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ABSTRACT: Chaigui granules were a traditional Chinese medicine (TCM) preparation with antidepressant effects derived from a
famous antidepressant prescription. It was of great significance to clarify the antidepressant mechanism of Chaigui granules for the
clinical application of this drug. In this study, a chronic unpredictable mild stress (CUMS) depression model was successfully
established, and behavioral indicators were used to evaluate the antidepressant effect. Second, the CD4+, CD8+, and CD4+/CD8+
levels were detected in peripheral blood. Meanwhile, the amount of inflammatory cytokines was determined in serum.
Correspondingly, LC/MS-based peripheral blood mononuclear cell (PBMC) metabolomics was used to investigate vital metabolic
pathways participating in the antidepressive effects of Chaigui granules. Finally, bioinformatics technology was further employed to
discover the potential antidepressant mechanism of Chaigui granules regulating the immune system. The results suggested that the
administration of Chaigui granules significantly improved CUMS-induced depressive symptoms. Chaigui granules could improve
immune function by regulating T lymphocyte subsets, increasing anti-inflammatory cytokine levels of IL-2 and IL-10, and reducing
pro-inflammatory cytokine levels of TNF-α, IL-1β, and IL-6. In addition, metabolomics results of PBMCs showed that Chaigui
granules improved 14 of the 25 potential biomarkers induced by CUMS. Metabolic pathway analyses indicated that purine
metabolism was the critical metabolic pathway regulated by Chaigui granules. Furthermore, correlation analysis indicated that 13 key
biomarkers were related to immune-related indicators. The metabolite−gene network of 13 key biomarkers was investigated by using
bioinformatics. The investigation showed that 10 targets (5′-nucleotidase ecto; 5′-nucleotidase, cytosolic IB; 5′-nucleotidase,
cytosolic II; etc.), mainly belong to the purine metabolism, might be potential targets for Chaigui granules to exert their
antidepressant effects by improving immune function impairment. Together, our results suggested that Chaigui granules might exert
antidepressant effects by improving immune function and regulating the purine metabolic pathway in PBMCs. This work used
PBMCs metabolomics as an entry point to study the antidepressant mechanism of Chaigui granules, which provided a new way to
elucidate the mechanism of a traditional Chinese medicine prescription.

1. INTRODUCTION

Depression is an affective mental illness caused by a variety of
factors1,2 and has become one of the common mental health
problems.3 At present, about 120 million people in the world are
suffering from this disease.4,5 According to the World Health
Organization forecast, depression will rise to the top of the
global burden of illness in 2030.6,7 However, depressive
mechanisms are not fully elucidated, and treatment remains a
major challenge.8

Increasing evidence has indicated that inflammation and
immune activation might be implicated the pathogenesis of

depression.9−12 The inflammatory response theory of depres-

sion proposed by Maesetal in 1999 suggested that depression

was related to the activation of the inflammatory response
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system.13−15 When inflammation occurs in the body, many
cytokines that promote inflammation, such as interleukins,
tumor apoptosis factors, etc., are produced.16 These pro-
inflammatory cytokines enter the brain and affect the neuro-
transmitters or neural circuits related to mood regulation, thus
promoting the development of depressive symptoms.17

Increased levels of pro-inflammatory cytokines are closely
related to depression. The amounts of a variety of inflammatory
products, including TNF-α, IL-1β, and IL-6 were increased in
patients within the central nervous system and peripheral
blood.18 In addition, a disturbed immune system is often
reported in depressive patients and might be a crucial factor in
the pathogenesis of depression.19,20 Inflammation or inflamma-
tory responses were the result of immune system activation,
often accompanied by the triggering of pro-inflammatory
responses, including cytokines IL-1β, IL-6, and TNF-α, and

adaptive T cell-mediated immune responses.21,22 Many types of
immune cells maintain balance under normal conditions, but
their dysregulation in action often leads to disease, with growing
evidence that this occurs in mental illness, including
depression.22 Peripheral blood mononuclear cells (PBMCs)
contain a variety of immune cells such as T cells, B cells, natural
killer cells, and dendritic cells, which play an essential role in the
immune system and are now gradually being used in the study of
psychiatric disorders such as depression.23,24 Several studies had
suggested that the disturbed immunometabolism of PBMCs
occurs in depressed rats.25 In particular, PBMCs and the brain
have shown many parallel responses of the central nervous
system.26,27 The disorder of lymphocyte function and
metabolism was accompanied by changes in the neuro-
transmitter and hormone system.28 In summary, this provides
evidence for possible crosstalk between the central nervous

Figure 1. Workflow for dissecting the mechanisms of Chaigui granules for treating depression.
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system and the peripheral immune system.29 Cerebrospinal fluid
and brain biopsy samples were difficult to obtain, and it was
impractical to collect these samples for routine clinical screening
or diagnostic purposes.29,30 PBMCs have good practical
advantages, including ease of access and low cost. They have
great potential for use in studies as diagnostic biomarkers of
depression and markers of antidepressant efficacy.31

At present, synthetic antidepressants play an important role in
the treatment of depression, but serious adverse reactions have
also begun to appear, such as headache, dizziness, anxiety,
nervousness, insomnia, addiction, etc.32 Therefore, the develop-
ment of a traditional Chinese medicine (TCM) with good
antidepressant efficacy has gradually attracted more attention.33

Chaigui granules are derived from the classic prescription
“Xiaoyao San”, which has numerous studies confirming a clear
antidepressant effect.34−37 Currently, it has been approved by
the Chinese National Medical Products Administration for
clinical trials in depression.37 Chaigui granules consist of radix
bupleuri (Bupleurum chinense (DC.)), radix paeoniae alba
(Paeonia lactif lora (Pall.)), rhizoma atractylodis macrocephalae
(Atractylodes macrocephala (Koidz.)), radix angelicae sinensis
(Angelica sinensis (Oliv.) Diels), radix glycyrrhizae (Glycyrrhiza
uralensis (Fisch.)), and herba menthae haplocalycis (Mentha
haplocalyx (Briq.)). However, it was unclear whether Chaigui
granules could exert antidepressant effects by regulating PBMC

abnormalities. Therefore, it is vital to further clarify the potential
antidepressant mechanism of Chaigui granules in PBMCs.
LC/MS metabolomics is a new omics approach that analyzes

the low-molecular-weight metabolites of a certain organism in a
specific physiological period.38,39 It is based on high-throughput
mass spectrometry technology, cluster index analysis, and data
processing to screen and identify the differential metabolites
associated with the disease phenotype.38,40 Compared with
other omics approaches, metabolomics is rather new and has
already attracted substantial interest in the field of depression
biomarkers.41

At present, the study of depression mechanisms is gradually
becoming a research hotspot, but the antidepressant mechanism
based on PBMCs is less studied. In this study, the chronic
unpredictable mild stress (CUMS) rat model was used to
evaluate the antidepressant effect of Chaigui granules. Next,
peripheral blood T lymphocyte subpopulations were detected
by flow cytometry, and serum inflammatory cytokine levels were
measured. Subsequently, PBMC metabolomics was used to
search the key metabolites and metabolic pathways regulated by
Chaigui granules. Furthermore, a correlation analysis was used
to explore the relationship between metabolites and immune
indicators, focusing on key metabolites. Finally, bioinformatics
technology was further employed to discover the potential
antidepressant mechanism of Chaigui granules regulating the

Figure 2. Evaluation of the antidepressant effect of Chaigui granules. (A) Rat body weights on day 28. (B) Sucrose preference. (C) The crossing
number in the open field test (OFT). (D) The rearing number in the OFT. (E) Immobility time in the forced swimming test (FST). All data are
expressed as the median±min to max (n = 8). #P < 0.05, ##P < 0.01, and ###P < 0.001 compared with control group. *P < 0.05, **P < 0.01, and ***P <
0.001 compared with theCUMS group. CUMS is the themodel group, CGG-L is the group that received a low dose of Chaigui granules, CGG-M is the
group that received a medium dose of Chaigui granules, and CGG-H is the group that received the high dose of Chaigui granules.
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immune system (Figure 1). Notably, this study is the first to
illustrate the underlying mechanism of the therapeutic effect of
Chaigui granules on depressed rats from the perspective of
PBMCs.

2. RESULT

2.1. Evaluation of the Antidepressant Effect of Chaigui
Granules. The depressive behaviors of CUMS rats and the
antidepressant effects of Chaigui granules were estimated by the
body weights, sucrose preference test (SPT), open field test
(OFT), and forced swim test (FST) indicators. After four weeks
of the CUMS procedure, the body weight (Figure 2A), sucrose
preference rate (Figure 2B), crossing number (Figure 2C), and
rearing number (Figure 2D) of OFT clearly decreased, and the

immobile time of FST (Figure 2E) increased significantly in the
model group of depression compared with that of the normal
group. The rats in the CUMS group had significant depressive
behavior, which was similar to clinical symptoms of depression.
These results showed that the CUMS model of depression had
been established successfully.
After four weeks, the weights of rats in the low-dose group

(CGG-L, 4.2 g/kg, P < 0.05), the middle-dose group (CGG-M,
8.3 g/kg, P < 0.01), and the high-dose group (CGG-H, 16.6 g/
kg, P < 0.05) of the Chaigui granules were increased significantly
after treatment compared with those of the CUMS group
(Figure 2A). It showed that Chaigui granules could effectively
reverse the weight loss caused by the CUMS model. In the SPT
experiment (Figure 2B), the rate of sucrose preference was

Figure 3. Changes of peripheral blood T lymphocyte subsets in CUMS-depressed rats and the regulatory effect of Chaigui granules. Representative
flow cytometric dot plots of (A) CD4+ and (B) CD8+ in T lymphocytes. The statistical analysis for (C) CD4+ and (D) CD8+T cells and (E) CD4+/
CD8+. All data are expressed as themean± SD (n = 6). #P < 0.05 and ##P < 0.01 compared with the control group. *P < 0.05 and **P < 0.01, compared
with the CUMS group. CUMS is the model group, and CGG-M is the group that received the medium dose of Chaigui granules.
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significantly higher in the CGG-M group (P < 0.01) and the
CGG-H group (P < 0.01) compared with the CUMS model
group, and there was a trend of increase in the CGG-L group.
This indicated that the phenomenon of depression in CUMS
rats had improved. Similarly, the OFT and the FST also showed
improvements compared with the model group. On the 28th
day, the Chaigui granules groups showed significant increases in
the crossing number (Figure 2C) and the rearing number
(Figure 2D) of the OFT compared with those of the CUMS
group. The immobile time of the FST was remarkably reduced
(Figure 2E) compared with that of the model group. All these
findings suggested that Chaigui granules had a remarkable
antidepressant effect. Furthermore, the antidepressant effect of
Chaigui granules was better in the medium and high doses, so
the medium and high doses were chosen for subsequent studies.
2.2. The Regulatory Effect of Chaigui Granules on the

Immune Function of CUMS Depression in Rats.
2.2.1. Changes of Peripheral Blood T Lymphocyte Subsets
in CUMS-Depressed Rats and the Regulatory Effect of
Chaigui Granules. T lymphocyte subsets in peripheral blood
play an essential role in regulating immune stability.42,43 The
total numbers of CD4+ and CD8+ T lymphocytes and the ratio
of CD4+/CD8+ T lymphocytes are important indices to reflect
the immune status of an organism.44,45 Counts of main
lymphocyte subpopulations (CD3, CD4, and CD8 T cells)
were performed to test immune function using flow cytometry.
As a result, representative flow cytometric dot plots of CD4+
and CD8+ in T lymphocytes are shown in Figure 3A and B,
respectively. The level of CD8+ T cells in the CUMS group

increased, while that of the CD4+T cells and the ratio of CD4+/
CD8+ T lymphocytes decreased compared with those of the
control group (Figure 3C−E). Compared with the CUMS
group, Chaigui granules could significantly increase the
percentage of CD4+ T cells and the ratio of CD4+/CD8+ T
lymphocytes in peripheral blood lymphocytes. The results
showed that the T lymphocyte subsets of CUMS depressed rats
had changed, and the immune function had been disordered.
Chaigui granules had an antidepressant effect by regulating T
lymphocyte subsets and improving immune function.

2.2.2. Chaigui Granules Improved CUMS-Induced Immune
Inflammation. Cytokines are active signal molecules secreted
by immune cells, including pro-inflammatory cytokines and anti-
inflammatory cytokines, and play a crucial role in immune
response; therefore, to a certain extent the changes in their
expression levels could reflect the immune function of the
body.46 To elucidate the effect of Chaigui granules on CUMS-
induced inflammation, the levels of important pro-inflammatory
cytokines TNF-α, IL-1β, and IL-6 and anti-inflammatory
cytokines IL-2 and IL-10 in serum were measured (Figure 4).
In the CUMS group, the levels of pro-inflammatory cytokines
(TNF-α, IL-1β, and IL-6) in the serum were higher and the
levels of anti-inflammatory cytokines (IL-2 and IL-10) in the
serum were lower compared with those of the control group.
After four weeks of administration of the Chaigui granules, the
levels of inflammatory cytokines TNF-α, IL-1β, and IL-6 were
lower, and the secretion of anti-inflammatory cytokines IL-2 and
IL-10 increased. The results indicated that Chaigui granules had

Figure 4. Chaigui granules improve CUMS-induced immune inflammation. Effect of the Chaigui granules on the levels of (A) IL-1β, (B) IL-6, (C)
TNF-α, (D) IL-2, and (E) IL-10 in the serum of rats. All data are expressed as themedian±min tomax (n = 6). #P < 0.05 and ##P < 0.01 compared with
the control group. *P < 0.05 and **P < 0.01 compared with the CUMS group. CUMS is the the model group, and CGG-M is the group that received
the medium dose of Chaigui granules.
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obvious antidepressant effects by improving immune function
and alleviating immune inflammation.
2.3. Results of the Metabolomics Analysis of PBMCs.

2.3.1. Validation of the Metabolomics Method. The typical
peak intensities based on chromatograms of PBMCs samples
were obtained through UPLC-MS/MS positive and negative ion
modes. Additionally, the principal component analysis (PCA)
scores plot of the PBMCs (Figure S1) indicated that the quality
control group (QC) was gathered. Meanwhile, 10 ions were
taken from basic peak intensity chromatography of the QC
samples for method validation (Tables S1). The RSDs for the
retention times were 0.063−1.894%, and relative peak areas
were 2.85−9.87%, which illustrated that the instrument was
stable and the data process was reliable.47

2.3.2. Regulation of Chaigui Granules on Abnormal
Metabolism of PBMCs Induced by CUMS. To obtain the
metabolic differences among different groups, all metabolomics
data were analyzed with Simca14.1 for multivariate data. As
shown in Figure 5A, an obvious separation could be observed
among the control, the CUMS model, and Chaigui granules
treatment groups in the PCA score plot. This indicated that a

biochemical perturbation occurred in the CUMS group and the
Chaigui granules treatment groups. The PLS-DA model was
further used to distinguish the different metabolites among the
different groups, as shown in Figure 5B. The classification effect
was significant, and the groups became obviously distinguished
from each other.
The permutation test parameters presented the excellent

predictive ability of the control and model groups, as shown in
Figure 5C (intercepts for PBMCs R2 = 0.92 and Q2 = −0.438),
indicating that the models reliably explained and did not overfit
the data. Furthermore, the supervised OPLS-DA analysis was
used to evaluate the different metabolites between the control
and model groups, and significant separation was found between
the control group and the model group in the PBMCs (Figure
5D). To further analyze the differences between the metabolites,
the OPLS-DA S-plot (Figure 5E) was used to show the different
metabolites between the control and the model group. In the S-
plots, different points represent different in metabolites. The
further away from the center of the variable, the more influence
the variable had on the group separation. The above results

Figure 5.Metabolomics profiling analysis of PBMCs. (A) PCA score plot, (B) PLS-DA score plot, (C) PLS-DA validation plot, (D) OPLS-DA score
plot, and (E) S-plot of OPLS-DA. CUMS is the model group, CGG-M is the group that received the medium dose of Chaigui granules, and CGG-H is
the group that received the high dose of Chaigui granules.
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demonstrated that the metabolic disorders induced by the
CUMS model improved after treatment with Chaigui granules.
2.3.3. Selection of Differential Metabolites and the

Regulatory Effects of Chaigui Granules. The differential
metabolites were screened between the control and the
CUMS groups based on VIP values greater than 1 and t-tests
(p < 0.05). As a consequence, 25 differential metabolites were
screened out (Table 1). Compared with the control group, the
levels of five differential metabolites (palmitic amide,
octadecanamide, linoleamide, etc.) were increased those of 20
differential metabolites (adenosine monophosphate, hypoxan-
thine, l-carnitine, etc.) were decreased in CUMS group. Among
them, 14 metabolites were regulated after treatment with the
Chaigui granules. Details of the metabolites significantly
regulated by Chaigui granules in PBMCs are shown in Figure
6, indicating that both the CGG-M and CGG-H groups have
regulatory effects on different metabolites. The results suggested
that the metabolites could be obviously regulated, and the
metabolic disturbances were improved in the model group of
rats after treatment with Chaigui granules.
2.4. Metabolic Pathway Analysis. To identify the

metabolic pathways most associated with depression, the
MetaboAnalyst 5.0 program was applied to analyze the
metabolic pathways to gain more information for potential
biomarkers. In this study, pathways with impact values >0.05
were considered as the significant metabolism pathways. The
results showed that four significant metabolic pathways were
disordered, including phenylalanine, tyrosine, and tryptophan
biosynthesis; tyrosine metabolism; ether lipid metabolism; and
purine metabolism (Figure 7A). Among them, Chaigui granules
were effective for regulating two metabolic pathways, namely
purine metabolism and ether lipid metabolism, in PBMCs

(Figure 7B). As a result, the metabolic pathway analysis showed
that purine metabolism (impact of 0.08) was the vital metabolic
pathway regulated by Chaigui granules.

2.5. Correlation Analysis of Metabolites and Immune-
Related Indicators.Metabolomic analysis revealed that 14 key
metabolites were regulated after treatment with Chaigui
granules, and these metabolites were closely related to the
antidepressant effect of Chaigui granules. To investigate the
potential link between metabolites and immune-related
indicators, a Pearson correlation analysis was performed to
screen key biomarkers for significant correlations with both
depression and immune function. As a result, 13 different
metabolites were related to more than one immune-related
index, including oleamide, palmitic acid, docosapentaenoic acid,
13-hode, platelet-activating factor, hypoxanthine, thromboxane
B2, spermidine, L-carnitine, lysope (18:0/0:0), 5-phenyl-1-
pentanol, betaine, and adenosinemonophosphate, among which
hypoxanthine and 5-phenyl-1-pentanol had the strongest
correlation with immune indicators and were closely related to
the five indicators. Platelet-activating factor and docosapentae-
noic acid were strong and were closely related to four indicators.
Palmitoylethanolamide was weaker than the immune indicators,
and it had no correlation with six immune indicators (Figure 8).
Overall, the results indicated that 13 key biomarkers associated
with the antidepressant effect of Chaigui granules were closely
related to either immune function or inflammation.

2.6. Biological Networks Analysis of Key Biomarkers.
2.6.1. Construction and Analysis of 13 Key Biomarkers and
Related Gene Networks. The correlation analysis indicated that
13 Chaigui granule-regulated metabolites were closely related to
immune function or immune inflammation. Therefore, this
study further investigated the potential key metabolic pathways

Table 1. Differential Metabolites Associated with Depression Were Detected by UPLC-MS/MS in PBMCsa

no. metabolites retention time (min) m/z formula VIP P trend scan mode

1 palmitic amide 25.60 256.26 C16H33NO 19.38 0.00** ↑ +
2 octadecanamide 28.60 284.29 C18H37NO 16.28 0.00** ↑ +
3 platelet-activating factor 21.21 524.37 C26H54NO7P 6.89 0.00** ↓ +
4 oleamide 25.83 265.25 C18H35NO 6.87 0.00** ↑ +
5 palmitoylethanolamide 14.60 300.29 C18H37NO2 5.90 0.02* ↓ +
6 hypoxanthine 2.25 137.05 C5H4 N4O 3.77 0.00** ↓ +
7 linoleamide 25.30 280.26 C18H33NO 4.77 0.00** ↑ +
8 palmitic acid 10.66 274.27 C16H32O2 2.95 0.00** ↓ +
9 spermidine 1.15 146.17 C7H19N3 2.44 0.02* ↓ +
10 L-carnitine 1.41 162.11 C7H15NO3 2.04 0.00** ↓ +
11 LysoPE (18:0/0:0) 20.25 482.32 C23H48NO7P 2.24 0.04* ↓ +
12 1-monopalmitoylglycerol 25.93 331.28 C19H38O4 2.18 0.00** ↓ +
13 docosatrienoic acid 24.43 335.29 C22H38O2 2.96 0.00** ↓ +
14 5-phenyl-1-pentanol 2.23 159.03 C6H6O5 2.12 0.00** ↓ +
15 phytosphingosine 10.84 318.30 C18H39NO3 1.42 0.03* ↓ +
16 L-tyrosine 2.73 182.08 C9H11NO3 1.44 0.03* ↓ +
17 betaine 1.48 118.09 C5H11NO2 1.48 0.02* ↓ +
18 docosapentaenoic acid 21.88 331.26 C22H34O2 1.44 0.00** ↓ +
19 thromboxane B2 9.10 369.23 C20H34O6 1.21 0.012* ↓ −
20 MG (18:0/0:0/0:0) 28.80 359.32 C21H42O4 1.26 0.00** ↓ +
21 13-HODE 18.17 295.23 C18H32O3 1.10 0.00** ↓ −
22 hexadecenal 25.93 239.24 C16H30O 1.23 0.00** ↓ +
23 docosadienoate (22:2n6) 26.75 337.31 C22H40O2 1.96 0.00** ↓ +
24 sphingosine 1-phosphate 14.07 380.26 C18H38NO5P 1.06 0.04* ↑ +
25 adenosine 5′-monophosphate 1.59 348.07 C10H14N5O7P 1.11 0.00** ↓ +

a“↓” or “↑” means the metabolite significantly decreased or increased in the CUMS group compared with the control group. *p < 0.05 and **p <
0.01 compared with the control group.
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related to immune function and inflammation that were
regulated by Chaigui granules. The metabolites−gene networks
were constructed using Metscape, and genes related to 13 key
metabolites were obtained (Figure 9A). The genes related to key
metabolites and genes associated with depression were
intersected by Venn diagrams, and 46 shared targets were
obtained (Figure 9B). KEGG pathway enrichment analysis was
carried out using the ClueGo plug-in with a cutoff of p < 0.05 for
the 46 shared targets to discover potential key metabolic
pathways related to immune function and inflammation that
were regulated by Chaigui granules. An enriched pathway

network was constructed (Figure 9C), and a total of nine
enriched pathways were obtained, specifically purine metabo-
lism, pyrimidine metabolism, nicotinate and nicotinamide
metabolism, ubiquitin-mediated proteolysis, morphine addic-
tion, fatty acid degradation, glutathione metabolism, renin
secretion, and ether lipid metabolism. These pathways are
closely associated with the development of immunity and
depression, which could help to further understand the
antidepressant mechanism of Chaigui granules by improving
immune function.

Figure 6.Relative peak areas of the differential metabolites in PBMCs regulated by Chaigui granules. All data are expressed as the median±min tomax
(n = 6). #P < 0.05, ##P < 0.01, and ###P < 0.001 for the CUMS group vs the control group. *P < 0.05, **P < 0.01, and ***P < 0.001 for the drug-treated
groups vs the CUMS group. CUMS is the themodel group, CGG-M is the group that received themedium dose of Chaigui granules, andCGG-H is the
group that received the high dose of Chaigui granules.
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2.6.2. Protein−Protein Interaction (PPI) Analysis of the Key
Targets. To obtain key targets for Chaigui granules to exert
antidepressant effects through improved immunity, a string
database was used to construct an interactive network of the 46
shared targets obtained by intersecting the key metabolite-
related genes with disease genes. The constraint was “human
species”. The network was constructed, and a “TSV” formated
file of the gene interactions was downloaded and imported into
Cytoscape software for modular and topological analysis. A
protein network with 45 nodes and 208 edges was obtained
(Figure 10A). The top ten targets with the highest maximal
clique centrality (MCC) scores were ranked from yellow to red
using the CytoHubba plugin, with redder colors indicating
higher MCC scores and a preference for key targets (Table S2).
The top ten targets were NT5E, NT5C1B, NT5C2, PDE11A,
PDE10A, PDE2A, AMPD2, AMPD3, ADK, and PDE3A (Figure

10B), which played a major role in the network diagram (Figure
10C).

3. DISCUSSION
Although Chaigui granules have been demonstrated to treat
depression, the elucidation of the mechanism still faced great
challenges because of its multicomponent, multitarget, and
multichannel efficacy. In this study, we first evaluated the
antidepressant effect of Chaigui granules. After the admin-
istration of the Chaigui granules, the weight and levels of
behavioral indicators were improved compared with those of the
CUMS group. More importantly, we found that the immune
function was disordered in the CUMS model rats, and Chaigui
granules could improve immune function by regulating the ratio
of T-lymphatic subpopulations, reducing the level of inflamma-
tory cytokines and increasing the secretion of anti-inflammatory

Figure 7.Metabolic Pathway Analysis. (A)The disorder metabolic pathways in the CUMS group. (B) The metabolic pathways regulated by Chaigui
granules. The size and color of each circle indicate the significance of pathway ranked by the P-value and the pathway impact score, respectively. Red
represents higher P-values, and yellow represents lower P-values. The larger the circle, the higher the impact score.

Figure 8. Correlation analysis of metabolites and immune-related indicators. Correlation analysis between metabolites regulated by Chaigui granules
and immune-related indicators according to the Pearson correlation coefficient. Red indicated that |r| was a positive value, and blue indicated that |r|
was a negative value. The darker the color, the larger the |r| value. The asterisk (*) represents P < 0.05 and |r| > 0.7.
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cytokines. Correspondingly, metabolomics of PBMCs was
adopted to explore the antidepressant effects of Chaigui
granules. Twenty-five depression-related metabolites were
identified by LC/MS-based PBMCs metabolomics, and Chaigui
granules groups could significantly retrieve 14 of them. Besides,
the analysis of the metabolic pathways indicated that the purine
metabolism was the most important metabolic pathway
regulated by Chaigui granules. In addition, according to a
Pearson correlation analysis, 13 key biomarkers related to
depression and immune function damage were found. Finally,
the metabolite−gene network of 13 key biomarkers was
investigated using bioinformatics, which indicated that 10
targets (NT5E, NT5C1B, NT5C2, PDE11A, PDE10A, PDE2A,
AMPD2, AMPD3, ADK, and PDE3A) mainly belong to the
purine metabolism might be potential targets for Chaigui
granules treating depression. To our knowledge, this was the first
study to present a metabolomics analysis of PBMCs integrated
with bioinformatics to further decipher the antidepressant
pathogenesis of Chaigui granules.
3.1. Altered Immune Function and Inflammatory

Response in Depressed Rats and the Regulatory Effects
of Chaigui Granules. Studies demonstrated that chronic stress
might cause changes in immune system functioning.48 In
contrast to acute stress, chronic stressors are known to suppress
immune function and raise susceptibility to inflammatory and

mental illness.49,50 Studies have reported not only that there
were higher levels of pro-inflammatory cytokines in the blood
during chronic stress but also that the response and fighting
ability of immune cells were lower.51 It was, for example, proved
that chronic stress induced an inhibitory effect on innate and
adaptive immune responses by altering the balance of type 1 and
type 2 cytokines.52,53 On the other hand, in chronic stress the
number of cytotoxic T cells and natural killer cells was
reduced,54 lymphocyte proliferation in response to specific
mitogens was decreased,55,56 and the percentages of CD4 helper
T cells and CD8 cells were reduced,57 thus indicating a disorder
of the immune system due to a chronic state of stress-related
vigilance.58 Under normal conditions, T lymphocyte inter-
actions maintain normal immune function. When the number
and function of T lymphocytes change, however, it could lead to
a disruption of cellular immune function.59,60 CD4+ T cells
represent the key immune response cells, while CD8+ T cells
represent the immune effector cells. A reduction of the CD4+/
CD8+ ratio is an important feature of immune disorders.61 It has
been shown that depression-like behavior in rats is related to a
reduction in the amount of CD4+, an increase in CD8+
accumulation, and a reduction of the CD4+/CD8+ ratio.60 This
study found that T lymphocyte subsets differed significantly
among groups. Both the level of CD4+T cells and the CD4+/
CD8+ ratio decreased, and the level of CD8+T cells increased in

Figure 9.Construction and analysis of 13 key biomarkers and related gene networks. (A) The network of potential biomarkers for Chaigui granules for
its antidepressant effect in PBMCs. (B) The Venn diagram of the common genes, which was obtained by intersecting the metabolite-related genes with
disease genes. (C) Network of the shared genes KEGG pathway from ClueGO.
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rats in the model group after 28 days of CUMS modeling.
Compared with the model group, Chaigui granules significantly
improved the disruption of T-lymphocyte subsets. The results
indicated that the T lymphocyte subsets of CUMS-depressed
rats had changed and the immune function had been disordered.
Chaigui granules could have an antidepressant effect by
regulating the lymphocyte subsets and improving the immune
function.

In recent years, research had found that pro-inflammatory
cytokines are especially closely associated with the development
of depression.62,63 The cytokine hypothesis suggests that
depression is related to abnormalities of the immune system,
namely an inflammatory disorder caused by disturbances in
neuroimmune regulation.64 Cytokines are a class of small-
molecule proteins secreted by immune cells, which regulate a
wide range of cellular physiological functions.65 Cytokines are

Figure 10. Protein−protein interaction (PPI) analysis of the key targets. (A) PPI network of the shared targets and (B) the network of the protein
targets with the top tenMCC values in the interaction network. (C) The position of the top ten targets in purine metabolism. For the interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.
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divided into pro-inflammatory cytokines and anti-inflammatory
cytokines, which play different roles in inflammation.66 For
example, IL-1β, IL-6, and TNF-α are important pro-
inflammatory cytokines, while IL-4 and IL-10 are anti-
inflammatory cytokines.67 Clinical studies have indicated that
depressed patients often had different levels of inflammatory
activation, indicating that the occurrence of depression might be
closely linked to cytokines.64,68 Several studies suggested that
levels of a variety of inflammatory cytokines such as IL-1β, IL-6
and TNF-α were significantly elevated and those of anti-
inflammatory cytokines such as IL-4 and IL-10 were reduced in
the serum or plasma of depressed patients.69,70 In addition,
meta-analyses indicated that levels of inflammatory cytokines in
depressed patients, including IL-1, IL-6, and TNF-α, were
clearly above those of healthy individuals and were positively
related to the severity of depressive symptoms.71−73 Such an
abnormal change in inflammatory factor levels suggested that
depression might activate the inflammatory process.74 The
results of this experiment showed that the serum levels of IL-1β,
IL-6, and TNF-α were higher in CUMS model rats than in
normal rats, while treatment with Chaigui granules reduced the
levels of inflammatory cytokines.
3.2. Depression-Induced Dysfunction of the PBMC

Pathway and theModulatory Effect of Chaigui Granules.
In our work, metabolomics identified purine metabolism as the
main pathway regulated by Chaigui granules in depressed rats.
Hypoxanthine and AMP levels were reduced in the model
group. Hypoxanthine is a reaction intermediate in the
metabolism of adenosine and the formation of nucleic acids
via the nucleotide remediation pathway.75 Some researchers
have also found that the disorder of purine metabolism might
play an important role in the development of depression.76 The
levels of 7-methylhypoxanthine, hypoxanthine, uric acid, and
methylguanine in the urine of depressed rats with olfactory bulb
resection are reduced.77 Similarly, a meta-analysis of metabolic
profile data from a large number of depression patients showed
that the level of hypoxanthine in the peripheral blood of patients
with MDD also changed.78 This was consistent with the results
of our study. AMP consists of a phosphate group, pentose ribose,
and the nucleobase adenine and is produced by the enzyme
adenylate kinase during the synthesis of ATP.79 The onset of
depression could lead to altered levels of AMP. Studies had
shown that the preventive use of ketamine can increase AMP
levels in the hippocampus and plasma of stress-exposed mice.80

In recent years, studies have described that purinergic system
dysfunction is associated with the pathology of mental diseases,
such as anxiety, schizophrenia, andmajor depression.76,81 Purine
metabolism and depression-related mechanisms of action were
mainly focused on purine catabolism. Clinical studies of
metabolomics have shown that the levels of purine-related
metabolites in the plasma of children and adolescents with
depression are variable.76 A recent study found that purine
metabolism in the hypothalamus of mice with lipopolysacchar-
ide-induced depression was disturbed and proved that the
abnormal function of purine metabolism is one of the main
features of inflammation-mediated depression.82 At the same
time, changes in the purinergic system can lead to an increase in
the number of purine P2X7 receptors, which in turn promotes
immune inflammation and aggravates depression.83 PBMCs are
composed of immune cells, which are an important part of the
body’s peripheral immune system. Excessive stress could cause
disturbances in the purine metabolism of PBMCs and affect the
peripheral immune system. The latest research also showed that

long-term stress could cause the destruction of themitochondria
of CD4+T cells, which are important immune cells, and produce
a large amount of purines.84 Enhancing the immune function of
PBMCs by regulating purine metabolism might be an important
way for Chaigui granules to exert their antidepressant effect, but
the deeper mechanism needs to be studied further.

3.3. Bioinformatics Analysis of ImportantMetabolites.
PBMCs are key immune cells capable of secreting cytokines,
which are closely related to immune-related indicators. KEGG
pathway enrichment analysis results indicated that nine
metabolic pathways, specifically purine metabolism, pyrimidine
metabolism, nicotinate and nicotinamidemetabolism, ubiquitin-
mediated proteolysis, morphine addiction, fatty acid degrada-
tion, glutathione metabolism, renin secretion and ether lipid
metabolism, might be important ways for Chaigui granules to
exert their antidepressant effect by improving the body’s
immunity. The results of the PPI analysis indicated that ten
targets, such as NT5E, NT5C1B, NT5C2, PDE11A, PDE10A,
PDE2A, AMPD2, AMPD3, ADK, and PDE3A, might be
potential key targets for Chaigui granules to exert an
antidepressant effect. Joint pathway analysis of the ten key
targets indicated that they were mainly in purine metabolism,
which further suggested that purine metabolism was an
important way for Chaigui granules to exert an antidepressant
effect. Recent studies have demonstrated that stress causes
changes in the metabolites of peripheral blood purine
metabolism and that the regulation of peripheral blood purine
metabolism might be one way to alleviate depression.84−86

CD4+ T cells are an important component of PBMCs, and
excessive stress could also contribute to disturbances in purine
metabolism in peripheral blood CD4+ T lymphocytes. This
could lead to the accumulation of interferon-1 (IRF-1), levels of
enzymes associated with xanthine synthesis, resulting in
significantly increased levels of xanthine.84 The results of this
study were consistent with those reported in the literature and
indicated that Chaigui granules could exert antidepressant
effects by modulating the purine metabolic pathway of PBMC
and improving the immune function of the body. However,
deeper mechanisms need to be investigated further.

4. CONCLUSIONS

In summary, Chaigui granules could obviously improve the
depressive symptoms induced by CUMS. The results suggested
that Chaigui granules could exert antidepressant effects by
improving immune function and regulating the purinemetabolic
pathway in PBMCs. This work was the first to use the
metabolomics of PBMCs as an entry point to study the
antidepressant mechanism of Chaigui granules, which provided
a new approach to elucidate the underlying mechanism of a
Chinese medicine prescription.

5. MATERIALS AND METHODS

5.1. Chemicals and Reagents. The isolation kit for rat
PBMCs and the rat peripheral blood lymphocyte separation
solution were purchased from Tianjin Haoyang Biological
Products Technology Co., Ltd. (Tianjin, China). IL-1β, IL-6,
TNF-α, IL-2, and IL-10 kits were purchased from Shanghai
Xitang Biotechnology Co., Ltd. (Shanghai, China). Chromatog-
raphy-grade acetonitrile, formic acid, and methanol were
provided from Thermo Fisher Scientific. The following
antibodies were used: FITC antirat CD3 (lot B279666,
Biolegend, San Diego, CA), APC antirat CD4 (lot B334589;
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Biolegend, San Diego, CA), and PE antirat CD8 (lot B331642;
Biolegend, San Diego, CA). BD LSRFortessa X-20 was
purchased from BD Biosciences. A Scientz-IID Ultrasonic Cell
Shredder was purchased from Ningbo Xinzhi Biological
Technology Co., Ltd. (Ningbo, China). A high-speed
refrigerated centrifuge was purchased from Shanghai Lishen
Scientific Instrument Co., Ltd. (Shanghai, China). A multifunc-
tional microplate reader (TECAN Infinite M200 Pro) was
purchased from TECAN.
5.2. Preparation of Chaigui Granules. Chaigui granules

(batch no. 20181009) was prepared by the Center of Shanxi
Academy of Traditional Chinese Medicine. The ratio of radix
bupleurum, radix angelicae sinensis, radix paeoniae alba,
atractylodes macrocephala, semen mint, and glycyrrhiza
uralensis is 3:3:3:3:2:1. Our research team had conducted a
systematic study on the chemical composition of Chaigui
granules, which mainly contain albiflorin, paeoniflorin,
saikosaponin A, ferulic acid, licoricin, and atractylenolide III.37

5.3. Experimental Animals. All procedures involving
animals were approved by the Animal Ethics Committee of
Shanxi University (approval no. SXULL2020028) to ensure
ethical use and humane treatment of the animals. All animal
experiments were conducted under the National Guidelines for
Experimental Animal Welfare (MOST, China, 2006) and the
NIH Guide for the Care and Use of Laboratory Animals. A total
of 40 male Sprague−Dawley (SD) rats, weighing 200 ± 20g,
were acquired from Beijing Vital Laboratory Animal Co. Ltd.
(Beijing, China). All animals were kept at standard laboratory
conditions (25 ± 2 °C temperatures and 56 ± 5% relative
humidity) with a 12 h light−dark cycle and food and water. All
experimental procedures attempted to minimize the suffering of
the experimental animals.
5.4. Administration of Chaigui Granules and Exper-

imental Design. After 1 week of acclimation, rats were
randomized into four groups: the control group (control), the
CUMS model group (CUMS), and Chaigui granules treatment
groups at three doses (the low-dose group, CGG-L; the
medium-dose group, CGG-M; and the high-dose group,
CGG-H;). In the three Chaigui granules treatment groups,
rats were given Chaigui granules at doses of 4.2, 8.3, and 16.6 g/
kg, respectively. Rats in the control and CUMS groups were
offered water (10 mL/kg). The best possible care was provided
to minimize the suffering of the experimental animals.
5.5. Establishment of the CUMS Model. The CUMS

program was performed as previously described, with some
modifications.87,88 With the exception of the control group, rats
in the other groups were exposed to one of the following chronic
unpredictable mild stressors in random order daily for four
weeks: swimming in cold water (4 °C) (5 min), banning water
(24 h), 50 °C exposure (10 min), tail clamping for 2 min, fasting
(24 h), ultrasound stimulation (60 MHz) (3 h), restraint (3h),
foot shock every 10s (2 min), and breaking circadian rhythms.89

At the same time, rats were kept separately under the same
conditions except for the control rats, which were kept
undisturbed in their cages.
5.6. Body Weight and Behavioral Testing. The open

field test (OFT), forced swim test (FST), and sucrose
preference test (SPT) were performed during the experimental
period, and body weight was measured prior to each behavioral
test as previously described.90,91 These factors were used to
evaluate the antidepressant effect of Chaigui granules as well as
to assess whether the CUMS model of depression was
successfully replicated. The detailed procedures for the SPT,

the OFT, and the FST can be found in the Supporting
Information.

5.7. Detection of Lymphocyte Subtypes in Rats. Flow
cytometry was used to detect T lymphocyte subpopulations in
Sprague−Dawley rat peripheral blood. Briefly, lymphocytes
were obtained by orbital blood sampling and isolated using the
peripheral blood lymphocyte isolation solution. After centrifu-
gation, the single-cell suspension density was adjusted to 1× 106

cells/mL. Second, CD3+ T cells, CD8+ T cells, and CD4+ T
cells were labeled with antibody staining. Furthermore, the
percentages of different immune cell subpopulations were
determined by flow cytometry (BD LSRFortessa X-20).

5.8. ELISA for Inflammatory Cytokines. The levels of
inflammatory cytokines, including IL-1β, IL-6, TNF-α, IL-2, and
IL-10, in the serum were detected using ELISA kits according to
themanufacturer’s instructions (Shanghai Xitang Biotechnology
Co., Ltd., Shanghai, China). A microplate reader was used to
measure the optical density (OD) at 450 nm.

5.9. Collection of PBMC Samples. When the rats were
anesthetized by an intraperitoneal injection of chloral hydrate,
blood was collected from the abdominal aorta using a sodium
heparin vacuum tube. After sacrifice, blood samples were
collected to prepare the PBMC samples. The PBMC sample
preparation was carried out in accordance with the instructions
of the rat PBMC isolation kit. The PBMCs were carefully
aspirated into a 15 mL centrifuge tube and washed three times
with the appropriate amount of washing solution, and the cells
were counted and stored in a refrigerator at −80 °C for storage.

5.10. LC-MS Metabolomics. 5.10.1. Sample Preparation
for Metabolomics of PBMCs. To 2 mL of water cooled with
80% methanol every 10−7 pieces of water were added PBMCs at
4 °C. The sample was vortexed for 2 min, sonicated on ice for 2
min, and centrifuged at 4 °C and 12000 rpm for 20 min. The
supernatant was aspirated and then freeze-dried. Then, the
sample was reconstituted with 100 uL of 80% methanol−water
and centrifuged at 4 °C and 12000 rpm for 20 min. The
supernatant was taken for LC-MS analysis. From each sample
was extracted a 10 μL aliquot, and the aliquot was mixed as a
quality control (QC) sample. A QC sample was inserted for
every 5 samples, and the stability and performance of the
instrument were checked.90,91

5.10.2. UPLC-QTOF/MS Analysis. A Thermo-Fisher Dionex
UltiMate 3000 UHPLC-Q Exactive Orbitrap-MS, a Thermo
Compound Discoverer 3.1 system, and an Xcalibur workstation
were used to get LC-MS raw data. The chromatographic
separation of the PBMC sample was performed on an Acquity
UPLC HSS T3 column. The experimental metabolomics
procedure is based on the previous article.90,91 The details of
the mobile phase system and gradient elution are listed in the
Supporting Information.

5.11. Data Analysis.Matched peak data were obtained from
the raw LC-MS data using Compound Finder 3.1 software, and
the peak area data were normalized. Then, principal component
analysis (PCA), partial least-squares discriminant analysis (PLS-
DA), and orthogonal partial least-squares discriminant analysis
(OPLS-DA) were carried out using SIMCA-P14.1 software
(Umetrics, Sweden).92 Differential metabolites among the
control and model groups were selected based on VIP values
greater than 1 and t-tests (P < 0.05) and were identified
according to the following online databases: mzCloud (https://
www.mzcloud.org/), ChemSpider (http://www.chemspider.
com), and KEGG (http://www.kegg.jp). MetaboAnalyst 5.0
software was used for the pathway analysis.
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5.12. Bioinformatics Analysis of Key Metabolites.
5.12.1. Construction and Analysis of Metabolites and Related
Gene Networks. The metabolites in PBMCs modulated by the
administration of Chaigui granules were introduced into
Metscape to establish a metabolic−gene network to obtain
metabolite-related genes to better explain the antidepressant
effects of Chaigui granules.93,94 The GeneCards database
(https://genecards.weizmann.ac.il/v3/) was used to find targets
associated with depression.95 Use “depression” as a keyword to
search and filter for depression-related targets. Meanwhile,
depression-related genes in the pathogenesis of depression were
obtained. The Venn diagram of the common genes was obtained
by intersecting metabolite-related genes with the depression-
related genes.
5.12.2. KEGG Pathway Enrichment Analysis. To further

understand the relevant functions of the target genes and
illustrate the pathogenesis of depression, we performed KEGG
pathway enrichment analyses of the target genes. ClueGo, a
plug-in of Cytoscape software, integrates Gene Ontology,
KEGG, WikiPathways, and Reactome to map groups of genes
to specific functions.96 We performed a KEGG analysis of the
targets based on the Cluego plug-in. We ran the ClueGO plugin
and chose a cutoff threshold of P < 0.05 to display the paths.97

5.12.3. PPI Network and Hub Gene Analysis. The protein−
protein interaction network (PPI network) was obtained by
importing the common targets from theWayne diagram into the
STRING (https://string-db.org/) online database for anal-
ysis.98 Moreover, Cytoscape software was used to create PPI
networks and identify hub proteins with the Cytohubba
plugin.99 The top ten proteins were ranked as potential
therapeutic targets using their CytoHubba plug-in with maximal
clique centrality (MCC).100 The joint-pathways analyst tool of
MetaboAnalyst 5.0 was used to explore the crucial metabolic
pathway of the top ten targets.
5.13. Statistical Analysis. Statistical analysis was per-

formed using Graphpad Prism 8.0 software and SPSS26.0. The
statistical results were obtained using the Newman−Keuls
multiple comparison test in ANOVA, the value of comparing the
control and treatment groups. P < 0.05 was regarded as
statistically significant, and P < 0.01 was regarded as a very
significant difference.
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PBMCs peripheral blood mononuclear cells
TCM traditional Chinese medicine
CUMS chronic unpredictable mild stress
OFT open field test
FST forced swim test
SPT sucrose preference test
PCA principal component analysis
PLS-DA partial least-squares discriminant analysis
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OPLS-DA orthogonal partial least-squares discriminant anal-
ysis

PPI protein−protein interaction
NT5E 5′-nucleotidase ecto
NT5C1B 5′-nucleotidase, cytosolic IB
NT5C2 5′-nucleotidase, cytosolic II
PDE11A phosphodiesterase 11A
PDE10A phosphodiesterase 10A
PDE2A phosphodiesterase 2A
AMPD2 adenosine monophosphate deaminase 2
AMPD3 adenosine monophosphate deaminase 3
ADK adenosine kinase
PDE3A phosphodiesterase 3A
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