doi.org/10.1039/C9FO03104A
https://www.ncbi.nlm.nih.gov/pubmed/32048672
https://doi.org/10.1155/2020/2325391
https://www.ncbi.nlm.nih.gov/pubmed/32273940
https://doi.org/10.1002/tox.23397

	Introduction 
	Results 
	Network Pharmacological Analysis 
	Effect of TGGR on Depression-like Behavior Induced by CUMS in Mice 
	Effects of TGGR on CUMS-Induced Neuronal Apoptosis and Depression-Related Indexes in Mice 
	Effect of TGGR on Transcriptomics Profile in CUMS-Induced Mice 
	Combining Network Pharmacology with Transcriptomics to Analyze the Key Targets and Pathways of TGGR in the Prevention and Treatment of Depression 
	Validation of the Target and Mechanism of TGGR in the Treatment of Depression 
	Effect of TGGR on Depression-like Behavior in CUMS Model Mice in the Presence of the SIRT1-Specific Inhibitor Selisistat (EX-527) 
	Effects of TGGR on Depression-Related Indicators in CUMS Model Mice in the Presence of the SIRT1-Specific Inhibitor EX-527 
	Effects of TGGR on the Ultrastructure of Hippocampal Neurons in CUMS Mice in the Presence of the SIRT1-Specific Inhibitor EX-527 
	Effects of TGGR on the Ultrastructure and Function of Hippocampal Mitochondria in CUMS Mice in the Presence of the SIRT1-Specific Inhibitor EX-527 
	Effects of TGGR on the Expression of SIRT1 and PGC-1 Protein in the Hippocampus of CUMS Mice in the Presence of the SIRT1-Specific Inhibitor EX-527 

	Discussion 
	Materials and Methods 
	Materials 
	Target Prediction and Disease Target Acquisition of Each Ginsenoside 
	The Construction of the PPI Network 
	GO Functional Enrichment Analysis and KEGG Pathway Enrichment Analysis 
	Construction of the “Drug-Target-Disease-Pathway” Network Map 
	Preparation of CUMS Mouse Model of Depression 
	Animals, Drugs, and Treatment 
	Sucrose Preference Test 
	Forced Swimming Test 
	Tail Suspension Test 
	Morris Water Maze 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	RNA Extraction and Construction of RNA-Seq Libraries 
	Transcriptomic Analysis 
	Nissl Staining 
	Immunohistochemical Staining 
	Western Blot Analysis 
	Reverse Transcription-Quantitative Polymerase Chain Reaction 
	Transmission Electron Microscopy 
	Quantification of ATP 
	Detection of Mitochondrial Reactive Oxygen Species 
	Statistical Analysis 

	Conclusions 
	References

