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A B S T R A C T

Sini San (SNS) is used to treat liver depression and is applied in both food and herbal medicine. Hyper-
prolactinemia (HPRL) is a common endocrine disorder, and patients with HPRL are usually associated with
depressive symptoms. However, whether SNS is effective in treating HPRL combined with liver depression and its
underlying mechanisms are unknown. We applied network pharmacology and molecular docking to predict the
mechanism of SNS for the treatment of liver-depressed HPRL. Therapeutic effects were validated in animal
models and cells. Metabolomics was also used to evaluate the effect of SNS on liver-depressed HPRL. Network
pharmacology and molecular docking analysis showed that AKT1, TNF and IL6 were the key targets, and SNS
improved depressive behaviors, regulated sex hormone levels, and improved ovarian morphology. Combined
network pharmacology and metabolomics analyses showed that SNS could act by regulating lipid metabolism. In
addition, SNS significantly reduced the release of prolactin (PRL) in rat pituitary tumor MMQ cells. Overall, SNS
can significantly treat HPRL liver depression at both animal and cellular levels, and effectively alleviate the
related symptoms by regulating lipid metabolism. AKT1, TNF and IL6 may be key targets.

1. Introduction

Hyperprolactinemia (HPRL) is a common endocrine disease in
women and is characterized by serum prolactin (PRL) levels that are
persistently higher than the upper limit of normal. PRL serves as the
main biomarker for the diagnosis of HPRL (Mastnak et al., 2023). HPRL
is a significant contributor to the condition of infertility, may cause
patients to experience weight gain, delayed pubertal development,
galactorrhea, hypogonadism and reduced fertility (Bernard et al., 2015),
alongside various other medical disorders and factors, collectively
impacting approximately 8–12 percent of individuals within the child-
bearing age group globally (Vander Borght and Wyns, 2018). The spe-
cific hormonal effects involve increased PRL levels, decreased levels of
FSH and LH, and reduced levels of estrogen and progesterone, all of
which primarily disrupt the balance of the
hypothalamic-pituitary-ovarian axis (H. Zhang et al., 2016).

Studies have shown some interconnectivity between polycystic
ovary syndrome and HPRL, with mild HPRL in patients with polycystic
ovary syndrome, with a prevalence of 11%–17% (Kim et al., 2023).
Thus, HPRL also has a major impact on the physiological function of the

ovary, inhibiting aromatase activity in follicular granulosa cells, leading
to a decrease in estrogen synthesis and thus inhibiting follicular devel-
opment andmaturation (Hummel et al., 1990). Clinical studies have also
found that HPRL patients have higher depression, anxiety and stress
scores than controls (De Sousa et al., 2020). HPRL patients are often
accompanied by mental health challenges, such as depression, hostility,
irritability, and anxiety. In reality, 75–90% of diseases are closely linked
to chronic psychosocial stress, encompassing conditions like depression
and mood disorders (W. Wang et al., 2023).

Carbamazepine and bromocriptine are used as first-line drugs for the
treatment of symptomatic HPRL, but systematic reviews and meta-
analyses have shown that their efficacy is unsatisfactory, with the
main problems being post-treatment relapse rates (30%–80%), drug
resistance and patient intolerance (Zeng et al., 2023). Therefore,
exploring and developing novel therapeutic strategies is crucial to
improve the clinical management of patients with HPRL.

Sini San (SNS), a medicinal food formula, first recorded by Zhang
Zhongjing in "Treatise on Miscellaneous Diseases of the Typhoid Fever",
has the efficacy of dispersing the liver and relieving depression,
harmonizing the spleen and stomach, and is often used in the treatment
of depression and other liver-qi stagnation syndromes (Zhu et al., 2023).
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This prescription consists of four medicinal herbs: Radix Bupleuri, Radix
Paeoniae Alba, Fructus Aurantii Immaturus, and Glycyrrhizae Radix et
Rhizoma, three of which can be used in both food and medicine (L. Ye
et al., 2023). Modern research shows that SNS can effectively treat
depression and other mental diseases through its multi-component,
multi-target, and multi-system pharmacological effects (H. Wang
et al., 2022). At this time, no studies have definitively confirmed the
efficacy of SNS in the treatment of HPRL, either at the clinical or basic
research level. Given the need for improved first-line treatment options
for HPRL, it is particularly significant to investigate the therapeutic
potential of SNS for HPRL, especially since there is a wealth of experi-
ence in using SNS to treat endocrinological gynecological diseases
associated with HPRL (L. Liu et al., 2019; Zheng et al., 2021).

Network pharmacology studies have revealed the core active in-
gredients of SNS in treating depression, including flavonoids such as
isorhamnetin, formononetin, and naringenin, and steroidal compounds
such as stigmasterol, Beta-sitosterol and sitosterol. KEGG pathway
enrichment analyses suggest that SNSmay play a role in the treatment of
depression through neuroactive ligand-receptor interactions, 5-hydrox-
ytryptaminergic synaptic pathways, dopaminergic synaptic pathways,
and GABAergic synaptic pathways (H. Wang et al., 2022). Animal ex-
periments have confirmed that SNS can alleviate depressive-like be-
haviors caused by CUMS (M. J. Zhang et al., 2023). In addition, SNS can
also improve depressive-like behavior in rats by regulating mitochon-
drial function and synaptic plasticity(Deng et al., 2022). Although there
are certain similarities in treatment strategies between HPRL and
depression, and SNS has shown good efficacy in treating depression, it is
unclear whether SNS can treat HPRL. Conventional therapy has shown
limitations in the treatment of HPRL,The therapeutic effects of SNS in
alleviating liver qi stagnation could potentially introduce novel ap-
proaches to the treatment of HPRL, especially in the field of female
infertility. In view of this, it is particularly important to deeply inves-
tigate the effects of SNS on liver-depressive HPRL and its mechanism of
action.

Metabolomics, as a "top-down" analytical approach, is uniquely
suited to reveal the overall changes in metabolic levels of complex
metabolic diseases. This method provides a comprehensive perspective
for understanding the overall function of living systems by compre-
hensively analyzing downstream metabolites and their interaction
pathways in the body. This is consistent with the holistic view advocated
by traditional Chinese medicine, which emphasizes the interconnection
and coordination and balance between various parts of the body (Xiao
et al., 2023). Metabolomics has been widely used in the field of diagnosis
and treatment of depression. A large amount of research literature shows
that by analyzing the metabolome of patients, specific metabolic
markers related to depression can be discovered, thereby providing new

perspectives and strategies for the diagnosis and treatment of the disease
(X. Liu et al., 2023). In addition, metabolomics has also been used to
evaluate the therapeutic effect of traditional Chinese medicine com-
pounds on liver diseases such as fatty liver, liver fibrosis, and liver
failure. These studies not only reveal the pharmacological mechanism of
traditional Chinese medicine compounds, but also provide scientific
basis for clinical treatment (S. Zhang et al., 2023). However, there is
currently a lack of metabolomic research on the treatment of HPRL with
liver-depression. Therefore, using metabolomics methods to study the
metabolic characteristics of HPRL with liver-depression is expected to
reveal the underlying mechanism of the disease and provide a direction
for finding new treatment strategies.

This study uses CUMS combined with metoclopramide-induced
HPRL rat model of liver-depression and rat MMQ cells that secrete
large amounts of PRL. It aims to use serum metabolomics, network
pharmacology, molecular docking simulations and cell experiments to
explore the therapeutic effect and mechanism of SNS on HPRL with
liver-depression type.

2. Materials and methods

2.1. Chemicals and reagents

Methanol (chromatography grade, Merck, German), formic acid
(chromatography grade, Aladdin, China), acetonitrile (chromatography
grade, Merck, German); metoclopramide injection (Tianjin Jinyao
Pharmaceutical Co., Ltd.), bromocriptine mesylate tablets (Gedeon
Richahter Plc.), bromocriptine mesylate (Shanghai Aladdin Biochemical
Technology Co.,Ltd., 99%), Rat E2 ELISA kit, Rat FSH ELISA kit (Hunan
Aifang Biotechnology Co., Ltd.); rat MMQ cell (Procell Life Scien-
ce&Technology Co.,Ltd.), Specialized medium for MMQ cells (Procell
Life Science&Technology Co.,Ltd.),Cell Counting Kit-8 (New Cell &
Molecular Biotech Co.,Ltd.), Rat PRL ELISA kit (animal experiment:
Hunan Aifang Biotechnology Co., Ltd., cell experiment: Shanghai
Enzyme Linked Biotechnology Co., Ltd.).

2.2. Preparation of SNS water decoction

Radix Bupleuri (batch number: 230220, source: Zhangjiagang Green
Chinese Herbs Medicine Co., Ltd.), Fructus Aurantii Immaturus (batch
number: A230414, Source: Bozhou Baishixin Traditional Chinese Med-
icine Pieces Co., Ltd.), Glycyrrhizae Radix et Rhizoma (batch number:
220601, source: Bozhou Baishixin Traditional Chinese Medicine Pieces
Co., Ltd.), Radix Paeoniae Alba (batch number: 230501, source: Bozhou
Baishixin Traditional Chinese Medicine Pieces Co., Ltd.). The identifi-
cation of all the herbs was done by Prof. Ouyang Zhen from Jiangsu

Abbreviations

AKT1 Serine/Threonine kinase AKT1
BRO bromocriptine mesylate
CASP3 Caspase 3
GO gene ontology
HE hematoxylin-eosin
HPRL hyperprolactinemia
IL1B Interleukin 1β
IL6 Interleukin 6
JUN Jun proto-oncogene
KEGG Kyoto Encyclopedia of Genes and Genomes
LC-MS/MS liquid chromatography-tandem mass spectrometry
MMP9 Matrix metalloproteinase 9
OFT open field test
OPLS-DA orthogonal partial least squares discriminant analysis

PCA principal components analysis
PPI Protein-Protein Interaction Networks
PRL prolactin
PTGS2 Prostaglandin-endoperoxide synthase 2
QC quality control
SNS Sini San
SPT sugar water preference test
STAT3 Signal transducer and activator of transcription 3
TNF Tumor necrosis factor
TP53 Tumor protein P53
TST tail suspension test
UPLC-Q-Exactive Orbitrap/MS ultra-high performance liquid

chromatography coupled with hybrid quadrupole-orbitrap
mass spectrometry

VIP Variable Importance in Projection
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University to ensure the quality and purity of the herbs.
According to the General Principles of Chinese Medicinal Prepara-

tions of the Pharmacopoeia of the People’s Republic of China, SNS is
prepared as follows: first, weigh 6 g of each of Radix Bupleuri, Radix
Paeoniae Alba, Fructus Aurantii Immaturus, and Glycyrrhizae Radix et
Rhizoma, and add 10 times the volume of water to soak for 1 h. Then,
bring the mixture to a boil, then maintain it at 100◦ for 40 min, stirring
occasionally to ensure even heating. After the decoction was completed,
the mixture was allowed to cool naturally and the filtrate was filtered
through 8 layers of gauze to separate the dregs and collect the filtrate.
Next, the dregs were decocted for a second time by adding 8 times the
volume of water, bringing to a boil, and then maintaining it at 100◦for
40 min. After the decoction was completed, it was cooled again and
filtered through 8 layers of gauze to retain the liquid. The filtrates ob-
tained from the two decoctions were combined and concentrated to
contain 0.8 g/mL raw herb. Finally, the concentrated liquid was stored
in a refrigerator at 4 ◦C for subsequent use (Shen et al., 2020; Xu et al.,
2022).

2.3. Preparation of SNS-medicated serum

Twenty SPF-grade male SD rats, 200–220 g, were purchased from
Jiangsu University Animal Center, were acclimatized for one week.
Twenty rats were evenly distributed into a control group and an
experimental group, of 10 rats each. Referring to the "Pharmacology
Experimental Methodology", with the equivalent dose conversion of 60
kg adult, the administered dose of SNS for rats was 2 g/kg, and the
administered concentration of SNS was 0.2 g/mL at the dose of 1 mL per
100 g gavage for rats, once a day. In order to obtain a greater blood
concentration, twice the clinical dosage was selected as the final dosage
concentration of SNS (0.4 g/mL) (Xu et al., 2022).

After SD rats were acclimatized, the control group was given physi-
ological saline, and the SNS group was given SNS decoction for 7 days.
The subjects were fasted and water-free 12 h before preparing to collect
blood. The blank group and experimental group were anesthetized 2 h
after the last dose and blood was collected from the abdominal aorta.
Rats were anesthetized using 1% sodium pentobarbital (40 mg/kg). The
collected blood was allowed to stand for half an hour and the superna-
tant was centrifuged at 1500 rpm for 8–10 min. The serum was allowed
to stand in a water bath at 56 ◦C for half an hour, filtered through a 0.22
μm filter to remove bacteria, and stored in a refrigerator at − 80 ◦C.

2.4. Component analysis of SNS water decoction, SNS-medicated serum

Dilute 200 μL of water decoction with 800 μL of methanol, vortex for
1 min, extract with ultrasonic for 20 min, and centrifuge at 13000 rpm
for 15 min. The supernatant was filtered through a 0.22 μmmicroporous
membrane. The pre-treatment method of SNS-medicated serum and the
blank serum are the same as that of the decoction of SNS.

Ultra-high performance liquid chromatography coupled with hybrid
quadrupole-orbitrap mass spectrometry (UPLC-Q-Exactive Orbitrap/
MS) system from Thermo Fisher Scientific, USA, equipped with a
HYPERSIL GOLD C18 column (2.1 mm × 100 mm, 1.9 μm), was used to
analyze the various constituents in water decoction of SNS, drug-
containing serum of SNS, and blank serum.

Chromatographic conditions: The mobile phase A was the water
solution of 0.1% formic acid, while the mobile phase B was the aceto-
nitrile solution. The column temperature in positive ion mode was 45 ◦C,
and the column temperature in negative ion mode was 30 ◦C. Flow rates
were both 0.35 mL/min, and the injection volume was 5 μL. Gradient
elution program: 0–0.5 min, 2% B; 0.5–3.0 min, 2%–30% B; 3.0–5.0
min, 30%–70% B; 5.0–14.0 min, 70%–98% B; 14.0–16.0 min, 98% B;
16.0–16.1 min, 98%–2% B; 16.1–19.0 min, 2% B.

Mass spectrometry conditions: Ion source: ESI; mass spectrometry
scanning range: 100.0–1000.0 m/z; sheath gas flow rate was 49 Arb,
auxiliary gas flow rate was 12 Arb, auxiliary gas heating temperature

was 350 ◦C; spray voltage was 3.2kv; capillary temperature was 320 ◦C;
S-lens RF voltage was 50 V.

2.5. Pharmacodynamic study of SNS on rats with HPRL with liver-
depression

2.5.1. Animals
60 female Sprague–Dawley rats (225–250 g body weight), aged 6–8

weeks, were provided by Zhejiang Vital River Laboratory Animal
Technology Co., Ltd. (Certificate No.: 20230222Aazz0619000362).
After the animals arrived, they were placed in the Laboratory Animal
Research Center of Jiangsu University (SYXK(SU)2023-0081) and
acclimated to the environment under appropriate feeding conditions for
1 week. All animal experiments in this studies were approved by the
Institutional Animal Care and Use Committee of Jiangsu University
(Approval number: UJS-IACUC-2023022401).

Rats were housed in a 12-h light/dark cycle environment with 50%–
60% humidity and 22–25 ◦C temperature. Rats had free access to food
and water throughout the experimental period, except during modeling
and during sucrose intake testing. Rats were kept under specific
pathogen-free conditions to ensure the accuracy and reliability of the
experiments.

Before the experiment, the rats were randomly divided into six
groups, namely: CON group (Group A), positive control group (Group
B), LOW-SNS group (Group C), MID-SNS group (Group D), HIGH-SNS
group (Group E) and MODEL group (Group F), 10 in each group. The
CON group refers to the control group, which consists of rats that have
not received any administered drugs. The MODEL group refers to the
model group, composed of rats that were induced by CUMS and sub-
cutaneous injections of metoclopramide hydrochloride.

2.5.2. Experimental design
In order to construct a HPRL model with liver-depression, this study

adopted a staged approach. During the first three weeks of the experi-
ment, rats were subjected to CUMS to construct a state of liver-
depression. In addition, metoclopramide was injected on Day 1 - Day
10 to induce HPRL. In the 4th week, in order to evaluate the effective-
ness of the model, PRL was measured and a series of behavioral tests
were conducted, including sugar water preference test (SPT), tail sus-
pension test (TST), and open field test (OFT). From the 5th to the 8th
week, the successfully modeled rats were treated with bromocriptine
mesylate(BRO) and different doses of SNS. In the 9th week, behavioral
tests of rats were conducted again, including SPT, TST, and OFT. The
overall timeline of the pharmacodynamic experiment in rats is shown in
Fig. S1a.

HPRL with low-depressison model was induced by CUMS combined
with subcutaneous injection of metoclopramide as follows. From day 1
of modeling, rats in group B, C, D, E, and F received subcutaneous in-
jections of metoclopramide at a dose of 50 mg/kg of body weight once
daily for 10 days (Q. Ye et al., 2010; H. Zhang et al., 2016). At the same
time, rats in groups B, C, D, E, and F received the following stimuli from
the first day of modeling: stimulating odor (1 min each time), restraint
(2 h each time), food deprivation (24 h each time), water deprivation
(24 h each time), wet bedding (24 h each time), tail clamping (1 min
each time), once a day for a total of 21 days. Rats in group A did not
receive any stimulation, but for control purposes, an equal amount of
saline was injected subcutaneously at a dose of 50 mg/kg of body weight
daily for 21 days.

Specific stimulation methods were as follows: stimulating odor:
spraying 30% glacial acetic acid solution for 1 min; food deprivation:
removing feed for 24 h; water deprivation: removing water bottle for 24
h; wet bedding: soaking and moistening the bedding in the cage with
water for 24 h; tail clamping: using a tail clip tool to hold the rat’s tail 2
cm from the tip of the tail for 1 min (Y. Yang et al., 2024).

Rats with unsuccessful modeling were excluded. Rats in each group
were given corresponding drugs or distilled water through gastric
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feeding once a day for 28 days. The rats in group A and F were gastrically
fed with an equal volume of 0.9% aqueous sodium chloride solution; the
rats in group B were gastrically fed with 1 mg/kg/d of BRO solution, and
0.9% aqueous sodium chloride solution was used as a solvent (Q. Ye
et al., 2010; H. Zhang et al., 2016); Group C (LOW-SNS group) was 2
g/kg SNS; Group D (MID-SNS group) was 4 g/kg SNS; Group E
(HIGH-SNS group) was 8 g/kg SNS. The rats were fed once a day for 4
weeks for 28 days. The experimental protocol was approved and adop-
ted by the Animal Use and Management Committee of Jiangsu
University.

2.5.3. Behavioral test

2.5.3.1. Sugar water preference test. After rats adapted to 1% sucrose
solution and ordinary water for 12 h, SPT was performed. To prevent
animals from preferring drinking locations, the order of water bottles
was changed once in the middle. After the training period, remove food
and water. After 12 h of food and water deprivation, two water bottles
were placed in separate rat cages, one containing 1% sucrose solution
and the other containing ordinary water. The rats drank freely within 1
h, the consumption of sucrose solution and ordinary water was
measured, and the sucrose preference rate was calculated. The calcu-
lation formula of sucrose preference rate is: sucrose preference per-
centage = (sucrose consumption/(sucrose consumption + ordinary
water consumption)) × 100% (Zhao et al., 2024).

2.5.3.2. Tail suspension test. The rat’s tail (2 cm from the tip of the tail)
was suspended from a hook on the horizontal bar of the tail suspension
test device with adhesive tape for 7 min, with the first 2 min being the
acclimatisation time. The cumulative duration of the rat’s immobility
during the 5-min period was recorded. The rat was considered immobile
when it stopped struggling and remained completely still.

2.5.3.3. Open field test. Before the start of the test, every rat was placed
in the OFT box to adapt for 2 min. During the experiment, the rat was
placed in the center of the test box and allowed to move freely for 5 min.
The activity of the rats was recorded over a 5 min period, including
movement time and total distance traveled. After each trial, the test
chamber was thoroughly cleaned using 75% ethanol to remove any re-
sidual olfactory cues. The environment was kept quiet during the
experiment (M. Zhang et al., 2022).

The above behavioral tests were all completed at the Experimental
Animal Center of Jiangsu University. Through these behavioral tests, the
cognitive function and emotional state of rats under the HPRL model
with liver-depression can be evaluated, as well as the effect of SNS on
these functions.

2.5.4. Sample collection
The rats were treated with food deprivation, but with water, 12 h

prior to blood collection. Two hours after the last administration, rats
were anesthetized with 1% sodium pentobarbital (40 mg/kg), and blood
was collected through the abdominal aorta into pre-numbered tubes.
The blood samples were allowed to stand at room temperature and then
centrifuged at 1500 rpm for 10 min to obtain the supernatant. The rats
were dissected under ice bath conditions to obtain the ovaries as well as
the hypothalamus. These tissues were rapidly transferred to liquid ni-
trogen for freezing and stored in a refrigerator at − 80 ◦C until further
use. The ovaries were fixed in paraformaldehyde for HE-stained section
preparation.

2.5.5. Biochemical testing
In order to evaluate the effectiveness of the rat model, in addition to

behavioral experiments on rats, this study also detected PRL content in
the peripheral serum of rats after drug modeling. After drug treatment,
the PRL, E2, and FSH content in the serum were also measured. All

samples were analyzed directly according to Elisa kit instructions, and
the detection of each sample was repeated three times to ensure the
accuracy and reliability.

2.5.6. Hematoxylin-eosin staining
The right ovaries of rats were fixed using 4% paraformaldehyde,

embedded in paraffin, and subsequently sectioned at a thickness of 5 μm.
These sections were then stained with HE (hematoxylin-eosin) for
routine histological examination, following which a comprehensive
morphological assessment and analysis of the ovarian tissue was con-
ducted via light microscopy.

2.6. Metabolomic analysis of serum of rats with liver-depression HPRL

Blood was collected from CON group (Group A), positive control
group (Group B), LOW-SNS group (Group C), MID-SNS group (Group D),
HIGH-SNS group (Group E) and MODEL group (Group F) and the serum
was collected after centrifugation and stored at − 80 ◦C for non-targeted
metabolome assay.

After the sample is melted on ice, 300 μL of extraction solution
containing internal standard (acetonitrile: methanol = 1:4, volume
ratio) is added and vortexed for 10 s. Add 50 μL sample and 300 μL
extraction solution into a 2 mL tube, vortex for 3 min, and centrifuge at
12,000 rpm for 10 min at 4 ◦C. Collect 200 μL of the supernatant and
place it at − 20 ◦C for 30 min, followed by centrifugation at 12,000 rpm
for 3 min at 4 ◦C. Transfer 180 μL of supernatant to liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

LC-MS/MS analysis was performed on a Shimadzu LC-30A ultra-high
performance liquid chromatograph with Triple TOF 6600 quadrupole
tandem time-of-flight mass spectrometer. samples were analyzed using a
T3 column (Waters ACQUITY Premier HSS T3 Column 1.8 μm, 2.1 mm *
100 mm), using 0.1% formic acid aqueous solution as solvent A and
0.1% formic acid acetonitrile as solvent B. Elute according to the
following gradient: 0–2.0 min, 5%–20% B; 2.0–5.0 min, 20%–60% B;
5.0–6.0 min, 60%–99% B; 6.0–7.5 min, 99% B; 7.5–7.6 min, 99 % to 5%
B; 7.6–10.0 min, 5% B. The analysis conditions are as follows: ion
source, ESI; column temperature, 40 ◦C; flow rate, 0.4 mL/min; injection
volume, 4 μL. Samples had the same elution gradient in negative ion
conditions as in positive ion mode.

The source parameters are set as follows: ion source gas 1, 50 psi; ion
source gas 2, 50 psi; curtain gas, 25 psi; temperature, 550 C; normal
deflection potential, 60 V, − 60 V in positive and negative; ion spray,
5000 V or − 4000V. The TOF MS scanning parameters: mass range,
50–1000Da; the product ion scanning parameters: mass range,
25–1000Da.

Principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) were used to perform dimen-
sionality reduction analysis to demonstrate the differences in metabolite
composition between samples. Metabo Analyst 5.0 was used to perform
functional pathway enrichment and topology analysis to screen differ-
ential metabolic molecules. The identified metabolites were annotated
using the KEGG compound database and then mapped to the KEGG
pathway database. Significantly enriched pathways in a given metabo-
lite list were identified using p-values from the hypergeometric test.

2.7. Network pharmacology of SNS in treating HPRL with liver depression

The TCMSP platformwas used to search for 4 herbal ingredients with
oral availability ≥30% and drug-likeness ≥0.18, and the active in-
gredients were searched for the targets of single drug components by
their MOL. ID numbers (Ru et al., 2014). Use the Uniprot database to
download the Excel data sheet of the compounds, optimize the data
using the "TRIM" function, and use the "VLOOKUP" function to match
the target gene names. Finally, the target proteins of the chemical
compositions obtained by the above methods were annotated using the
Uniprot database (Dimmer et al., 2012). Invalid components with no
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target at the screening point.
Disease target information related to "depression, hyper-

prolactinemia" was obtained from GeneCards and OMIM databases
(Stelzer et al., 2016). All the targets were integrated, the duplicate genes
were eliminated, and the disease targets were merged. Finally, the
Venny software was used to obtain the intersection of the targets of the
components of SNS and the targets of HPRL and liver-depression, which
are the potential targets of SNS for the treatment of HPRL with
liver-depression.

Using Cytoscape 3.9.0 software, import relevant files, perform
network topology analysis, and adjust the target graphics, color, trans-
parency and size according to degree value, so as to construct the
network diagram of "herbal ingredients-targets-diseases" (Shannon
et al., 2003).

The potential target in the treatment of liver-depressed HPRL were
obtained by importing intersecting genes into the String platform,
setting the target as homo sapiens, taking the highest confidence level of
0.900, and hiding the free gene nodes (Szklarczyk et al., 2019). The
results were imported into Cytoscape 3.9.0 software to make
Protein-Protein Interaction Networks (PPI) maps, and the top 10 core
targets were filtered according to the degree value.

Bioconductor was used to install within the R software to analyze
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) functional enrichment of biological processes and visualize
them through the microbiology platform (L. Chen et al., 2015; Ogata
et al., 1999). The top 10 GO terms and the top 20 KEGG pathways were
visualized and analyzed according to the P value.

The protein structure of the core target was retrieved from PDB
database (https://www.rcsb.org/). The core protein was then dehy-
drated and cleaved. Chemical structures of the drugs were obtained from
the TCMSP database in PDB format. Docking simulations were con-
ducted using Autodock, and the results were subsequently visualized in
PyMOL.

2.8. Cell experiments

MMQ pituitary tumor cells were cultured in a complete culture
medium containing 10% horse serum, 5% fetal calf serum plus strep-
tomycin and penicillin. Keep temperature of the incubator at 37 ◦C, the
CO2 concentration at 5%, and the air humidity at 95 %. The cells grow in
suspension (Tang et al., 2019).

Cells in the logarithmic phase are taken for experiments. After cell
counting, they were inoculated into 96-well cell culture plates were
cultured for 24, 48, and 72 h respectively. Add 10 μL of CCK8 reagent to
each well and incubate at 37 ◦C for 1 h, 2 h, and 3 h. Measure the
absorbance at 450 nm using a microplate reader.

Take the logarithmic phase MMQ cell, adjust the number of cells to 5
× 105 cells/mL, pipet evenly, and inoculate it into 96-well plates. The
experimental group and blank group wells were diluted cell suspension,
and the solvent group wells was cell-free culture medium, 90 μL/well,
with 3 multiple wells, and placed in an incubator for 24 h. Different
concentrations of BRO (3.75, 7.5, 15, 30, 60, 75 μg/mL) and different
concentrations of drug-containing serum (5%, 10%, 15%, 20%, 25%)
were added to the experimental group wells. An equal volume of com-
plete culture medium was added to the blank group wells. After 24 h, 48
h, and 72 h of treatment, 10 μL of CCK-8 reagent was added to each well,
incubated at 37 ◦C for 2 h, and the absorbance was measured at a
wavelength of 450 nm with a microplate reader, and cell viability was
calculated. Cell viability = (OD value of experimental group - OD value
of solvent group)/(OD value of blank group - OD value of solvent group)
× 100%. In order to eliminate the influence of self-contained substances
in serum and DMSO on cell viability, 10%, 20% normal serum, and
DMSO groups were used as control in the drug-containing serum con-
centration selection experiment.

The logarithmic phase MMQ cell was inoculated into a 6-well plate at
5 × 105 cells/mL, 1.5 mL/well, with 3 multiple wells, and starved for 24

h. Different concentrations of BRO (3.75, 7.5, 15 μg/mL) were added to
the experimental group wells, and an equal amount of cell-free culture
medium was added to the blank group wells. After 24 h of treatment,
MMQ cell suspension was collected, and the supernatant was collected
after centrifugation. Store at − 80 ◦C and avoid repeated freezing and
thawing. Follow the instructions of the ELISA kit to detect PRL levels.

The logarithmic phase MMQ cell was inoculated into a 6-well plate at
5 × 105 cells/mL, 1.5 mL/well, with 3 multiple wells, and starved for 24
h. Different concentrations of drug-containing serum (5%, 10%, 20%)
and the optimal concentration of BRO were added to the experimental
group wells, and an equal amount of cell-free culture mediumwas added
to the blank group. After 24 h of treatment, the MMQ cell suspension
was collected, and the supernatant was collected after centrifugation.
Store at − 80 ◦C and avoid repeated freezing and thawing. Follow the
instructions of the ELISA kit to detect PRL levels.

2.9. Data processing and analysis

Statistical analysis was conducted using GraphPad Prism 9.0.1. In-
dependent t-tests were used for comparisons between two groups, while
one-way ANOVA and Tukey’s multiple comparisons were applied for
comparisons among three or more groups. P < 0.05 was considered
significant. Data are presented as mean ± SEM.

3. Results

3.1. Identification of chemical components of SNS water decoction

SNS water decoction, SNS-medicated serum, and blank serum were
examined using UPLC-Q-TOF-MS technique, aiming at qualitatively
analysing the composition of SNS chemical components in vivo and ex
vivo, so as to clarify the material basis of this compound formula. The
total ion chromatograms of SNS decoction, SNS drug serum and blank
serum in positive and negative ion mode are shown in Fig. S1. This
analytical approach led to the identification of 42 chemical constituents
within SNS water decoction, encompassing flavonoids, terpenes, phe-
nylpropanoids, organic acids, and coumarins. These constituents were
elucidated under both positive and negative ion modes, with 16 con-
stituents detected in the positive ion mode and 26 in the negative ion
mode, predominantly consisting of original compounds (Table 1). These
chemical constituents predominantly originate from various Chinese
herbal medicines, with specific attribution as follows: 5 constituents
from Radix Bupleuri, 8 from Radix Paeoniae Alba, 12 fromAurantii Fructus
Immaturus, and 9 from licorice, 1 shared between Radix Bupleuri and
Radix Paeoniae Alba, 1 common to adix Bupleuri, Radix Paeoniae Alba,
and licorice, 3 shared between Radix Bupleuri and licorice, and 2 common
to Aurantii Fructus Immaturus and licorice.

In the blank serum control, three primary components of SNS water
decoction—linoleic acid, formononetin, and myristic acid—were
detected in SNS-medicated serum. Some metabolites were also noted,
but they have not yet been subjected to detailed investigation.

3.2. Pharmacodynamic studies

3.2.1. HPRL model with liver-depression was successfully constructed
After a 21-day treatment of CUMS in combination with metoclo-

pramide, PRL levels of rats in the model group 1–5 were significantly
elevated compared with the CON group (Fig. S2b).

In order to assess the modelling effect, behavioural experiments
including SPT, TST and OFT were conducted for assessing pleasure lack,
anxiety-depressive state and autonomous exploration ability, respec-
tively. Compared with the CON group, rats in MODEL group 1–5
exhibited a significantly reduced sucrose preference rate in the SPT
(Fig. S2c), and The immobility time in TST significantly increased
(Fig. S2d). Additionally, both the movement time and total movement
distance in the OFT were markedly decreased (Figs. S2e–2f). These
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behavioral changes collectively indicate the increase depressive-like
behaviors in the MODEL group, suggesting the successful establish-
ment of a model of liver-depression HPRL.

3.2.2. SNS improves depressive-like behavior in HPRL rats with liver-
depression

The sucrose preference rate of rats in the SPT was upregulated after
SNS treatment compared to the MODEL group (Fig. 1a). Compared with
the MODEL group, the immobility time of rats in the TST was signifi-
cantly shorter after SNS treatment (Fig. 1b). Rats treated with SNS
showed a significant increase in moving time and total moving distance
in the OFT (Figs. 1c-2d). The results show that the depressive-like be-
haviors of the SNS group were improved in different degrees compared
with the MODEL group.

3.2.3. SNS improves the level of sex hormones in HPRL
Following induction, significant alterations in sex hormone concen-

trations (PRL, E2, and FSH) were observed in liver-depressed HPRL rats.
Notably, serum PRL levels were markedly elevated (Fig. 1e) and FSH
levels exhibited a downward trend (Fig. 1f). Additionally, E2 levels were
significantly reduced (Fig. 1g) in the model group compared to the CON
group. Treatment with SNS subsequently led to significant improve-
ments in the levels of PRL, E2, and FSH, suggesting that SNS exerts a
positive regulatory effect on the sex hormone profiles of liver-depressed
HPRL rats.

3.2.4. SNS improves ovarian tissue morphology in HPRL rats with liver-
depression

HPRL significantly impacts the physiological functions of the
ovaries, consequently leading to pronounced morphological changes in
the ovaries following the induction of the model. In the CON group, a
large number of follicular cells of different developmental stages were
seen in the ovarian tissue, with normal follicular structure, thick gran-
ulosa cell layer and tight arrangement (Fig. 2a). In the model group,
follicular atresia was observed in the ovarian tissue of the rats, the
number of cystic follicles was increased, the granulosa cell layer was
thinned out and loosely arranged, and luteolysis was reduced or dis-
appeared (Fig. 2b). The degree of ovarian lesions was relieved in all dose
groups and BRO group, and the ovarian morphology was close to that in
the MID-SNS group and BRO group (Fig. 2c–f). In the above mentioned
cases, the degree of ovarian lesions was alleviated in the MID-SNS group
and BRO group, with a similar ovarian morphology.

3.3. Rat serum metabolomic analysis

Serum metabolites from each group of rats were systematically
analyzed using LC-MS/MS in conjunction with multivariate statistical
methods to pinpoint metabolites exhibiting significant changes pre- and
post-treatment. The results of both total ion chromatography (Fig. 3a)
and unsupervised PCA (Fig. 3b) showed that the quality control (QC)
samples exhibited stability throughout the experiments, reflecting the
high stability of the instrument and the excellent reproducibility of the

Table 1
Identification of chemical constituents in SNS water decoction by UPLC-Q-Exactive Orbitrap/MS.

Serial number Chemical Name Formula m/z RT [min] Reference Ion Source

1 Fraxetin C10H8O5 208.03691 5.431 Neg Radix Bupleuri
2 Hyperoside C21H20O12 464.09563 5.27 Neg Radix Bupleuri
3 Kaempferitrin C27H30O14 578.16423 5.968 Neg Radix Bupleuri
4 Linoleic acid C18H32O2 280.2404 12.739 Neg Radix Bupleuri
5 Puerarin C21H20O9 416.11504 7.136 Pos Radix Bupleuri
6 Benzoylpaeoniflorin C30H32O12 601.21678 6.313 Pos Paeoniae Radix Alba
7 1_2_3_4_6-Pentakis-O-galloyl-beta-D-glucose C41H32O26 940.11879 5.353 Neg Paeoniae Radix Alba
8 albiflorin C23H28O11 480.16341 4.351 Pos Paeoniae Radix Alba
9 Catechin C15H14O6 290.07932 4.28 Neg Paeoniae Radix Alba
10 Catechol C6H6O2 110.03574 3.595 Neg Paeoniae Radix Alba
11 Methyl gallate C8H8O5 184.03651 3.583 Neg Paeoniae Radix Alba
12 Paeoniflorin C30 H32 O12 480.16377 5.672 Neg Paeoniae Radix Alba
13 Salicylic acid C7H6O3 138.03077 4.458 Neg Paeoniae Radix Alba
14 Apigenin C15H10O5 270.05314 6.715 Neg Aurantii Fructus Immaturus
15 Bergapten C12H8O4 216.0425 6.578 Pos Aurantii Fructus Immaturus
16 Eriocitrin C27H32O15 596.17433 5.844 Neg Aurantii Fructus Immaturus
17 Hesperetin C16H14O6 302.07901 6.526 Neg Aurantii Fructus Immaturus
18 Hesperidin C28H34O15 610.18913 4.844 Pos Aurantii Fructus Immaturus
19 Limonin C32H42O14 650.25825 5.283 Neg Aurantii Fructus Immaturus
20 Luteolin C15H10O6 286.04798 6.652 Neg Aurantii Fructus Immaturus
21 Nobiletin C21H22O8 402.13169 8.127 Pos Aurantii Fructus Immaturus
22 Obacunone C26H30O7 454.19937 7.379 Pos Aurantii Fructus Immaturus
23 Poncirin C28H34O14 594.1954 5.96 Pos Aurantii Fructus Immaturus
24 Rhoifolin C27H30O14 578.16417 5.274 Pos Aurantii Fructus Immaturus
25 Tangeritin C20H20O7 372.12099 8.911 Pos Aurantii Fructus Immaturus
26 18-β-Glycyrrhetinic acid C30H46O4 470.33969 9.423 Pos Licorice
27 Formononetin C16H12O4 268.07374 6.885 Neg licorice
28 Glabridin C20H20O4 324.13648 9.501 Pos licorice
29 Glabrone C20H16O5 336.10002 8.198 Neg licorice
30 Glycyrrhizin C42H62O16 822.40415 8.416 Neg licorice
31 Isoliquiritigenin C15H12O4 256.07366 5.572 Pos licorice
32 Medicarpin C16H14O4 270.08946 6.733 Neg licorice
33 Methylnissolin-3-O-glucoside C23H26O10 462.15016 5.373 Pos licorice
34 Ononin C22H22O9 476.13234 6.163 Neg licorice
35 Vicenin II C27H30O15 594.1591 4.372 Pos licorice
36 Myristic acid C14H28O2 228.20868 11.946 Neg Radix Bupleuri、Paeoniae Radix Alba
37 Kaempferol C15H10O6 286.04781 5.715 Pos Radix Bupleuri、Paeoniae Radix Alba、licorice
38 Isorhamnetin C16H12O7 316.05858 6.698 Neg Radix Bupleuri、licorice
39 Quercetin C15H10O7 302.04271 6.353 Neg Radix Bupleuri、licorice
40 Rutin C27H30O16 610.1562 6.128 Neg Radix Bupleuri、licorice
41 Naringenin C15H12O5 272.06877 6.464 Neg Aurantii Fructus Immaturus、licorice
42 Naringin C27H32O14 580.17941 5.814 Neg Aurantii Fructus Immaturus、licorice
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LC-MS/MS technique. A total of 3302 metabolites were identified by LC-
MS/MS technique, including 1156 in negative ion mode and 2146 in
positive ion mode.

In the unsupervised PCA analysis, the separation trend between the
six groups of samples in positive and negative ion modes was clearly
demonstrated. Notably, the LOW-SNS and MID-SNS groups were located
between the CON and MODEL groups in both ion modes, whereas the
HIGH-SNS group was between the CON and MODEL groups in the
positive mode, and closer to the MODEL group and deviated from the

CON group in the negative mode (Lim et al., 2021). These results
strongly suggest that SNS treatment can effectively regulate the
abnormal metabolic pattern of liver-depression HPRL rats. For further
validation, OPLS-DA was then employed, and this analysis showed that
the CON and the MODEL group showed a significant separation from
each other (Fig. 3c) (M. Liu et al., 2024), suggesting that the serum
metabolic profiles of the rats were significantly altered as a result of the
model induction. In addition, there was a statistically significant sepa-
ration between the SNS groups and the MODEL group (Fig. 3d–g).

Fig. 1. SNS improves the depression-like behavior of liver-depressed HPRL rats. (a) Sugar water preference test. (b) Tail suspension test. (c-d) Open field test. (e) PRL
levels in rats. (f) FSH levels in rats. (g) E2 content in rats.Data are mean ± standard deviation, n = 6. Compared with the CON group, *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001. Compared with the MODEL group, ##p < 0.01, ####p < 0.0001.

Fig. 2. SNS improved ovarian histomorphology in HPRL rats with liver-depression. (a) Normal group. (b) Model group. (c) BRO group. (d) LOW-SNS group. (e) MID-
SNS group. (f) HIGH-SNS group. Scale bar = 500 μm. Yellow arrow represents primary follicles, red arrow represents secondary follicles, and black arrow represents
mature follicles.

W. Xu et al. Current Research in Food Science 9 (2024) 100853 

7 



Differential metabolites were initially pinpointed using the criteria of
a Variable Importance in Projection (VIP) value≥ 1 and a p-value<0.05
(Su et al., 2019), signifying substances that exhibit a reversed expression
trend following SNS treatment when compared to the modeling phase.
Relative to the MODEL group, the LOW-SNS group experienced
up-regulation of 255 metabolites and down-regulation of 117,
amounting to 372 differential metabolites. The MID-SNS group wit-
nessed up-regulation of 192 and down-regulation of 118, totaling 310
differential metabolites. In the HIGH-SNS group, 240 metabolites were
up-regulated and 80 were down-regulated, summing up to 320 differ-
ential metabolites (Fig. 4a–c). Venn Online software was employed for a
collective analysis of the differential metabolites across the three groups,
disclosing 157 metabolites commonly altered among all groups
(Fig. 4d). Subsequent refinement of these 157 metabolites based on
more stringent criteria—VIP value≥ 1, p-value<0.01, and a fold change
(FC) of ≥3 or ≤ 0.33—led to the identification of 44 potential bio-
markers, including 43 up-regulated and a single down-regulated dif-
ferential metabolite (Fig. 4e). Comprehensive details of the identified
differential metabolites in serum are provided in Table 2.

A heatmap was employed to visualize the alterations in the 44 dif-
ferential metabolites (Fig. 5a), while violin plots were utilized to depict

the trends in their concentration levels (Fig. 5b). To avoid confusion due
to the length of certain compound names, abbreviations MW0151979,
MW0016978, and MW0103099 have been utilized. MW0151979 is
Methanone, (1-pentyl-1H-indol-3-yl)(4-propyl-1-naphthalenyl)- and
MW0016978 is [(2S,3R,4S,5S,6R)-6-[[(2R,3R,4R,5S,6R)-3,4-dihydr
oxy-6-(hydroxymethyl)-5-[(2S,3R,4R,5R,6S)-3,4,5-trihydroxy-6-methyl
oxan-2-yl]oxyoxan-2-yl]oxymethyl]-3,4,5- trihydroxyoxan-2-yl] (1S,
2R,4aS,6aR,6aS,6bR,8R,8aR,10R,11R,12aR,14bS)-8,10,11-trihydroxy-
1,2,6a,6b,9,9,12a-heptamethyl-2,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-
tetradecahydro-1H-picene-4a-carboxylate. MW0103099 is (2S,3R,4S,
5S,6R)-2-[(2R,3R,4S,5S,6R)-2-[(3S,5R,8R,9R. 10R,12R,13R,14R,17S)-
17-[(2S)-5,6-dihydroxy-6-methyl-2-[(2S,3R,4S,5S,6R)-3,4,5-trihydro
xy-6-(hydroxymethyl)oxan-2-yl]oxyheptan-2- yl]-12-hydroxy-4,4,8,
10,14-pentamethyl-2,3,5,6,7,9,11,12,13,15,16,17-dodecahydro-1H-
cyclopenta[a]phenanthren-3-yl]oxy]-4,5- dihydroxy-6-(hydroxymeth
yl)oxan-3-yl]oxy-6-(hydroxymethyl)oxane-3,4,5-triol. The restoration
of metabolic profiles for these differential metabolites indicates that SNS
treatment effectively mitigates metabolic disorders, primarily through
the upregulation of metabolite levels.

To elucidate the metabolic pathways influenced by SNS, enrichment
analysis of the altered metabolites was conducted using the KEGG

Fig. 3. Statistical analysis of serum samples. OPLS-DA score plots for the former, and OPLS-DA validation plots for the latter. (a) Total ion flow plots in positive and
negative ion modes. (b) PCA plots of samples in each group in positive and negative ion modes. (c) MODEL group vs. CON group (d) BRO group vs. MODEL group.(e)
LOW-SNS group vs. MODEL group. (f) MID-SNS group vs. MODEL group. (g) HIGH-SNS group vs. MODEL group.
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database. This analysis identified 17 enriched metabolic pathways
(Fig. 5c), predominantly involving glycerophospholipid metabolism,
glycerolipid metabolism, fat digestion and absorption, and vitamin
digestion and absorption.

3.4. Network pharmacology analysis of SNS in treating HPRL with liver-
depression

Through the TCMSP database, SNS was found to contain 138 active
ingredients, specifically including 17 from Radix Bupleuri, 7 from
Paeoniae Radix Alba, 22 from Aurantii Fructus Immaturus, and 92 from
Licorice. The effective targets for these constituents included 136 for
Radix Bupleuri, 69 for Paeoniae Radix Alba, 209 for Aurantii Fructus
Immaturus, and 1500 for Licorice. After deduplication, the total number
of unique effective targets for SNS was determined to be 240.

The top 5 Degree ranked active ingredients of SNS are quercetin,
kaempferol, beta-sitosterol, naringenin, and luteolin (Fig. 6a). The tar-
gets for depression and HPRL were screened by searching the OMIM and
Gene Cards databases, totaling 14,841 targets after removing duplicates.
Intersecting these targets with targets for SNS, 231 common targets were
finally identified (Fig. 6b). The intersections of SNS components and
disease-related targets were entered into the STRING database for
network analysis. The results showed that the PPI network included 63

nodes and 1664 edges (Fig. 6c). Analysis revealed the top 10 key targets,
which included Serine/Threonine kinase AKT1 (AKT1), Tumor Necrosis
Factor (TNF), Interleukin 6 (IL6), Tumor protein P53 (TP53), Interleukin
1β (IL1B), Prostaglandin-Endoperoxide Synthase 2 (PTGS2), Signal
Transducer and Activator of Transcription 3 (STAT3), Jun proto-
oncogene (JUN), Caspase 3 (CASP3), and Matrix metalloproteinase 9
(MMP9) (Fig. 6d). The component-target-disease network diagram is
shown (Fig. 6e).

KEGG enrichment analysis yielded 189 catalogs with a p-value of
<0.05. The top 20 pathways with the highest significance were repre-
sented in a bubble diagram for visualization (Fig. 6f). The results showed
that the main target focuses of SNS for the treatment of liver-depression
HPRL, such as Lipid and atherosclerosis, AGE-RAGE signaling pathway
in diabetic complications, Hepatitis B. A total of 4556 entries for bio-
logical progress, 360 entries for cellular components, and 619 entries for
molecular functions were obtained in the GO analysis enrichment. The
top 10 of screened biological progress, cellular components, and mo-
lecular functions were made into a bar graph for presentation (Fig. 6g).
Combining the results of network pharmacology and untargeted
metabolomics for the metabolic pathway of KEGG, it can be concluded
that the metabolic pathway for the treatment of liver-depressive HPRL
by SNS may be lipid metabolism.

Five active components were docked with five potential targets. The

Fig. 4. Screening of differential metabolites. (a) LOW-SNS group vs. MODEL group. (b) MID-SNS group vs. MODEL group. (c) HIGH-SNS group vs. MODEL group.
The first row shows the volcano plot and the second row shows the PCA score plot. (d) Venn diagram of differential metabolites between the three groups a-c under
conditions of VIP value ≥ 1 and p-value < 0.05. (e) Venn diagram of differential metabolites between the three groups a-c under the conditions of VIP value ≥ 1, p-
value < 0.01, FC ≥ 3 or FC ≤ 0.33.
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binding energy, which is more negative for stronger interactions, in-
dicates the predicted affinity of the ligand for the target in molecular
docking. The five active components of SNS (quercetin, kaempferol,
beta-sitosterol, naringenin, and luteolin) exhibited varying degrees of
binding to AKT1, TNF, IL6, TP53, IL1B, PTGS2, STAT3, JUN, CASP3,
and MMP9, which were represented in heatmap (Fig. 7a). The results
indicated that quercetin, kaempferol, beta-sitosterol, naringenin, and
luteolin exhibit high affinity for AKT1, TNF, and IL6, with a slightly
weaker affinity of − 4.3 between naringenin and IL6. TP53 and
kaempferol had the highest affinity of − 7.6 and IL1B and affinity beta-
sitosterol had the highest of − 7.4. Overall, quercetin had a high affinity
for AKT1, TNF, IL6. The most stable combinations were chosen and
visualized, representing small molecules and proteins with enhanced
binding capabilities (Fig. 7b-f).

3.5. SNS reduces the content of PRL released by MMQ cells

Cell absorbance decreased under different time incubation condi-
tions as cell density reached a certain threshold (Fig. 8a-c). The optimal
inoculum densities and incubation time for achieving higher absorbance
were determined to be were 5, 2.5, and 1 × 105/mL and 24 h, 48 h, and
72 h. Given the cost of time, subsequent experiments utilized an inoc-
ulum density of 5 × 105/mL and a 24-h incubation period. The addition
of CCK8 reagent was followed by a 2-h incubation.

After incubating MMQ cells with SNS-containing serum at various
concentrations for 24, 48, and 72 h, cell viability was assessed using the
CCK8 assay. The results indicated amarked increase in cell survival rates
in the 5%, 10%, and 15% drug-containing serum groups relative to the
blank control and normal serum groups. In contrast, treatment with 10%
and 20% blank serum for 24 h led to significant inhibition of cell
viability (Fig. 8d). To ensure that there was no inherent inhibitory effect
of the containing serum on MMQ cell viability, and taking into account

Table 2
Differential metabolites identified in rat serum untargeted metabolomics techniques.

Compounds Formula RT
(min)

Adduct LOW-SNS_vs_
MODEL_Type

MID-SNS_vs_
MODEL_Type

HIGH-SNS_vs_
MODEL_Type

Ranolazine C24H33N3O4 4.0415 [M + NH4]+ up up up
Carvedilol C24H26N2O4 2.9046 [M + H-

H2O]+
up up up

Phytolaccoside E C42H66O16 4.2518 [M + H-
H2O]+

up up up

Veratrine C32H49NO9 3.7955 [M + NH4]+ up up up
Thalicarpine C41H48N2O8 3.7253 [M+H]+ up up up
Ginsenoside RG2 C42H72O13 3.9538 [M+]+ up up up
Prenoxdiazine C23H27N3O 3.8834 [M + NH4]+ up up up
Saikosaponin A C42H68O13 3.8483 [M+]+ up up up
Alpha-Solanin C45H73NO15 3.965 [M+H]+ up up up
Metergoline C25H29N3O2 3.9184 [M+H]+ up up up
1-O-Hexadecyl-lyso-sn-glycero-3-
phosphocholine

C24H52NO6P 6.8282 [M+H]+ up up up

Westiellamide C27H42N6O6 3.6026 [M + NH4]+ up up up
Gymnemic acid I C43H66O14 3.9538 [M + H-

H2O]+
up up up

MG(18:1/0:0/0:0) C21H40O4 5.9858 [M+H]+ down down down
His-Arg-Lys-Glu C23H40N10O7 3.6026 [M+H]+ up up up
Glu-Arg-Glu C16H28N6O8 3.1112 [M+H]+ up up up
His-Asn-Phe-Lys C25H36N8O6 3.8658 [M+H]+ up up up
Gly-Leu-Arg-Val-Phe C28H46N8O6 3.6902 [M+H]+ up up up
Arg-Ser-Trp C20H29N7O5 3.9538 [M+H]+ up up up
Tyr-Phe-Lys-Ile-Asp C34H48N6O9 4.094 [M+H]+ up up up
MW0151979 C27H29NO 3.9538 [M+H]+ up up up
Met-Lys-Lys C17H35N5O4S 3.9911 [M + NH4]+ up up up
Trp-Ala-Lys C20H29N5O4 3.9009 [M + NH4]+ up up up
His-Arg-Tyr-Arg C27H42N12O6 3.6375 [M+H]+ up up up
Phe-Leu-Phe C24H31N3O4 3.9559 [M + NH4]+ up up up
His-Lys-Ser C15H26N6O5 3.7955 [M+H]+ up up up
Asn-Arg-Ala C13H25N7O5 3.7955 [M+H]+ up up up
Gln-Ile-Val-Glu C21H37N5O8 4.059 [M + H-

H2O]+
up up up

LPA(i-24:0/0:0) C27H55O7P 7.0238 [M + NH4]+ up up up
Psychotrin C28H36N2O4 4.0065 [M+H]+ up up up
Tragopogonsaponin L C50H74O15 4.3395 [M + H-

H2O]+
up up up

Phe-Tyr-Lys-Arg C30H44N8O6 3.6902 [M+H]+ up up up
Arg-Asp-Leu-Tyr-Ser C28H44N8O10 3.6552 [M+H]+ up up up
Ile-Leu-Tyr-Asp C25H38N4O8 3.8131 [M+H]+ up up up
Lys-Cys-Val-Ala-Phe C26H42N6O6S 3.9009 [M+H]+ up up up
Val-Ile-Leu-Asp C21H38N4O7 3.4275 [M + NH4]+ up up up
Phe-Lys-Glu-Ala-Phe C32H44N6O8 4.024 [M+H]+ up up up
Arg-Glu-Lys-Asp-Lys C27H50N10O10 3.7253 [M + NH4]+ up up up
Ser-His-Val-Lys C20H35N7O6 4.0765 [M + NH4]+ up up up
Phe-Leu-Val-Gly-Gly C24H37N5O6 4.1115 [M+H]+ up up up
MW0016978 C48H78O19 4.3746 [M + H-

H2O]+
up up up

Leu-Arg-Asp-Lys C22H42N8O7 4.2342 [M+H]+ up up up
Ritterazine A C54H76N2O10 4.0065 [M+]+ up up up
MW0103099 C48H84O20 4.3923 [M + H-

H2O]+
up up up
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the cost of the drug and time, concentrations of 5%, 10% and 20% of the
containing serum and a 24-h treatment were chosen for further experi-
mental studies.

Following the incubation of MMQ cells with BRO at various con-
centrations for 24, 48, and 72 h, cell viability was measured using the
CCK8 assay. The results indicated that 1‰ DMSO had no impact on cell
viability after 48 and 72 h of treatment. To confirm that BRO itself does
not inhibit MMQ cell viability and considering the cost and time
required, concentrations of 3.75, 7.5, and 15 μg/mL BRO were selected
for 24-h treatment in subsequent experiments (Fig. 8e). The PRL content
was significantly reduced after treatment with different concentrations
of BRO, with 7.5 μg/mL BRO being chosen for the subsequent control
positive drug study (Fig. 8f). Compared to the blank group, the PRL
content in the BRO group and the SNS-containing serum at each dose
was significantly reduced (Fig. 8g), suggesting that SNS reduces PRL
content in a dose-dependent manner, thus indicating its potential in
treating HPRL.

4. Discussion

The qualitative analysis has successfully elucidated the 42 active
constituents of the SNS formulation, the majority are prototypical.
Experimental validation has confirmed that SNS administration signifi-
cantly ameliorates depressive behaviors, normalizes sex hormone levels,
and restore of ovarian tissue morphology in affected rats. Through
Network pharmacology and molecular docking assessment, key targets
such as AKT1, TNF, and IL6 have been identified for the management of

liver-depression HPRL. Metabolomic profiling has uncovered 44 differ-
ential metabolites. By comprehensive analysis, SNS treatment was per-
formed through lipid metabolism. Moreover, SNS potently suppresses
the secretion of prolactin from rat pituitary tumor cells.

We successfully constructed the "HPRL rat model with liver depres-
sion", which is a multifactorial composite model that combines the
characteristics and symptoms of the disease under the guidance of
Chinese medicine theory (Z. Li et al., 2022). In the theory system of
Chinese medicine, the cause of liver depression is mainly related to the
depression of liver qi caused by emotional depression and emotional
stimulation.

Currently, there are various methods for preparing animal models of
liver depression evidence (Bai et al., 2021), among which CUMS, as a
non-invasive stimulus, successfully constructed liver depression evi-
dence by subjecting rats to long-term CUMS, which puts them in a
long-term state of anxiety and tension, and became one of the classic
methods for preparing this model (J. Liu et al., 2022). SPT, OFT, and TST
are commonly used to assess depressive behaviors in rodents (Y. Liu
et al., 2023; Xu et al., 2022). The SPT measures the animal’s emotional
state by evaluating its preference for sweet tastes. The OFT observes the
animal’s exploration and social interactions in an open environment.
The TST evaluates the sense of depression by recording the animal’s
struggling activities while the tail is suspended. In this study, the animal
model of liver-related depression exhibited decreased preference for
sugar water, reduced locomotor activity, and extended periods of
immobility during the TST. The pharmacodynamic assessment revealed
that various doses of SNS significantly ameliorated the depressive-like

Fig. 5. Comparison of differences in the content of differential metabolites and their metabolic pathway analysis. (a) Clustering heat map of differential metabolites.
(b) Differential metabolite relative content violin plot. 3 of the 44 differential metabolites have too long names and are replaced with codes. (c) KEGG enrichment
analysis of differential metabolites. The color of the dot is the P-value size, the redder indicates the more significant enrichment.The size of the dot represents the
number of different metabolites enriched.
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behaviors in the model group.
Several methods have been reported to establish HPRL animal

models, with subcutaneous metoclopramide injection being the most
commonly used, along with intraperitoneal injection (Araujo et al.,
2023; Wei et al., 2017). Currently, most researchers believe that dopa-
mine is the most dominant and potent prolactin-inhibiting factor
secreted by the hypothalamus, directly inhibiting PRL release (Gragnoli
et al., 2016). As a dopamine D2 receptor antagonist, metoclopramide
blocks DA from binding to its receptor, thus preventing DA’s inhibitory
effect on PRL, leading to PRL overproduction (Baranoglu Kilinc, Torun
and Kilinc, 2024). A commonly used drug regimen to induce HPRL is to
administer 50 mg/kg metoclopramide hydrochloride daily for 10 days
(H. Zhang et al., 2016). This method is cost-effective and widely adopted
in research. Additionally, some researchers have developed an HPRL
animal model by implanting pituitary tissue from hyperprolactinemic
rats into the kidney capsule of female rats (Moreno-Carranza et al.,
2013). Another study successfully induced HPRL in rats by continuous
risperidone administration, resulting in elevated serum PRL levels, this
is becausea common side effect of antipsychotic medications during
administration is the potential induction of HPRL (Zhai et al., 2024).

In this study, a marked elevation in serum PRL levels were achieved
by subcutaneously administering 50 mg/kg of metoclopramide to rats

over a period of 10 consecutive days, thus effectively replicating the
primary clinical characteristics of HPRL. Furthermore, the research
utilized the CUMS to induce a depressive state in the rats. The integra-
tion of the HPRL model with the depression model is a less documented
approach in the scientific literature, highlighting the novelty of the
study design.

The current study also uncovered disturbances in FSH and E2 levels
and abnormal histopathological changes in ovarian tissue in rats sub-
jected to the modeling treatment. Increasing evidence indicates a strong
association between liver-depression HPRL and sex hormone dysregu-
lation (Szukiewicz, 2024; H. Zhang et al., 2016). On one hand,
liver-depression HPRL may lead to sex hormone disorders. On the other
hand, these disorders may exacerbate the symptoms of liver-depression
HPRL. Specific effects of HPRL on the reproductive endocrine system
include suppression of ovarian function (Szukiewicz, 2024). That
elevated serum PRL levels interfere with follicular development and
maturation, resulting in decreased ovulation frequency and reduced egg
quality. Furthermore, HPRL disrupts the normal functioning of the
hypothalamic-pituitary-gonadal axis, influencing the synthesis and
release of gonadotropin-releasing hormone and consequently reducing
sex hormone secretion. This inhibitory effect on sex hormones can
disrupt follicle maturation and development, affecting the fertilization

Fig. 6. Network pharmacological analysis of SNS in the treatment of liver-depression HPRL. (a) Core active ingredients of SNS. (b) Venn diagram depicting the
Intersection of SNS active compounds and disease targets. (c) Protein interaction network diagram. (d) Core target genes. (e) Traditional Chinese medicine
ingredient-target-disease network diagram. (f) GO analysis of the core target genes, Molecular Function, Biological Process, and Cellular Component. (g) Enrichment
analysis of the KEGG pathway of the core target genes.
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Fig. 7. Molecular docking simulation. (a) Heat map of molecular docking. (b) The binding of AKT1 with quercetin. (c) The binding of TNF with quercetin. (d) The
binding of IL6 with quercetin. (e) The binding of TP53 with kaempferol. (g) The binding of IL1B with beta-sitosterol.

Fig. 8. Serum from rats containing SNS significantly reduces the content of PRL released by MMQ cells. (a-c) Effects of different incubation times, inoculation
densities, and CCK8 incubation times on the activity of MMQ cells. (d) Effects of different concentrations of drug-containing serum on the viability of MMQ cells. (e)
Effects of different concentrations of bromocriptine mesylate on the viability of MMQ cells. (f) Effects of BRO on the content of PRL released by MMQ cells. (g) Effects
of SNS-containing serum on the content of PRL released by MMQ cells in rats.Data are mean ± standard deviation, n = 4. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001 compared with the CON group (drug concentration = 0).
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process and embryo development, potentially leading to menstrual ir-
regularities, amenorrhea, or infertility. Therefore, when treating HPRL,
the comprehensive consideration of its effects on the reproductive
endocrine system, particularly ovarian function and sex hormone bal-
ance, is essential. Through comprehensive therapeutic strategies, the
restoration of endocrine balance, the alleviation of symptoms, and the
enhancement of quality of life can be achieved. For example, Pter-
ostilbene, one homologous derivative of resveratrol, can exert thera-
peutic effects on HPRL by mediating the balance of apoptosis and
anti-apoptosis in ovarian and uterine tissues, inhibiting serum PRL
levels, and regulating the secretion of reproductive hormones (H. Zhang
et al., 2016). Bu-Shen-Zhu-Yun decoction enhances the CSN5-GATA1
interaction, promoting PRLR deubiquitination and activating the
JAK2/STAT5 pathway, thereby upregulating kisspeptin, a peptide hor-
mone encoded by the KISS-1 gene, to treat hyperprolactinemia-related
infertility by modulating female reproductive endocrine functions
(Feng et al., 2021).

In addition, this study used UPLC-Q-Exactive Orbitrap/MS technol-
ogy to analyze the composition of the decoction of SNS, qualitatively
identifying more prototypical components of the traditional Chinese
medicine and ensuring the source of the pharmacodynamic substances.
A variety of compounds possess anti-inflammatory properties. PRL
exhibited dual regulation of IL-1β and TNF-α in mouse synovial fibro-
blasts: upregulation of long PRL receptors by IL-1β and downregulation
by TNF-α. PRL attenuated the proinflammatory effects of IL-1β and NF-
κB activation but enhanced TNF-α-triggered inflammatory responses
and NF-κB signaling (García-Rodrigo et al., 2023). It is speculated that
the anti-inflammatory components of SNS are able to modulate the
relationship between PRL and inflammatory factors by some mecha-
nism. Furthermore, certain substances have been identified as exhibiting
potent antidepressant effects, including hyperoside, linoleic acid, and
albiflorin. These compounds have been found to directly target and
alleviate symptoms of liver depression induced by CUMS.

MMQ cells exhibit a robust capacity for PRL secretion, making them
a valuable tool for investigating the biosynthesis and secretion mecha-
nisms of PRL, as well as its role in the physiological and pathological
states of mammals. This experiment’s findings indicate that SNS-
containing serum could significantly diminish the prolactin content in
the supernatant of MMQ cells, with the effect being comparable to that
of BRO. MMQ cells are a suitable cellular model for HPRL.

The first 3 key targets, namely AKT1, TNF, and IL6, were obtained by
Network Pharmacology and molecular docking. Programmed necrosis is
an unnatural mode of cell death regulated by intracellular signals(Zorzi
and Bonvini, 2011). TNF-α is thought to be one of the key factors that
initiate programmed necrosis (Q. Zhang et al., 2023). It has been shown
that elevated TNF-α in the hypothalamus of HPRL model rats may cause
programmed necrosis and damage dopaminergic neurons. And TNF is
also inextricably linked to depression (L. Chen et al., 2024). It has been
shown that TNF levels are usually significantly elevated in the periph-
eral blood of depressed patients (Tian et al., 2023). TNF-α may be
involved in the pathophysiological process of depression through a va-
riety of mechanisms, including activation of the
hypothalamic-pituitary-adrenal axis (Ben-Azu et al., 2023), stimulation
of the neuronal 5-hydroxytryptamine transporter (Malynn et al., 2013),
and promotion of tryptophan depletion (Farzi et al., 2015). AKT1 was
more strongly associated with CUMS-induced depression, with a rela-
tively weak correlation with HPRL. Both IL6 and TNF are common in-
flammatory factors on which PRL has a dual role. There is no doubt that
inflammatory factors and depression are closely linked.

The metabolomics results showed that 43 of the three common dif-
ferential metabolites were up-regulated and one was down-regulated in
the three groups of the SNS intervention compared with the model
group. These differential metabolites mainly involved the following
groups of compounds: amino acids and their metabolites, terpenoids,
alkaloids, benzene and its derivatives, heterocyclic compounds, glycer-
ophospholipids, aldehydes, ketones, esters, steroids, alcohols, amines,

organic acids and their derivatives, and glycerolipids. The major meta-
bolic pathways involved in differential metabolites include mainly
glycerophospholipid metabolism, glycerolipid metabolism, vitamin
digestion and absorption, and fat digestion and absorption.

Glycerophospholipids are the major structural lipid components of
eukaryotic cell membranes (H. Wang et al., 2021) and have a wide range
of roles in signaling, cell recognition, and membrane function (Ma et al.,
2022). It has been suggested that high doses of estrogen may cause
depressive-like behavior by interfering with glycerophospholipid
metabolism and reversing endogenous cannabinoid signaling pathways
(M. Li et al., 2023). By analyzing the gut proteome in a nonhuman
primate model of depression, researchers found that differentially
expressed proteins related to mitochondrial function and energy meta-
bolism were associated with glycerophospholipid metabolism in the gut
of depressed gorillas (X. Chen et al., 2023). Furthermore, glycer-
ophospholipid metabolism plays an important role in the
Gut-Liver-Brain axis in depressed mice (Xie et al., 2023). In a study by
Liao et al. it was found that administration of a high dose of Banxia
Xiexin Tang reduced glycerophospholipid levels in the brain tissue of
depressed mice, thereby exerting an antidepressant effect (Liao et al.,
2023). Consistent with findings in the literature, the present study found
that 1-O-hexadecyl-lyso-sn-glycero-3-phosphocholine and LysoPA
(i-24:0/0:0) levels were decreased in the model group as compared to
the normal group, but these changes were reversed in the reversed after
the intervention of SNS.

Glycerolipids are abundant cellular lipids with important physio-
logical functions in energy metabolism and cell membrane structure
(Luo et al., 2023). Studies have found significant changes in the level
and structure of 1,2-diacylglycerol in the prefrontal cortex compared to
controls in a nonhuman primate model of depression. This altered
biochemical structure may affect the fluidity of nerve cell membranes,
which in turn affects depressive symptoms (Wu et al., 2022). Notably,
MG (18:1/0:0/0:0) belongs to the glycerol ester group and was the only
one of the 43 differential metabolites whose levels decreased after
treatment with tetrasodium.

The digestion and absorption pathways of vitamins are key processes
in the body’s acquisition of essential nutrients (Fukui et al., 2022).
Vitamin D and vitamin E play key roles in female reproductive function,
while vitamin D sufficiency helps to avoid female infertility by pro-
tecting cell membranes from oxidative damage and promoting follicular
maturation (Alam et al., 2023). Vitamin E increases serum sex hormone
levels by enhancing ovarian gonadotropin induction and promoting
oocyte maturation (Tao et al., 2023). Most importantly, vitamin B6 can
influence hormone secretion, including PRL, by modulating the function
of the hypothalamic-pituitary axis (Lu et al., 2022). In addition to this,
obesity can cause a decline in gonadotropic function through the in-
fluence of sex hormones, manifested as a decrease in serum testosterone
and gonadotropin-releasing hormone and luteinizing hormone levels.
Obesity can exacerbate insulin resistance in patients with polycystic
ovary syndrome, which in turn leads to abnormal androgen secretion
(Han et al., 2022). Polycystic ovary syndrome is a common
endocrine-metabolic disease and an important cause of female infer-
tility, and obese women are more likely to suffer from this disease (X.
Yang et al., 2021).

Of the 44 differential metabolites, 23 were amino acids and their
metabolites, but they were not enriched in the relevant pathways. In
contrast, only three of the remaining 21 differential metabolites were
separately enriched in different pathways, suggesting that they may be
key biomarkers for the treatment of hepatic-depressive HPRL by SNS,
that is, 1-O-hexadecyl-lysophosphatidylcholine and LysoPA (i-24:0/
0:0), andMG (18:1/0:0/0:0). Of the 44 differential metabolites detected,
approximately 10 compounds were shown to have anti-inflammatory
effects. This finding supports the notion that anti-inflammatory drugs
can improve depressive symptoms by reducing inflammatory cytokine
levels (Chang et al., 2024), further emphasizing the strong link between
depression and chronic inflammation.
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The preliminary differential metabolites identified by the criteria of
VIP value ≥ 1 and p-value <0.05 appeared to be noteworthy for several
substances, namely testosterone, docosahexaenoyl serotonin, and do-
cosahexaenoic acid. The model group of rats showed a significant
decrease in testosterone levels after treatment with SNS, consistent with
the results of previous studies (Millar et al., 2017). Docosahexaenoic
acid plays a key role in neuronal cells and prevents apoptosis by pro-
moting Bcl-2 family protein expression (Díaz et al., 2021). Docosahex-
aenoyl serotonin, a serotonin derivative, exhibits significant
anti-inflammatory effects and may be associated with intestinal dis-
eases such as inflammatory bowel disease (Y. Wang et al., 2017). In the
study, curiously, the levels of docosahexaenoids and docosahexaenoyl
serotonin were significantly elevated in the model group of rats
compared to the blank control group, whereas the levels of these sub-
stances were reduced after the treatment, whichmay be attributed to the
activation of self-protective immune mechanisms by the rats in the
course of the long-termmodel preparation, which were weakened by the
drug intervention.

Recently, the number of clinical research on HPRL has been on the
rise, indicative of a growing patient population. Despite this, there is a
notable lack of basic research, and the underlying mechanisms of HPRL
remain poorly understood, necessitating a more robust research effort in
this field. Presently, treatment options for HPRL are limited, spurring the
need for the development of more effective pharmacotherapies that
minimize side effects, adverse reactions, and the potential for tolerance.
Given the scarcity of foundational research on HPRL, this study is pivotal
in advancing our comprehension of its pathogenesis and holds consid-
erable promise for the development of innovative treatment modalities
and the improvement of patient well-being.

5. Conclusion

SNS significantly ameliorates hypoprolactinemia linked to liver
depression, achieving this at the animal and cellular levels that SNS
significantly improved the depression indexes including OFT, TST, SPT,
normalized PRL, FSH, E2 levels and restored ovarian tissue morphology
in depression-like rats. In addition, SNS effectively inhibited prolactin
secretion from MMQ cells in rats. It may accomplish this by influencing
lipid metabolism. Furthermore, the research has identified AKT1, TNF,
and IL6 as pivotal therapeutic targets. These findings not only enhance
the understanding of the mechanism of action of SNS, but also point out
the direction for future research, which is expected to achieve new
breakthroughs in improving the treatment of HPRL with liver-
depression.
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