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Abstract
Objective  Depression is a serious mental disorder, and its incidence rate has increased rapidly. Radix Bupleuri (root 
of Bupleurum chinensis DC. BR)-Radix Paeoniae Alba (root of Paeonia lactiflora Pall. PRA) herb pair has been historically 
used for treating depression in Traditional Chinese Medicine (TCM) while the mechanisms need to be fully revealed.

Methods  The effects of the BR-PRA herb pair were investigated using a rat model of chronic unpredictable mild 
stress (CUMS). First, the depressive-like behavior of rats was evaluated by open field test (OFT), elevated plus-maze 
test (EMP), and forced swimming test (FST). Secondly, histomorphological changes in the CA1 and CA3 regions 
of the hippocampus were analyzed by hematoxylin-eosin, nissl, and Golgi staining. Ultra high-performance liquid 
chromatograph tandem quadrupole mass spectrometry (UHPLC-QTRAP-MS/MS) was performed to reveal potential 
antidepressant mechanisms.

Results  Following CUMS exposure, rats displayed depressive-like behavior, and neuronal death in the hippocampal 
region was observed. Consequently, these abnormal changes were reversed by BR-PRA herb-pair intervention. A total 
of 26 different metabolites related to depression were identified by metabolomics, mainly involving eleven metabolic 
pathways of pentose phosphate pathway, purine metabolism, and amino sugar and nucleotide sugar metabolism. 
BR-PRA herb-pair improved four metabolites, including homocitrulline, N-acetyllysine, corticosterone, and 
N-acetylglutamate. It also may affect the development of depression by interfering with the hypothalamus-pituitary-
adrenal axis (HPA axis), amino acid metabolism related to lysine and glutamate, and modulation of oxidative stress.
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Introduction
Depression is a prevalent mental disorder characterized 
by significant and persistent depressed mood, with a high 
recurrence rate and a high suicide rate. According to the 
World Health Organization, about 350  million people 
worldwide suffer from depression, which is projected to 
become the leading cause of the global disease burden by 
2030 [1]. Additionally, depression is a primary contribu-
tor to global disability, resulting in an ongoing increase in 
suicide prevalence [2, 3]. Current antidepressant drugs, 
however, displayed limited efficacy, long drug cycles, 
and poor patient compliance, resulting in unsatisfactory 
treatment effects of depression. A cross-sectional epide-
miological survey conducted in China on a large scale 
revealed that a mere 0.5% of patients diagnosed with 
depression receive adequate treatment [4].

Traditional Chinese Medicine (TCM) has long been 
used for treating depression and has thus formed a rel-
atively systematic theoretical understanding and valu-
able experience in diagnosis and treatment. Traditional 
Chinese antidepressant medicine is characterized by 
multi-components, multi-pathways, multi-targets, sta-
ble efficacy, overall regulation, and little toxicity, which 
has become a hot area of drug research [5]. In addition, 
herb-pair is the key component of traditional Chinese 
antidepressant medicine prescription, with the in-depth 
development of single medicine, and the beginning of 
compound medicine research. Therefore, research on 
TCM herb-pair medicine may provide new insights into 
antidepressant drugs.

Radix Bupleuri (the root of Bupleurum chinensis DC. 
BR) and Radix Paeoniae Alba (the root of Paeonia lacti-
flora Pall. PRA) were initially recorded in Shennong Ben-
cao Jing in 200 AD. BR-PRA is a basic herb-pair and plays 
a dominant role in several commonly used and effec-
tive antidepressant prescriptions such as Xiaoyao San, 
Chaihu Shugan San, and Sini San [6, 7]. BR-PRA demon-
strates a substantial potential for mitigating depression. 
As the most elementary and ubiquitously utilized anti-
depressant herbal medicine, their therapeutic efficacies 
have been substantiated [8, 9]. Specifically, the efficacy 
of Radix Bupleuri and Radix Paeoniae Alba in decreas-
ing Hamilton Depression Rating Scale (HDRS) scores in 
individuals afflicted with depression is consistent with 

that of conventional antidepressants, with fewer nega-
tive side effects [10], and also attenuates depression-
like behaviors in various animal models of depression 
[11–13]. BR-PRA is supposed to regulate monoamine 
transmitters in different brain regions, including increas-
ing the concentration of norepinephrine, dopamine, and 
serotonin, while reducing 5-hydroxyindole-3-acetic acid 
[11, 14], thereby attenuating depression. Inflammation 
is recognized as a significant pathway in the etiopatho-
genesis of depression, and recent research has indicated 
that BR-PRA can modulate inflammation and oxidative 
stress responses via various mechanisms [13, 15, 16]. 
Brain-derived neurotrophic Factor (BDNF) is one of the 
principal neurotrophic factors, which plays an important 
role in maintaining the structure and function of neuro-
nal cell bodies and synapses [17]. Studies demonstrated 
that BR-PRA alleviated depressive behaviors by regulat-
ing BDNF expression [15, 18]. Moreover, the antidepres-
sant effect of BR-PRA may be related to neuroplasticity, 
immune response, regulation of the HPA axis and energy 
metabolism, inhibition of neurotoxicity, and neuropro-
tection [7, 19]. However, the implications of BR-PRA on 
the hippocampus of CUMS rats and its mechanism of 
antidepressant effect have not been fully elucidated.

The cerebral cortex is the key part of the brain and par-
ticipates in value judgment and decision-making, which 
is closely related to depression [16, 20]. The hippocam-
pus is a brain region responsible for learning, memory, 
and emotional regulation. Its damage has led to psycho-
logical disorders such as anxiety and depression [21]. 
Chronic unpredictable mild stress (CUMS) is currently 
the most commonly used, reliable, and effective rodent 
model of depression [22]. Neurogenesis is a process in 
which neural stem cells gradually migrate to functional 
areas, continuously change plasticity, and establish con-
nections with other neurons. In depression caused by 
CUMS, the volume of the cerebral cortex and hippo-
campus decreases, and dendritic atrophy and spine loss 
in neurons, contribute to the weakening of neurogenesis 
[23, 24].

Metabolomics, which is the profiling of metabolites 
category, quantity, and change regulation, is routinely 
applied as a tool for biomarker discovery. Widely tar-
geted metabolomics, which combines the advantages 
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of the detection of non-targeted metabolomics and the 
accuracy of targeted metabolomics, has been applied to 
explore the efficacy and mechanism of TCM [25, 26]. 
Previous reports suggested synergies between different 
metabolomic methods [13]. However, there is a lack of 
widely targeted metabolomics research on depression, as 
indicated by recent literature reviews. This study, for the 
first time from a pathology perspective, clarified that BR-
PRA reversed damage to neurons and dendritic spines in 
the hippocampus region of depression. Ultra High-per-
formance Liquid Chromatograph Tandem Quadrupole 
Mass Spectrometry (UHPLC-QTRAP-MS/MS) cortex 
widely targeted metabolomics was used to explore the 
synergistic antidepressant effect of BR-PRA on CUMS 
rats and revealed the potential mechanism at the level of 
the metabolite.

Materials and methods
Animals
All adult male Sprague-Dawley (SD) rats (6-8-week-old, 
200 ± 20  g) were purchased from the Experimental Ani-
mal Center of China Three Gorges University. Licences 
no. SCXK (E) 2017-0061. The experimental protocol 
was performed in compliance with the Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines 
and was approved by the Ethical Committee in Research 
Medical College of China Three Gorges University of 
Medical Sciences (NO: 2023010U). All rats were kept 
under standard laboratory conditions (temperature: 
20–24  °C, 12  h light/dark cycle: lights on 07:00–19:00, 
relative humidity: 45-55%), and free access to filtered 
water and standard food.

Chemicals and reagents
Radix Bupleuri and Radix Paeoniae Alba were acquired 
from Yichang Central People’s Hospital. Fluoxetine 
hydrochloride was acquired from Eli Lilly Pharmaceuti-
cal Co., Ltd, Suzhou. Acetonitrile (Merck, 1499230-935), 
Methanol (Fisher, A456-4), formic acid (Sigma, 00940), 
Ammonium formate (Sigma, 70221), Ammonium acetate 
(Sigma, 73594) was used for UHPLC-QTRAP-MS/MS.

Drug Preparation
Fluoxetine hydrochloride was prepared by dissolving in 
deionized water at a rate of 0.2  mg/ml. Radix Bupleuri 
(0.5 kg) and Radix Paeoniae Alba (0.5 kg) were immersed 
in 70% ethanol (1:8, w/v) twice for 1.5 h each time. Then 
herb-pair was filtrated and concentrated in vacuo lyophi-
lized into powders and stored at 4  °C refrigerator. The 
extraction rate of BR-PRA is 15.23%. The configured 
concentrations of the high-dose BR-PRA group and the 
low-dose BR-PRA group were 0.228  g/ml and 0.114  g/
ml, respectively, for animal experiments. HERB database 
(http://herb.ac.cn/) [27] and TCMSP database (​h​t​t​p​​s​:​/​​/​o​l​
d​​.​t​​c​m​s​​p​-​e​​.​c​o​m​​/​t​​c​m​s​p​.​p​h​p) [28] are unique pharmacolog-
ical platforms in the traditional Chinese medicine system, 
recording the identified active compounds of traditional 
Chinese medicines. This study compared all active ingre-
dients obtained through high-performance liquid chro-
matography identification with the identified ingredients 
in traditional Chinese medicine databases HERB data-
base and TCMSP database, and finally included them 
(Figure S1, Table S1). These compounds can all be found 
in the HERB and TCMSP databases.

Chronic unpredictable mild stress procedure
Rats were randomly divided into 5 groups: control group, 
CUMS group, low-dose BR-PRA group, high-dose BR-
PRA group, and fluoxetine group (positive group). Each 
group contained 6 rats. Except for the control group, all 
other groups were randomly given daily stimuli includ-
ing fasting for 24  h, water cut-off for 24  h, tail clipping 
for 2  min, swimming in 4  °C ice water for 5  min, day 
and night reversal, 45°cage tilting, binding, and wet pad-
ding [29], and so on within 28 days. The flow chart of the 
depression model is shown in Fig.  1. All the rats were 
fed normally. From the 15th day, the control and model 
group was given sterile distilled water, the low-dose 
group was given BR-PRA 7.5  g/kg, the high-dose group 
was given BR-PRA 15 g/kg [13], and the positive control 
group was given fluoxetine 2  mg/kg [29]. All rats were 
given 10  ml/kg body weight by gavage once a day until 
the 28th day.

Fig. 1  Experimental procedure design. The behavioral tests of rats were evaluated using the Open field test (OFT), the Elevated plus-maze (EPM) test, 
and the Forced swimming test (FST)
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Behavioral tests
After 28 days of CUMS exposure, behavioral changes in 
the rats were recorded using Xinsoft camera equipment 
(Shanghai Xinsoft Information Technology Co., Ltd.). 
The assessments were performed using three tests: open 
field test (OFT) [30], elevated plus-maze (EPM) test [29], 
and forced swimming test (FST) [16] in succession with 
minor modifications.

Sample collection
After the last behavioral test, all rats were anesthetized 
by intraperitoneal injection of pentobarbital sodium 
(50 mg/kg), and euthanized by decapitation when the rats 
lost consciousness [31], thus rapidly isolating the entire 
brain. The left hemisphere was removed and fixed with 
4% paraformaldehyde, and the right hippocampus and 
cerebral cortex were separated and immediately stored at 
-80 °C.

Hematoxylin and eosin(H&E) and Nissl staining
the hippocampus of each rat was used for histopatho-
logical examination, and the procedure and evalua-
tion criteria were the same as previously described [29]. 
Quantitation of Nissl staining neurons of the hippocam-
pus was observed at a magnification of 200×.

Golgi staining
The hippocampi were fixed to 4% paraformaldehyde 
(Servicebio, G1101) for 48 h. and cut into 2–3 mm slides. 
The obtained tissue slices were completely immersed in 
Golgi solution and kept in the dark for 14 days (replac-
ing Golgi solution after 48  h, then changing to a new 
dye solution every 3 days). After being maintained in 
80% glacial acetic acid solution overnight, and dehy-
drated in 30% sucrose solution, brain tissue was cut into 
100 microns by an oscillating microtome and made into 
gelatin slices for overnight drying in darkness. The sec-
tions were treated with ammonium hydroxide for 15 min, 
distilled water for 1 min, and fixed bath for 15 min, and 
then sealed with glycerol gelatin. The density of den-
dritic spines was assessed utilizing optical microscopy 
(NIKON, Japan). The number of dendritic spines present 
in neurons located within the hippocampal region of rats 
across each experimental group was recorded for subse-
quent quantitative analysis.

Cortex metabolomics analysis
Based on the results of behavioral tests and histomorpho-
logical analysis, low-dose administration of BR-PRA was 
found to be more effective, consistent with prior reports 
[16]. Consequently, cortical samples were collected 
from the control group, model group, low-dose BR-PRA 
group, and fluoxetine group for metabolomics analysis. 
The original data of cortical metabolites were obtained 

by coupling the ultrahigh performance liquid chromato-
graph (1290 Infinity LC, Agilent Technologies) of Shang-
hai Applied Protein Technology Co., Ltd. with QTRAP 
MS (6500+, Sciex). Normalization data was imported 
into SIMCA-P (version 14.1, Umetrics, Umea, Sweden) 
to obtain differential metabolites. Further details can be 
found in the Supplementary material. The differential 
metabolites obtained were imported into the database 
MetaboAnalyst 6.0 for enrichment analysis.

Statistical analysis
Statistical analysis was performed using SPSS 22.0 
software (Chicago, IL, USA). Data were expressed as 
mean ± standard deviation. Normal distribution data 
were compared between two groups using the indepen-
dent sample t-test and three or more groups were com-
pared using the one-way analyses of variance (ANOVA) 
test. Pairwise comparisons were made using the least 
significant difference (LSD) post-hoc test after one-way 
ANOVA. The non-parametric Kruskal-Wallis test was 
used to analyze non-normal distribution data. The statis-
tical significance was set at P < 0.05.

Result
BR-PRA improved behavioral changes in chronic 
unpredictable mild stress rats
Representative tracks from the OFT are shown in Fig. 2A. 
Exposure to Chronic Unpredictable Mild Stress (CUMS) 
led to a significant decrease in total moving distance 
compared to the control group (Fig. 2C, P < 0.05). Treat-
ment with low and high doses of BR-PRA resulted in a 
significant increase in total moving distance compared 
to the CUMS group (Fig.  2C, P < 0.01). Fluoxetine also 
improved the total moving distance of the rats (Fig. 2C, 
P < 0.05). As illustrated in Fig. 2D, rats in the Model group 
exhibited significantly fewer rearing times in the open 
field compared to the control group (P < 0.01). All drug 
intervention groups demonstrated a significant increase 
in rearing times compared to the Model group.

Representative tracks from the EMP test are shown in 
Fig. 2B. Figure 2E shows that rats in the CUMS group had 
a significantly shorter time to enter the open arm com-
pared to the control group. In contrast, the low and high-
dose BR-PRA groups took significantly longer to enter 
the open arm compared to the Model group, and there 
was a trend toward improvement observed in the fluox-
etine group. However, the experiment found no signifi-
cant differences in the number of entries into the open 
arm following CUMS stimulation.

Figure 2G indicates that the duration of immobility in 
the CUMS group was significantly increased compared 
to the control group (P < 0.01). Conversely, administra-
tion of BR-PRA in both low and high doses significantly 
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reduced the duration of immobility compared to the 
Model group (P < 0.05, P < 0.01).

These results confirm that the depressed model was 
successfully established. BR-PRA significantly reversed 
depression-like behavior in rats, with efficacy equivalent 
to the positive drug fluoxetine.

BR-PRA improved histomorphology changes in chronic 
unpredictable mild stress rats
Figures 3A-D show representative H&E staining images. 
In the control group, neurons in the CA1 and CA3 hip-
pocampus regions were arranged closely and neatly, com-
pletely structured, and the cell nucleus was clear and full. 
However, neurons in the model group are necrotic, loose, 
and disordered, with atrophy or swelling and a lack of a 

Fig. 2  Behavioral test of rats with chronic unpredictable depression (n = 6); (A): Representative images of open field test (OFT); (B): Representative images 
of elevated plus-maze (EPM;: Open arm, -: enclosed arm, the middle is the central area) test; (C): Total moving distance of rats in the open field; (D): Rearing 
times of rats in the open field; (E): Open arm time of rats in the elevated plus-maze (%); (F): Open arm entries of rats in the elevated plus-maze (%); (G): Rats 
immobility time in water; CTL: Control group; MOD: Model group; LOW: Radix Bupleuri-Radix Paeoniae Alba at low dose group; HIGH: Radix Bupleuri-Radix 
Paeoniae Alba at high dose group; FLX: Fluoxetine group; * P < 0.05, * * P < 0.01
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nucleus, and decreased normal neurons (P < 0.01, Fig. 3E 
and F). Compared with the model group, the above 
conditions reversed to varying degrees after all drug 
interventions, and increased normal neurons (P < 0.05, 
P < 0.01, Fig. 3E and F).

Representative images of Nissl staining are presented 
in Figs. 4A-D. Analysis of the Nissl staining in the hippo-
campal regions CA1 and CA3 of rats subjected to CUMS 
revealed significant abnormalities, including degen-
eration and necrosis, incomplete stratification, irregular 

Fig. 3  Representative images of Hematoxylin and eosin (H&E) staining in the hippocampal region, (A, C): 200× magnification, scale bar = 100 μm, (B, D): 
400× magnification, scale bar = 50 μm; (E, F): Quantification of the neurons of CA1 and CA3 region (n = 3), Neurons with visible nuclei, distinctive nucleo-
lus, and cytoplasmic Nissl staining were regarded as intact neurons and counted; CTL: Control group; MOD: Model group; LOW: Radix Bupleuri-Radix 
Paeoniae Alba at low dose group; HIGH: Radix Bupleuri-Radix Paeoniae Alba at high dose group; FLX: Fluoxetine group; * P < 0.05, * * P < 0.01

 



Page 7 of 17Cai et al. BMC Complementary Medicine and Therapies          (2025) 25:168 

neuronal arrangement, the presence of Nissl bodies, 
and a decrease in normal neurons (P < 0.01, Fig.  4E and 
F). In comparison to the model group, all drug interven-
tion groups displayed a tighter neuronal arrangement, 
reduced necrosis and Nissl bodies, and an increased 

number of normal neurons (P < 0.05, P < 0.01, Fig. 4E and 
F).

Representative Golgi staining images are demon-
strated in Fig.  5A and B. The morphology of dendritic 
spines greatly influences the functionality of synaptic 

Fig. 4  Representative images of Nissl staining in the hippocampal region, (A, C): 200× magnification, scale bar = 100 μm, (B, D): 400× magnification, 
scale bar = 50 μm; (E, F): Quantification of the neurons of CA1 and CA3 region (n = 3), Neurons with visible nuclei, distinctive nucleolus, and cytoplasmic 
Nissl staining were regarded as intact neurons and counted; CTL: Control group; MOD: Model group; LOW: Radix Bupleuri-Radix Paeoniae Alba at low dose 
group; HIGH: Radix Bupleuri-Radix Paeoniae Alba at high dose group; FLX: Fluoxetine group; * P < 0.05, * * P < 0.01
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connections. Mushroom-like spines are typically indica-
tive of functional synapses, while rod-shaped and stubby 
spines often indicate an absence of functional synapses. 
To fully understand the structure and function of the hip-
pocampus, Golgi staining techniques were employed to 
examine and quantify the complexity of dendritic spines, 

specifically focusing on the presence and abundance of 
mushroom-like spines. As illustrated in Fig.  5C and F, 
the density of total dendritic spines and mushroom-like 
dendritic spines in the hippocampal CA1 region of the 
model group notably decreased, exhibiting a significant 
improvement following drug intervention (P < 0.01). It 

Fig. 5  Representative images of Golgi staining in hippocampal region, (A, B): 1200× magnification, scale bar = 10 μm; (C-F): Quantification of the density 
of total spines and mushroom-like spines (n = 3); CTL: Control group; MOD: Model group; LOW: Radix Bupleuri-Radix Paeoniae Alba at low dose group; 
HIGH: Radix Bupleuri-Radix Paeoniae Alba at high dose group; FLX: Fluoxetine group; * P < 0.05, * * P < 0.01
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is noteworthy to highlight that in the CA3 region, only 
the low-dose BR-PRA group and fluoxetine group were 
capable of reversing the decline in total spine density and 
mushroom spine density attributed to chronic unpredict-
able mild stress, and the high-dose BR-PRA group failed 
to ameliorate the spine density decline.

These results indicate that CUMS exposure causes 
damage to neurons and dendritic spines in the hippo-
campus of rats, and the effects of this damage can be sig-
nificantly mitigated by BR-PRA administration. Among 
them, the effect of the low-dose BR-PRA group is supe-
rior to the high-dose BR-PRA group, and its effect is 
equivalent to the positive drug fluoxetine.

Metabolites and metabolic pathway analysis revealed the 
effect of BR-PRA in chronic unpredictable mild stress rats
Multivariate data analysis
In the PCA model, there was a tendency between the 
CUMS group and the control group, and QC samples 
were closely clustered, indicating that the samples 
were stable and had good repeatability (Fig.  6A). In the 
OPLS-DA model, R2X, R2Y, and Q2 were 0.406, 0.999, 
and 0.658 respectively, which showed that the OPLS-
DA model was successfully established, and the control 
group and the model group were significantly separated 
(Fig. 6B). The permutation test was used to validate the 
OPLS-DA model (Fig.  6C). The t-test variable (P < 0.05) 
combined with VIP > 1 (Fig.  6D) was used to deter-
mine various depression metabolites. Furthermore, in 
the OPLS-DA model (Fig. 6E), the BR-PRA and control 
groups showed some level of differentiation, and the nor-
mal and fluoxetine groups were different from the model 
group.

Differential metabolites analysis
Changes in cortical metabolites were detected in rats 
exposed to CUMS. A total of 26 different metabolites 
were screened (VIP > 1.0 and P < 0.05). The differential 
metabolites associated with depression are shown in 
Table  1; Fig.  7A. Compared with the control group, 15 
differential metabolites, N-alpha-acetyllysine, N-acetyl-
glutamic acid, homocitrulline, etc. were significantly 
increased, 11 differential metabolites, hydroxyproline, 
glycerol-myristate, palmitoylethanolamide, etc. were sig-
nificantly decreased in model group. Among them, dif-
ferential metabolites associated with depression included 
7 carboxylic acids and derivatives, 6 steroids and steroid 
derivatives, 5 organooxygen compounds, 3 purine nucle-
otides, etc.

Compared with the model group, BR-PRA could regu-
late 4 metabolites including homocitrulline, N-alpha-
acetyllysine, corticosterone, and N-acetylglutamic acid. 
Furthermore, acetylcholine, arachidonoyl ethanol-
amide, N-methyl-aspartic acid, linoleoyl ethanolamide, 

deoxyadenosine monophosphate, 3-methylhistidine, and 
hyodeoxycholic acid (HDCA) also showed significant 
changes. There are 5 carboxylic acids and derivatives, 2 
steroids and steroid derivatives, 2 organonitrogen com-
pounds, 1 tetrapyrroles and derivatives, and 1 Pyridine 
nucleotides. Carboxylic acids and derivatives serve an 
integral role in the pathogenesis of depression, and the 
potential antidepressant efficacy of BR-PRA may be inti-
mately linked to these compounds. Compared with the 
model group, fluoxetine could regulate 14 metabolites 
including indole-3-methyl acetate, N-alpha-acetyllysine, 
hydroxyproline, homocitrulline, etc.

To better comprehend the interrelationship between 
differential metabolites, correlation analysis was con-
ducted to establish the degree of association between 
these metabolites. The correlation network of differen-
tial metabolites was shown in Fig.  7B (Pearson correla-
tion coefficient|r| > 0.8, P < 0.05) [32], which obtained 
both direct and indirect connections between metabo-
lites. Among them, mannose-6-phosphate, homocitrul-
line, 2-methylcitric Acid, N-acetylglutamic acid, and 
N-alpha-acetyllysine were the key nodes, indicating that 
5 metabolites may play an important role in depres-
sion. In addition, there was a significant positive corre-
lation between homocitrulline and N-alpha-acetyllysine, 
N-alpha-acetyllysine and N-acetylglutamic acid, β-UDCA 
and CDCA; N-acetylglutamic acid and β-UDCA, galac-
tose 1-phosphate and palmitoylethanolamide, mannose 
6-phosphate and palmitoylethanolamide had a significant 
negative correlation.

Pathway analysis
26 Differential metabolites associated with depression 
and 11 differential metabolites regulated by BR-PRA were 
imported into Metaboanalyst 6.0 for metabolic pathway 
analysis. 11 depression-related metabolic pathways were 
found (Fig. 8A, C), showing pentose phosphate pathway, 
purine metabolism, amino sugar and nucleotide sugar 
metabolism, arginine biosynthesis, fructose and man-
nose metabolism, galactose metabolism, biosynthesis of 
unsaturated fatty acids, arginine and proline metabolism, 
pyrimidine metabolism, primary bile acid biosynthesis, 
steroid hormone biosynthesis. Arginine biosynthesis, 
Histidine metabolism, Glycerophospholipid metabolism, 
Purine metabolism, and Steroid hormone biosynthesis 
could be mediated by BR-PRA (Fig. 8B).

Discussion
In this study, the exploratory ability, spontaneous activ-
ity, exploratory desire, and despair response of CUMS 
rats were weakened, but BR-PRA intervention reversed 
depressive behavior. Evaluation of changes in hippo-
campal histomorphology showed a decrease in hippo-
campal neurons in the CA1 and CA3 regions of CUMS 
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rats, with abnormal cell integrity and morphology. Nissl 
bodies were significantly reduced, and the structure 
and complexity of neuronal dendrites were weakened. 
Compared with the model group, BR-PRA relieved the 
damage in the CA1 and CA3 regions of the hippocam-
pus induced by CUMS. All these results indicate that 
BR-PRA exhibits an antidepressant effect. Furthermore, 
changes in cerebral cortex metabolites were identified 
by HPLC-QTRAP-MS/MS to determine the poten-
tial mechanism of BR-PRA for antidepressants. A total 

of 26 depression-related differential metabolites were 
identified, with 4 metabolites (homocitrulline, N-alpha-
acetyllysine, corticosterone, and N-acetylglutamic acid) 
regulated by BR-PRA.

Previous studies have indicated that Homocitrul-
line (N-ε-carbamyllysine) is a product of lysine carba-
mylation [33], while N-alpha-acetylysine is a derivative 
of lysine acetylation. Furthermore, the conversion of 
Lysine to saccharopine through condensation with 
α-ketoglutarate by the enzyme L-lysine-ketoglutarate 

Fig. 6  Multivariate data analysis from UHPLC-QTRAP-MS/MS (n = 5). (A): PCA scores of the control, model and quality control (QC) groups; (B): OPLS-DA 
scores of the control and model groups; (C): OPLS-DA model validation diagram; (D): V-S-plot; (E): OPLS-DA scores of the CTL, MOD, PA-PRA, FLX groups; 
CTL: Control group; MOD: Model group; BR-PRA: Radix Bupleuri-Radix Paeoniae Alba group; FLX: Fluoxetine group
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reductase. Subsequently, the saccharopine is reduced 
to 2-aminoadipic semialdehyde by the action of saccha-
ropine dehydrogenase, simultaneously liberating glu-
tamate. The synthesis of N-acetylglutamic acid from 
glutamic acid and acetyl-CoA [34] is a key process in the 
initiation of arginine biosynthesis. Interestingly, arginine 
biosynthesis(P<0.05) is significantly enriched in the anti-
depressant pathway by the BR-PRA group. arginine and 
its metabolites play an important role in the develop-
ment and persistence of depression [35]. Lysine serves 
as an essential precursor for de novo synthesis of gluta-
mate, the most significant excitatory neurotransmitter in 
the mammalian central nervous system [36]. Therefore, 
homocitrulline, N-alpha-acetylysine, and N-acetylglu-
tamic acid are all derived from catabolism or post-trans-
lational modification of lysine. To further elucidate the 
relationship between differential metabolites, we con-
ducted a correlation analysis, revealing a high correlation 
among mannose-6-phosphate, homocitrulline, 2-methyl-
citric acid, N-acetylglutamic acid, N-alpha-acetyllysine, 
palmitoylethanolamide, β-UDCA, ADPG, and D-Ribose 
5-phosphate. Moreover, significant positive correlations 
were observed between homocitrulline and N-alpha-
acetyllysine, N-alpha-acetyllysine and N-acetylglutamic 
acid, as well as β-UDCA and CDCA; N-Acetylglutamic 

acid and β-UDCA. Conversely, Galactose 1-phosphate 
and palmitoylethanolamide, Mannose 6-phosphate, and 
palmitoylethanolamide exhibited significant negative 
correlations. Of particular note is the strong correla-
tion between homocitrulline and N-alpha-acetyllysine, 
N-alpha-acetyllysine, as well as N-acetylglutamic acid 
(Coefficient > 0.8), indicating their connection and poten-
tial important role in depression.

Lysine (Lys) is an essential amino acid that plays a cru-
cial role in mammalian brain function. Previous studies 
have demonstrated that L-lysine exhibits antidepressant 
and anti-anxiety effects. Animal research has shown that 
L-lysine may influence neurotransmitters involved in 
stress and anxiety, and L-lysine acts as a partial serotonin 
receptor 4 antagonist, leading to a decrease in the brain-
gut response to stress and cortisol levels in the blood 
[37, 38]. In a placebo-controlled study investigating the 
effects of L-lysine-containing supplements in humans, 
it was found that a combination of L-lysine and L-argi-
nine supplements improved participants’ ability to han-
dle induced stress by increasing cortisol levels [39, 40]. 
Recent studies have demonstrated that Lys and its metab-
olites modulate benzodiazepine and G-protein-coupled 
receptors in the central nervous system [41, 42]. Lys defi-
ciency contributes to alterations in neurotransmitters 

Table 1  Differential metabolites associated with depression
Name Class HMDB RT (min) P value VIP Tread
N-alpha-acetyllysine Carboxylic acids and derivatives 0000446 7.34 1.22E-05 2.6 ↑
N-acetylglutamic acid Carboxylic acids and derivatives 0001138 7.95 1.06E-04 2.52 ↑
Homocitrulline Carboxylic acids and derivatives 0000679 7.37 1.48E-04 2.5 ↑
2-methylcitric Acid Carboxylic acids and derivatives 0000379 9.09 0.0027 2.25 ↑
Indole-3-methyl acetate Indoles and derivatives 0029738 5.99 0.0046 2.2 ↑
Hydroxyproline Carboxylic acids and derivatives 0000725 6.5 0.0064 2.14 ↓
Glycerol-myristate Glycerolipids 0011561 10.5 0.0083 2.09 ↓
Palmitoylethanolamide Carboximidic acids and derivatives 0002100 11.03 0.0093 2.07 ↓
Mannose 6-phosphate Organooxygen compounds 0001078 9.08 0.0102 2.07 ↑
Deoxycytidine Organic oxoanionic compounds 0000014 2.5 0.0105 2.05 ↓
Ursodeoxycholic acid (UDCA) Steroids and steroid derivatives 0000946 8.54 0.0112 2.06 ↓
Murocholic acid (MoCA) Steroids and steroid derivatives 0000811 8.23 0.0126 2.02 ↓
IDP Purine nucleotides 0003335 9.46 0.0130 2 ↑
Thyronine Carboxylic acids and derivatives 0000667 8.39 0.0133 2.02 ↓
Chenodeoxycholic acid (CDCA) Steroids and steroid derivatives 0000518 8.54 0.0135 2.03 ↓
Galactose 1-phosphate Organooxygen compounds 0000645 9.42 0.0161 1.77 ↑
Inosine-monophosphate Purine nucleotides 0000175 8.99 0.0172 1.97 ↑
Beta-ursodeoxycholic acid (β-UDCA) Steroids and steroid derivatives 0000686 8.54 0.0183 1.96 ↓
N-acetylneuraminic acid Organooxygen compounds 0000230 7.38 0.0229 1.9 ↑
Beta-hyodeoxycholic acid (β-HDCA) Steroids and steroid derivatives 0000664 8.84 0.0258 1.89 ↓
D-sedoheptulose 7-phosphate Organooxygen compounds 0001068 9.7 0.0263 1.87 ↑
ADPG Purine nucleotides 0006557 8.75 0.0339 1.84 ↑
Corticosterone Steroids and steroid derivatives 0001547 6.96 0.0353 1.81 ↑
Gamma-linolenic acid Fatty Acyls 0003073 10.99 0.0454 1.78 ↑
D-ribose 5-phosphate Organooxygen compounds 0001548 8.97 0.0482 1.73 ↑
Ricinoleic acid Fatty Acyls 0034297 9.94 0.0478 1.71 ↓
Note: Compared with the control group, “↑” the expession level is up-regulated; “↓” the expession level is down-regulated



Page 12 of 17Cai et al. BMC Complementary Medicine and Therapies          (2025) 25:168 

Fig. 7  A: Heat map of the differential metabolites. Red and blue indicate that the levels of differential metabolites are above and below average, re-
spectively. Rows represent differential metabolites, and the list shows samples (n = 5); B: The correlation network of differential metabolites. The degree 
value represents the number of edges connected to the pointing node. Nodes represent the targets of differential metabolites, the greater the degree, 
the greater Node; Solid lines represent positive correlation, and dashed lines represent positive correlation, the thicker line, the greater correlation.CTL: 
Control group; MOD: Model group; BR-PRA: Radix Bupleuri-Radix Paeoniae Alba group
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such as noradrenaline and serotonin in the amygdala and 
hypothalamus [43, 44]. Furthermore, microiontophoretic 
experiments in vivo have shown that lysine completely 
blocks glutamate-evoked neuronal excitation, suggest-
ing that lysine suppresses glutamatergic neuronal activ-
ity, thereby modulating brain activity [45]. Depression 
is closely related to changes in neurotransmitters such 
as glutamatergic, serotonergic, and GABAergic systems 
[46–48]. Therefore, lysine may exert modulatory actions 
on cellular physiological processes, such as cell prolif-
eration, differentiation, excitability, and intercellular 

interaction through neurotransmitter systems. It is also 
involved in the pathogenesis and treatment of depression.

On the other hand, lysine carbamylation and lysine 
acetylation are both post-translational modifications that 
have been proposed to mediate diverse environmental 
aspects involved in the pathophysiology of major psy-
chotic disorders. Lysine acetylation and deacetylation 
represent prominent posttranslational modifications 
of histone tails that affect chromatin structure and epi-
genetic states, playing an essential role in brain devel-
opment and function [49]. A postmortem investigation 
revealed that individuals with bipolar disorder exhibited 

Fig. 8  Metabolic pathway analysis: (A) Control VS Model group. (B): Model VS RA-RPA group. The magnitude of each node represents its pathway impact, 
and the darker shade of the node implies a more significant disparity. (C): Enrichment analysis of differential metabolic pathways. Enrichment Ratio is 
computed by Hits / Expected, where hits = observed hits; expected = expected hits

 



Page 14 of 17Cai et al. BMC Complementary Medicine and Therapies          (2025) 25:168 

higher baseline levels of total acetylated histone 3 com-
pared to those with schizophrenia [50]. Histone deacety-
lase inhibitors have demonstrated the ability to regulate 
epigenetic programming associated with cognition and 
behavior, and are considered a potential therapeutic 
target for mood disorders such as bipolar disorder and 
major depressive disorder [51].

Oxidative stress refers to the imbalance between oxi-
dation and antioxidation [52]. Cellular oxidative stress 
occurs when an imbalance between the generation of 
ROS and antioxidant defenses causes irreparable oxi-
dative damage. Protein lysine carbamylation is an irre-
versible post-translational modification resulting in 
the formation of homocitrulline (N-ε-carbamyllysine). 
Research has shown that intraventricular administra-
tion of homocitrulline affects glutathione (GSH) con-
centration and the activities of catalase (CAT) and 
glutathione peroxidase (GSH-Px) in the cerebral cortex, 
thereby reducing antioxidant capacity [53, 54]. It indi-
cates that homocitrulline induces lipid peroxidation, 
most probably through the formation of reactive oxygen 
species, leading to increased hydrogen peroxide produc-
tion in rat cerebellum, and decreased GSH concentra-
tions. Although the role of homocitrulline in depression 
has not been reported. However, growing data highlight 

the association between major depressive disorder 
(MDD) and dysregulation of redox balance. This dysregu-
lation is characterized by elevated oxidative activity and 
compromised antioxidant defense mechanisms. Oxida-
tive stress disorder in depression causes an increase in 
brain reactive oxygen species (ROS) [55], and a decrease 
in the activity of the antioxidant enzyme GSH-Px [56], 
resulting in a decrease in the volume of the hippocam-
pus and prefrontal cortex [47]. In our study, the concen-
tration of homocitrulline in the model group increased 
significantly and decreased significantly after the inter-
vention of BR-PRA. Furthermore, cortical differential 
metabolites enriched 11 metabolic pathways, includ-
ing the pentose phosphate pathway, fructose and man-
nose metabolism, purine metabolism, etc. The pentose 
phosphate pathway, with the most influential signaling 
(Impact>0.1, P<0.05), is essential for maintaining cellular 
redox balance [57, 58]. It converts glucose-6-phosphate 
into pentose, generating ribose-5-phosphate and nicotin-
amide adenine dinucleotide phosphate (NADPH), which 
are crucial for anabolic biosynthesis and redox homeosta-
sis [59]. Abnormalities in the pentose phosphate pathway 
lead to the reduction of NADPH, affecting the content of 
GSH and weakening its antioxidant effect. Therefore, BR-
PRA may regulate the concentration of homocitrulline by 
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regulating lysine carbamylation, thereby modulating oxi-
dative stress status in depression.

It is known that stress enhances the activity of the 
hypothalamus-pituitary-adrenal (HPA) axis, leading to 
increased secretion of corticosteroids from the adre-
nal cortex. Corticosterone is often used as a biomarker 
for stress and depressive disorders. The hypothalamus-
pituitary-adrenal axis (HPA axis) is closely related to 
depression [60]. Studies have demonstrated increased 
glucocorticoid levels [61] and decreased expression of 
glucocorticoid receptor (GR) in the hippocampus of indi-
viduals with depression [62]. Furthermore, intervention 
with glucocorticoid can induce depression and down-
regulation of GR expression in the hippocampus [63, 
64]. Corticosterone has been reported to induce depres-
sion [65, 66], resulting in decreased hippocampal volume 
and neurogenesis [63, 67]. This study found that cortical 
corticosterone concentration was significantly increased 
in the CUMS model compared to the model group, and 
significantly decreased after the intervention of BR-PRA. 
Histomorphology showed that intervention with BR-PRA 
reversed damage to hippocampal neuronal cells, weaken-
ing changes in the structure and complexity of neuronal 
dendrites in depression rats.

Previous studies have confirmed that chronic stress 
instigates neurotoxic processes HPA axis dysregulation, 
inflammation, oxidative stress, and neurotransmitter 
disturbances [47]. These processes interact and may con-
tribute to the development of major depressive disorder. 
In this study, widely targeted metabolomics was used to 
explore the underlying mechanisms of depression. The 
findings elucidated that RA-RPA may modulate depres-
sion through its effects on the HPA axis, amino acid 
metabolism related to lysine and glutamate, and oxidative 
stress. These findings provided evidence for supporting 
further exploration of antidepressant efficacy and clinical 
use of BR-PRA. Despite its contributions, this study has 
several limitations that warrant consideration. Firstly, the 
relatively small sample size in each experimental group 
may compromise the statistical power, thereby affecting 
the reliability and generalizability of the findings. Sec-
ondly, while we have identified potential metabolite bio-
markers associated with depression, the absence of direct 
molecular validation through targeted experiments. 
Future research will further investigate how RA-RPA 
regulates metabolic pathways and metabolites associ-
ated with depression, as well as their effects on specific 
enzyme receptors and signaling pathways. Additionally, 
the mechanisms underlying the antidepressant effects of 
RA-RPA will be explored from a clinical perspective.

Conclusion
This study demonstrated that BR-PRA significantly alle-
viated depressive-like behavior, reduced hippocampal 
damage, and may exert inhibitory effects on depression 
through multiple mechanisms, including the HPA axis, 
amino acid metabolism related to lysine and glutamate 
and oxidative stress, and modulation of oxidative stress.
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