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Background: At present, the pathogenesis of depression is not fully understood, and nearly 
half of depression patients experience no obvious effects during treatment. This study aimed 
to establish a depression mouse model to explore the possible role of ferroptosis in the 
pathogenesis of depression, and observe the effects of Xiaoyaosan on PEBP1-GPX4- 
mediated ferroptosis in the hippocampus.
Methods: Forty-eight male C57BL/6 mice were randomly divided into a control group, 
CUMS group, Xiaoyaosan group and fluoxetine group, and the model was established by 
chronic unpredictable mild stress (CUMS) for a successive 6 weeks. The medication 
procedure was performed from the 4th to the 6th week of modeling. The behavioral 
evaluations were measured to evaluate depressive-like behaviors. The expressions of 
GPX4, FTH1, ACSL4 and COX2 were detected as ferroptosis-related indicators. Then, the 
total iron and ferrous content in the hippocampus were measured. The levels of PEBP1 and 
ERK1/2 were observed, and the expressions of GFAP and IBA1 were also detected to 
measure the functions of astrocytes and microglia in the hippocampus.
Results: Eight herbs of Xiaoyaosan had 133 active ingredients which could regulate the 43 
ferroptosis-related genes in depression. After 6 weeks of modeling, the data showed that mice in 
the CUMS group had obvious depressive-like behaviors, and medication with Xiaoyaosan or 
fluoxetine could significantly improve the behavioral changes. The expressions of GPX4, FTH1, 
ACSL4, COX2, PEBP1, ERK1/2, GFAP and IBA1 changed in the CUMS group mice, while the 
total iron and ferrous content also changed. Xiaoyaosan and fluoxetine had obvious curative 
effects that could significantly alleviate the above changes in the hippocampus.
Conclusion: Our results revealed that the activation of ferroptosis might exist in the hippo-
campi of CUMS-induced mice. The PEBP1-GPX4-mediated ferroptosis could be involved in the 
antidepressant mechanism of Xiaoyaosan. It also implied that ferroptosis could become a new 
target for research into the depression mechanism and antidepressant drugs.
Keywords: chronic unpredictable mild stress, depression, Xiaoyaosan, ferroptosis, GPX4, 
PEBP1

Introduction
Depression is a mental illness that seriously endangers the physical and mental health 
of human beings. It is a common mood disorder characterized by significant and 
persistent low mood, delayed thinking, impaired cognitive function, decreased 
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volitional activity, and somatic symptoms.1 The etiology of 
depression is complex and has not yet been clarified. It is 
generally believed that it may be related to a variety of 
factors, including genetics, biology and social psychology. 
With the increase of pressure in modern human society, the 
accelerated pace of life is accompanied by an increase in 
multiple complex stress factors. The incidence of depression 
also shows an increasing trend. Depression affects at least 
264 million people worldwide, with an increase of 18.4% 
between 2005 and 2015.2 The World Health Organization’s 
forecast shows that depression will become the world’s most 
important cause of disability by 2030. Furthermore, the 
longer depression is not treated, the worse the patient’s con-
dition will be, and it will also increase the pressure on the 
national disability budget.3 The adverse consequences of 
depression have placed a heavy burden on all societies, so 
there is an urgent need to solve this problem; however, its 
biological mechanism is still unclear.

Ferroptosis is a newly discovered programmed cell death 
process which is closely related to the disturbance of iron 
metabolism.4 In brief, the accumulation of reactive oxygen 
species (ROS) produced by lipid peroxidation and iron meta-
bolism is the main inducer of ferroptosis, and ferroptosis is 
a regulated cell necrosis that is distinct from apoptosis, necro-
sis and autophagy at the morphological, biological and genetic 
levels, and can be triggered by a variety of substances and 
external conditions.5 In most cases, ferroptosis is caused by 
failure of the membrane lipid repair enzyme-glutathione per-
oxidase 4 (GPX4), which leads to the accumulation of ROS on 
membrane lipids, and this accumulation process requires the 
participation of iron.6 Many studies have found that there is an 
inseparable relationship between ferroptosis and neurological 
diseases.7–9 In addition to inflammatory changes, the process 
of ferroptosis in the central nervous system is often accompa-
nied by functional changes in astrocyte and microglia. 
Therefore, the expressions of the glial fibrillary acidic protein 
(GFAP) and ionic calcium junction protein molecule-1 (IBA- 
1) can be used to confirm the occurrence of neuroinflammation 
and ferroptosis.10

Phoshaptidylethanolamine binding proteins (PEBPs) are 
a class of highly conserved intracytoplasmic soluble proteins 
that were first extracted from cow brain in 1984, and have 
a high affinity with phosphatidylethanolamine, with 
a molecular weight of 21 ~ 23kDa and more than 400 family 
members.11 The PEBPs family has four subclasses: PEBP1- 
4. PEBP1 is highly expressed in the brain, adrenal gland, 
thyroid and other organs,12 PEBP2 is mainly highly 
expressed in testis,13 PEBP3 is currently assumed to exist 

and its function is unclear, while PEBP4 is mainly expressed 
in skeletal muscle, myocardium, thyroid and other tissues.14 

PEBPs have been reported to be involved in different phy-
siological phenomena, including the origin and fluidity of 
biofilms, the formation of functional domains, the stimula-
tion of acetylcholine during neurodevelopment, the inhibi-
tion of serine proteases in nerve tissue, the regulation of 
MAPK signaling pathways, cell proliferation and survival, 
sperm formation and maturity and so on.15 PEBP1 was first 
found in the brain, and then it was discovered that, through 
yeast two-hybrid experiments, it can be isolated as a Raf 
kinase inhibitor protein (RKIP), so it is also called RKIP.16 

Changes in the extracellular regulated protein kinases (ERK) 
pathway are closely related to depression and other psychia-
tric disorders.17 Some studies have found that down- 
regulation of ERK levels is detected in the brains of 
depressed suicidal patients,18 while changes in the expression 
of PEBP1 may affect the ERK pathway, which may contri-
bute to depression.19,20 In addition, PEBP1 may inhibit the 
expression of GPX4, and the ERK pathway is also believed 
to be closely related to the occurrence of iron death.21,22

Knowledge of Xiaoyaosan is derived from the medical 
book, Prescriptions of the Bureau of Taiping People’s 
Welfare Pharmacy in the Song Dynasty, and its antidepressant 
effect has been strongly confirmed in terms of TCM theory, 
clinical application and pharmacological research.23,24 As one 
of the classical prescriptions commonly used in the treatment 
of depression, Xiaoyaosan has the characteristics of multi- 
level, multi-pathway and multi-target pharmacological 
activities.25 In animal studies, it was found that Xiaoyaosan 
could improve the depression-like behaviors of CUMS mice 
by mediated modulation of the glutamate/glutamine cycle and 
glutamate transporter GLT-1 in the hippocampus.26 The brain 
metabonomics study of the antidepressive effect of 
Xiaoyaosan on CUMS-induced rats showed that Xiaoyaosan 
significantly reversed the brain metabolic perturbation caused 
by CUMS.27 It also found that the antidepression ingredient of 
Xiaoyaosan was the petroleum ether fraction of Bupleuri radix 
that could exert an antidepression effect by regulating the 
glycometabolism, amino acid metabolism, sphingolipid meta-
bolism, glycerophospholipid metabolism and fatty acid meta-
bolism in CUMS rats.28 Many studies have confirmed that 
there is a loss of hippocampal neurons and glial cells in 
depression patients or model animals, and the most significant 
loss is glial cells.29 In the central nervous system, astrocyte and 
microglia play an important role in modulating stress-related 
neuroinflammation; however, long-term chronic stress can 
cause astrocyte and microglia injury. Xiaoyaosan plays 
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a therapeutic role by improving neuroinflammation and reg-
ulating the functions of hippocampal astrocytes and 
microglia.30,31 At the same time, some studies have pointed 
out that Xiaoyaosan can up-regulate the phosphorylation level 
of ERK and activate the TrkB pathway, thereby improving 
depressive behaviors.32 At present, the relationship between 
ferroptosis and the molecular mechanism of depression has 
not been verified; the antidepressant mechanism of 
Xiaoyaosan also needs to be further explained. Therefore, 
this study investigated the relationship between the mechan-
ism of depression and the ferroptosis-related pathway, and 
observed whether the antidepressant mechanism of 
Xiaoyaosan was related to the PEBP1-GPX4-mediated ferrop-
tosis mechanism.

Materials and Methods
Subjects
The specific-pathogen free (SPF) male C57BL/6 mice 
(8-week-old, SCXK (Beijing) 2016–0006) were purchased 
from Beijing Vital River Laboratory Animal Technology 
Limited Company, and then fed in a standard animal feeding 
room (temperature: 22 ± 2°C; relative humidity: 30–40%; 
light condition: 12h/12h dark/light cycle) for the study.

The animal experiment in the study was approved by the 
Institutional Animal Care and Use Committee of Beijing 
University of Chinese Medicine (No. BUCM-4-2018120401- 
4053) and complied with the existing current animal welfare 
guidelines and the Animal Management Rules of the Chinese 
Ministry of Health.

Preparation of Traditional Chinese 
Formula
The Traditional Chinese Formula used in the study was 
Xiaoyaosan, composed of Radix Angelicae sinensis 
(Chinese angelica), Radix Paeoniae alba (debark peony 
root), Poria (Indian bread), Radix bupleuri (Chinese thoro-
wax root), Rhizoma Atractylodis macrocephalae (largehead 
atractylodes rhizome), Radix glycyrrhizae (liquorice root), 
Herba menthae (peppermint) and Rhizoma Zingiberis recens 
(fresh ginger) in a ratio of 3:3:3:3:3:1.5:1:1.33

These decoction pieces of Xiaoyaosan were identified by 
the HPLC-mass spectrometry analysis (LC-MS/MS), and 
purchased from Beijing Tongrentang (Bozhou) Pieces Co. 
Ltd, Bozhou, China.26 Next, the prepared drug, in pieces, was 
used to prepare Xiaoyaosan dry powder by Jiuzhitang Co. 
Ltd., Changsha, China, in accordance with the preparation 
process in Chinese Pharmacopoeia, 2015 edition.34

Network Pharmacology Study of Active 
Ingredients in Xiaoyaosan
How the active ingredients of Xiaoyaosan intervened in 
ferroptosis-related substances in depression weas discussed 
based on network pharmacology. The active ingredients of 
the above 8 herbs in Xiaoyaosan were screened according to 
absorption distribution metabolism and enhancement 
(ADME). The parameters of ADME were oral bioavailabil-
ity (OB) and drug likeness (DL).35 According to ADME (OB 
≥ 30% and DL ≥ 0.18), the active ingredients of Xiaoyaosan 
were collected from traditional Chinese medicine databases, 
including TCMSP,36 TCM Database@Taiwan37 and 
BATMAN-TCM.38 Target prediction was carried out 
using the SwissTargetPrediction database,39 the reliability 
of the predicted targets was screened (Probability ≥ 30%) 
and then the targets of active ingredients in Xiaoyaosan were 
collected. Table 1 shows the number of active ingredients and 
predicted targets.

The disease databases, including GeneCards,40 OMIM,41 

TTD,42 CTD43 and FerrDb,44 were used to screen the depres-
sion and ferroptosis-related targets. Then, each target of 
active ingredients, depression and ferroptosis were searched 
in the UniProt database45 to get the UniProt gene ID. Here, 
12,608 depression-related targets and 260 ferroptosis-related 
targets were screened out.

Table 1 Active Ingredients and Predicted Targets of Each Herb 
in Xiaoyaosan

Herbs Number of Active 
Ingredients

Number of 
Predicted Targets

Radix Angelicae 
sinensis

2 43

Radix Paeoniae alba 13 330

Poria 15 272

Radix bupleuri 17 419

Rhizoma Atractylodis 
macrocephalae

7 106

Radix glycyrrhizae 91 755

Herba menthae 10 264

Rhizoma Zingiberis 
recens

5 217

Xiaoyaosan 

compounds

160 939
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CUMS Procedure and Drug 
Administration
A total of 48 mice were randomly assigned to 4 groups 
(n = 12): a control group (no stress + physiological saline), a 
CUMS group (CUMS + physiological saline), a Xiaoyaosan 
group (CUMS + Xiaoyaosan treatment) and a fluoxetine group 
(CUMS + fluoxetine treatment). The CUMS procedure, 
shown in Figure 1, was performed as previously described.46 

Briefly, the mice in the CUMS, Xiaoyaosan and fluoxetine 
groups were exposed to the following stressors: restraint stress 
for 3 hours; crowded cages for 24 hours; food deprivation for 
24 hours; water deprivation for 24 hours; 4°C cold water 
swimming for 5 minutes; empty cages for 11 hours; and 
exposure to wet and soiled cages for 24 hours. Each stressor 
was not repeated for two consecutive days, and CUMS was 
performed for 6 consecutive weeks.

To observe the behaviors of the mice in this study during 
the CUMS process, their body weight, food intake and 
sucrose preference were measured weekly, while the data 
from the day before the experiment was used as the baseline. 
The other behavioral assessments, such as the open field test, 
forced swimming test and novelty suppressed feeding test, 
were performed after 6 weeks of the CUMS procedure.

Drug intervention lasted for 3 weeks, starting from 
the 4th week of modeling. The Xiaoyaosan dry powder 
and the fluoxetine capsules were dissolved in distilled 
water, then the mice in the two treatment groups 
received Xiaoyaosan (0.254 g/kg/d) and fluoxetine 
(2.6 mg/kg/d) by intragastric administration after the 
daily CUMS procedure, respectively.30 Meanwhile, 
mice in the control and CUMS group received 0.5 mL 
physiological saline.

Sucrose Preference Test
The sucrose preference test (SPT), based on a two-bottle 
choice paradigm, was carried out weekly and performed as 
previously described.47 In short, each mouse was given 
two bottles of 1% sucrose solution for 24 h, then one filled 
with 1% sucrose solution and the other with fresh water 
for another 24 h. After 24-hour fasting and water depriva-
tion, each mouse received two bottles filled with 1% 
sucrose solution and fresh water for 1 h. The sucrose 
preference ratio within 1 h was recorded, which could be 
the objective indicator of delight hedonia.

Open Field Test
The open field test (OFT) was performed in a light- and 
sound-attenuated room with a dim light after the CUMS 
process, based on a previously described procedure, and 
was used to observe the autonomous behavior, exploratory 
behavior and tension of mice in the new surroundings.48 

The open field apparatus (80 cm × 80 cm × 40 cm) was 
made of opaque material and divided into 25 equal squares 
(16 outer and 9 inner). Each time, one mouse was placed 
in the central grid to observe the movement behavior of 
mice within 5 minutes, then the locomotor ability (total 
moving distance and number of entries into the open area) 
of mice was recorded and evaluated by the EthoVision 3.0 
software (Noldus, Netherlands).

Forced Swimming Test
The forced swimming test (FST) was conducted after the 
6-week modeling, as previously described.49 When the 
mice were put into a limited space to swim, they tried to 
escape by swimming desperately at the beginning, and 
soon became floating and immobile. They only showed 

Figure 1 Schedule of the study design. 
Notes: The CUMS scheme lasted for a successive 6 weeks, and the medication of Xiaoyaosan or fluoxetine was conducted from the 4th to the 6th week of modeling. The 
mices' body weight, food intake and SPT were assessed weekly, while the FST, NSFT and OFT were carried out after the modeling. Mice were sacrificed after the behavioral 
tests for further detection. 
Abbreviations: CUMS, chronic unpredictable mild stress; SPT, sucrose preference test; FST, force swimming test; NSFT, novelty suppressed feeding test; OFT, open field 
test.
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their nostrils to keep breathing, and their limbs occasion-
ally moved to keep their bodies from sinking. Actually, the 
basic principle of FST was that animals gave up hope of 
escape, which belongs to behavioral despair. The FST 
procedure lasted for two days. On the first day, the mice 
were forced to swim in the deep water at 25 °C for 15 
minutes, then after 24 hours, FST was performed for 5 
minutes under the same conditions, and the immobility 
time of mice was recorded.

Novelty Suppressed Feeding Test
The novelty suppressed feeding test (NSFT) was used to 
measure the animals' depressive behavioral changes in 
a novelty environment by observing their feeding latency, 
and it was performed according to the previously 
described method.50 In brief, the testing apparatus con-
sisted of a white plastic box (50 cm × 50 cm × 40 cm) 
with a single pellet of regular chow placed in the center. 
The NSFT was conducted after food deprivation for 24 
hours. The mice were individually placed in a corner of 
the apparatus, then the feeding latency beforet each mouse 
first held the food pellet was measured for up to 5 minutes.

Preparation of Tissue Samples
After 6 weeks of modeling, the mice in the four groups 
were anesthetized by an intraperitoneal injection of 3% 
sodium pentobarbital after behavioral tests. The hippocam-
pal tissues of 6 mice in each group were separated for 
Western blot analysis and iron assay, then the hippocampi 
of the other 6 mice in each group for quantitative real-time 
polymerase chain reaction (qRT-PCR) assay.

Quantitative Real-Time Polymerase Chain 
Reaction Analysis
The levels of GPX4, PEBP1, ERK, IBA1, GFAP, ACSL4, 
COX2 and FTH1 mRNAs in the hippocampus were eval-
uated by qRT-PCR assay. The total RNA of the hippocam-
pus was extracted using Trizol reagent (Applied 
Biosystems, Waltham, USA), then the quality and concen-
tration of total RNA were determined by 1% agarose gel 
electrophoresis and Q3000 micro-volume spectrophot-
ometer (Quawell Technology, San Jose, USA). The 
RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific, Waltham, USA) was used to transfer 
total RNA into cDNA according to the manufacturer'sstan-
dard protocol. The sequences for primers are shown in 
Table 2 and were designed based on published mRNA 

sequences in NCBI and synthesized by a professional bio-
technology company (Sangon Biotech Co., Ltd., Shanghai, 
China). The qRT-PCR reaction system was prepared by 
SYBR® Green PCR Master Mix (Applied Biosystems, 
Waltham, USA) in a final volume of 25 µL, then per-
formed on a Multicolor Real-time PCR Detection System 
(Bio-Rad, Hercules, USA) with the following thermal 
cycling conditions: preincubation at 94 °C for 3 min, 
followed by 40 cycles of denaturation at 94 °C for 30 s, 
annealing at 55°C for 30 s and extending at 72°C for 30 
s. The signals were normalized to the house-keeping gene 
GAPDH (BBI Life Science, Amherst, USA) and the rela-
tive expression of mRNA in each sample was calculated 
using the 2−∆∆Ct method.

Western Blot Analysis
The total protein of hippocampal tissues was extracted using 
the RIPA Lysis Buffer (Biomiga, Santiago, USA). Then the 
protein levels of GPX4 (Anti-Glutathione Peroxidase 4 anti-
body [EPNCIR144], ab125066, 1:500 dilution, Abcam, San 
Francisco, USA), PEBP1 (Anti-RKIP antibody [EPR2875Y], 
ab76582, 1:500 dilution, Abcam, San Francisco, USA), IBA1 
(Anti-Iba1 antibody [EPR16589], ab178847, 1:100 dilution, 

Table 2 Primer Sequences Used in the qRT-PCR Analysis

Gene Sequences

GPX4 Forward 5′-ACCAACGTGGCCTCGCAATG-3′
Reverse 5′-CCTGCCTCCCAAACTGGTTGC-3′

PEBP1 Forward 5′-TGGTCAACATGAAGGGTAATGA-3′
Reverse 5′-CCAGGTTATACTTCTTGCGGAA-3′

ERK Forward 5′-ATCTCAACAAAGTTCGAGTTGC-3′
Reverse 5′-GTCTGAAGCGCAGTAAGATTTT-3′

IBA1 Forward 5′-TGGCTCCGAGGAGACGTTCAG-3′
Reverse 5′-GGACCAGTTGGCCTCTTGTGTTC-3′

GFAP Forward 5′-AGATTCGCACTCAATACGAGG-3′
Reverse 5′-CTGTGAGGTCTGCAAACTTAGA-3′

ACSL4 Forward 5′-CAATAGAGCAGAGTACCCTGAG-3′
Reverse 5′-TAGAACCACTGGTGTACATGAC-3′

COX2 Forward 5′-CGGTCCCTTTGGCACAGTCAG-3′
Reverse 5′-GTTGTCGGCACGCTGGAATTTG-3′

FTH1 Forward 5′-TAAAGAAACCAGACCGTGATGA-3′
Reverse 5′-ATTCACACTCTTTTCCAAGTGC-3′

Abbreviations: GPX4, glutathione peroxidase 4; PEBP1, phoshaptidylethanola-
mine binding protein 1; ERK, extracellular regulated protein kinases; IBA1, ionic 
calcium junction protein molecule 1; GFAP, glial fibrillary acidic protein; ACSL4, 
long-chain acyl-CoA synthetase 4; COX2, cyclo-oxygen-ase 2; FTH1, ferritin heavy 
chain 1.
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Abcam, San Francisco, USA), GFAP (Anti-GFAP antibody, 
ab7260, 1:1000 dilution, Abcam, San Francisco, USA), total 
ERK1/2 (t-ERK1/2) (Anti-ERK1 + ERK2 antibody 
[EPR17526], ab184699, 1:1000 dilution, Abcam, San 
Francisco, USA) and phosphorylated ERK1/2 (p-ERK1/2) 
(Anti-ERK1 + ERK2 [phospho T202 + Y204] antibody, 
ab214362, 1:100 dilution, Abcam, San Francisco, USA) 
were measured by Simon Western Blot Analysis 
(ProteinSimple, California, USA), a capillary-based auto-
mated system with a standard protocol.51

Iron Determination Analysis
A microwave digestion method was used to pretreat hippo-
campal samples, and then the iron content was determined 
by Iron Assay kit (Sigma-Aldrich, St. Louis, USA) accord-
ing to the manufacturer’s standard protocol. The mean opti-
cal density was detected by the Multiskan™ GO (Thermo 
Fisher Scientific, Waltham, USA) Detector system at 
a wavelength of 593 nm, and the total iron and ferrous 
content were calculated according to the standard curves.

Statistical Analysis
All statistics in this study were analyzed using SPSS 21.0 
software and expressed as means ±SEM. The statistical 
analyses were performed by one-way analysis of variance 
(ANOVA) with least significant difference (LSD) post hoc 
multiple comparisons when equal variances were assumed. 
When the data had a normal distribution but the variances 
were not homogeneous, the Dunnett’s T3 test was used. 
Statistical significance was set at a minimum of p <0.05.

Results
Active Ingredients of 
Xiaoyaosan-Regulated Ferroptosis in 
Depression
The network pharmacology method was used to initially 
investigate whether the active components of Xiaoyaosan 
could improve ferroptosis-related genes in depression.

As shown in Figure 2, the 939 predicted targets, 12,608 
depression-related targets and 260 ferroptosis-related targets 
were intersected, and we identified 43 key target genes 
(GPX4, PEBP1, MAPK1, MAPK3, NOX1, HRAS, 
ALOX12, MDM2, EGFR, G6PD, MAPK14, PTGS2, 
MAPK8, IDH1, ABCC1, EPAS1, SLC2A3, NOX4, FLT3, 
MIF, NOS2, CA9, VEGFA, DRD4, DRD5, MAPK9, 
TGFBR1, ATM, IL6, PIK3CA, HNF4A, HIF1A, RELA, 
CFTR, TLR4, AURKA, SLC2A1, SIRT1, ALOX5, DPP4, 

CASP8, NRAS, HSPA5) that might be associated with 
active ingredients of Xiaoyaosan intervening in ferroptosis- 
related substances in depression. Figure 3 shows the herb 
ingredients target genes network: 8 herbs of Xiaoyaosan 
compounds had 133 active ingredients which could regulate 
the 43 key target genes. Therefore, we can speculate that the 
active ingredients of traditional Chinese formula Xiaoyaosan 
could regulate the ferroptosis pathways in depression.

Xiaoyaosan Improved Depressive-Like 
Behaviors of CUMS-Exposed Mice
We observed the body weight and food intake of CUMS- 
exposed mice, then performed a series of behavioral tests, 
SPT, OFT, FST and NSFT, to evaluate the efficacy of 
Xiaoyaosan on depressive-like behaviors.

As shown in Figure 4, the body weight and food intake 
of mice in each group showed no significant differences 
before the modeling procedure began (0 week); the differ-
ence between the control group and the other three groups 
was gradually increased; and, finally, a significant differ-
ence was observed after 3 weeks of modeling (both p < 
0.01). The treatment began at week 4 and continued for 3 
weeks. The body weight and food intake of mice in the 
Xiaoyaosan and fluoxetine groups significantly increased 

Figure 2 Wynn map for predicting the target genes of active ingredients in 
Xiaoyaosan. 
Notes: 939 predicted targets of TCM formula Xiaoyaosan, 12,608 depression- 
related targets and 260 ferroptosis-related targets, were intersected and there 
were 43 key target genes. 
Abbreviation: TCM, traditional Chinese medicine.
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compared with the mice in the CUMS group after 3 weeks 
of treatment (both p < 0.01), and the difference between 
the control group and the CUMS group was also signifi-
cant (p < 0.01).

As shown in Figure 5A, the sucrose preference rate of 
the control group, CUMS group, Xiaoyaosan group and 
fluoxetine group showed no significant differences at the 
beginning of the research (0 week). Then, after 3 weeks of 
CUMS modeling, the mice in the CUMS group, Xiaoyaosan 

group and fluoxetine group demonstrated a significant drop 
in sucrose preference rate compared with the control group 
mice (both p < 0.01). The CUMS modeling continued for 
another 3 weeks with pharmacological intervention, during 
which the mice in the CUMS group still showed a low 
sucrose preference rate compared with the control group 
mice (both p < 0.01), while the sucrose preference rate of 
the mice in the Xiaoyaosan group and fluoxetine group 
significantly increased (both p < 0.01).

Figure 3 Herbs of Xiaoyaosan-active ingredients of Xiaoyaosan target genes network. 
Notes: The 8 herbs of TCM formula Xiaoyaosan had 133 active ingredients which could regulate the 43 key target genes according to network pharmacology analysis. 
Abbreviation: TCM, traditional Chinese medicine.
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As shown in the OFT, after modeling for 6 weeks, the 
total moving distance and number of entries into the open 
area of the CUMS-exposed mice showed a significant 
difference compared to the control mice (p < 0.05 and 
p < 0.01, respectively; Figures 5B and C). The total mov-
ing distance and number of entries into the open area of 
mice in the Xiaoyaosan group were significantly increased 
(p < 0.05 and p < 0.01, respectively), while the total 
moving distance of mice in the fluoxetine group was also 
remarkably increased (p < 0.01). Figure 5D shows 
a representative moving trail of mice in each group.

The FST results showed that the CUMS group mice 
exhibited a significantly longer immobility time (p < 0.01; 
Figure 5E), while Xiaoyaosan or fluoxetine treatment could 
significantly reduce the immobility time in comparison with 
the CUMS group (both p < 0.05). For the NSFT, it was 
shown that mice in the CUMS group had a significantly 
longer latency to chewing the food pellet compared with the 
control mice (p < 0.01; Figure 5F). Xiaoyaosan or fluoxetine 
reversed the depressive-like changes in the NSF test (p < 
0.05 and p < 0.01, respectively).

Xiaoyaosan Regulated the Ferroptosis in 
the Hippocampi of CUMS-Exposed Mice
In order to explore the possible mechanism of GPX4 related 
ferroptosis in the mouse model of depression, the expressions 
of GPX4, FTH1, ACSL4 and COX2 were detected, and the 
total iron and ferrous content in hippocampus tissue was 
measured using the Iron Assay kit. As shown in Figure 6, 
the mRNA and protein expression levels of GPX4 were 
significantly down-regulated in the hippocampi of CUMS- 
exposed mice compared to the control group (both p < 0.01). 
The qRT-PCR results also showed that the expressions of 

FTH1, ACSL4 and COX2 mRNA in the hippocampi of 
CUMS group mice were significantly different compared 
with those of the control group micer (p < 0.05 and p < 
0.01, respectively). The Xiaoyaosan or fluoxetine treatment 
could mitigate the stress-induced expression changes of 
GPX4, FTH1, ACSL4 and COX2, as shown in the compar-
ison with CUMS group (p < 0.05 and p < 0.01, respectively).

To further verify the process of GPX4-related ferrop-
tosis in CUMS-exposed mice, the Iron Assay kit was used 
to determine total iron and ferrous content in the hippo-
campus. Figure 7 showed that total iron and ferrous con-
tent in the hippocampi of CUMS group mice obviously 
increased compared with that of the control group (p < 
0.05 and p < 0.01, respectively). Furthermore, the treat-
ment of Xiaoyaosan or fluoxetine could remarkably 
reverse the changes of hippocampal total iron and ferrous 
content (p < 0.05 and p < 0.01, respectively).

Xiaoyaosan Regulated the Expressions of 
PEBP1 and ERK1/2 in the Hippocampi of 
CUMS-Exposed Mice
The expressions of PEBP1 and ERK1/2 were observed to 
further explore the possible mechanism between ferroptosis 
and depression. As shown in Figure 8, the mRNA and protein 
expression levels of PEBP1 were significantly up-regulated in 
the hippocampi of CUMS-exposed mice (p < 0.05 and p < 
0.01, respectively), whereas the expression level of t-ERK1/2 
significantly decreased (p < 0.01). The mice in the 
Xiaoyaosan group and fluoxetine group showed a significant 
increase in the levels of PEBP1 and t-ERK1/2 (p < 0.05 and 
p < 0.01, respectively). The CUMS modeling also decreased 
the level of p-ERK1/2 (p < 0.01). Moreover, the administra-
tion of Xiaoyaosan and fluoxetine noticeably increased the 

Figure 4 Changes in food intake and body weight of CUMS-exposed mice. 
Notes: (A) Changes in body weight during the modeling period (n = 12); (B) changes in food intake during the modeling period (n = 12). Data were expressed as means ± 
SEM, ΔΔp < 0.01 versus the control group; **p < 0.01 versus the CUMS group. 
Abbreviation: CUMS, chronic unpredictable mild stress.
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Figure 5 Changes in the depressive-like behaviors of CUMS-exposed mice. 
Notes: (A) Changes in sucrose preference rate during the CUMS modeling period (n = 12); (B) the results of total moving distance in OFT after the 6-week modeling (n = 
12); (C) the results of number of entries into the open area in OFT after the 6-week modeling (n = 12); (D) the representative moving trails in OFT of mice in each group 
assessed by video tracking software; (E) the results of immobility time in FST after the 6-week modeling (n = 12); (F) the results of latency to feed in NSFT after the 6-week 
modeling (n = 12). Data were expressed as means ± SEM, ΔP < 0.05, ΔΔp < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the CUMS group. 
Abbreviations: CUMS, chronic unpredictable mild stress; SPT, sucrose preference test; FST, forced swimming test; NSFT, novelty suppressed feeding test; OFT, open field test.
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Figure 6 Changes of ferroptosis biomarkers in the hippocampi of CUMS-exposed mice. 
Notes: (A) Representative micrographs of Simon Western Blot Analysis for GPX4; (B) the mRNA results of GPX4 (n = 6); (C) the protein results of GPX4 (n = 6); (D) the 
mRNA results of ACSL4 (n = 6); (E) the mRNA results of COX2 (n = 6); (F) the mRNA results of FTH1 (n = 6). Data were expressed as means ± SEM, ΔP < 0.05, ΔΔp < 0.01 
versus the control group; *p < 0.05, **p < 0.01 versus the CUMS group. 
Abbreviations: CUMS, chronic unpredictable mild stress; GPX4, glutathione peroxidase 4; ACSL4, long-chain acyl-CoA synthetase 4; COX2, cyclo-oxygen-ase 2; FTH1, 
ferritin heavy chain 1.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                   

Neuropsychiatric Disease and Treatment 2021:17 1010

Jiao et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


expression of p-ERK1/2 (both p < 0.01). Statistics also 
showed that the ratio of p-ERK1/2 to t-ERK1/2 in the hippo-
campi of CUMS group mice was higher than that of the 
control group (p < 0.01), while the ratio of the two treatment 
groups decreased significantly (p < 0.01).

Xiaoyaosan Ameliorated the Function of 
Neuroglial Cells in the Hippocampi of 
CUMS-Exposed Mice
To test the functions of astrocytes and microglia in the hippo-
campi of CUMS-exposed mice, the expressions of GFAP and 
IBA1 were identified. As shown in Figure 9, the mRNA and 
protein expressions of GFAP of CUMS-exposed mice were 
significantly reduced when compared to the control group (p < 
0.05), while the mRNA and protein levels of GFAP were 
noticeably increased by treatment with Xiaoyaosan and fluox-
etine (p < 0.05 and p < 0.01, respectively). The qRT-PCR and 
Western blot data also demonstrated the high level of IBA1 in 
the hippocampi of mice in the CUMS group compared with 
that of the control group mice (p < 0.05 and p < 0.01, 
respectively), and Xiaoyaosan or fluoxetine could significantly 
reverse the CUMS-induced IBA1 changes as compared to 
CUMS group (p < 0.05 and p < 0.01, respectively).

Discussion
Our findings revealed that ferroptosis could be involved in 
CUMS-induced depression, and further explained the 
underlying mechanism of ferroptosis in stress depression. 
It was further found that the antidepressant mechanism of 
Xiaoyaosan might be related to the improvement of fer-
roptosis associated with PEBP1-GPX4 related to ferropto-
sis. It can regulate the expressions of PEBP1, ERK1/2, 
GPX4, FTH1, ACSL4 and COX2, and improve the func-
tion of astrocytes and microglia in the hippocampi of 
CUMS model mice.

Stress occurs when individuals need to mobilize their 
own or external resources to adapt to life circumstances or 
environmental changes. Stress intensity beyond individual 
coping ability may lead to psychological or physical damage. 
A negative stress event is one of the first psychological 
stressors to be noticed and often causes depression, anxiety, 
loneliness and other negative emotional experiences.52 Many 
studies have found that stress can indeed lead to depression. 
Clinical work and life observation also reveal that many 
patients with depression have experienced more or more 
serious stressful life events than other people.53 Animal 
models, such as the chronic social defeat stress model,54,55 

Figure 7 Total iron and ferrous content in the hippocampi of CUMS-exposed mice. 
Notes: (A) The concentrations of total Fe (n = 6); (B) the concentrations of Fe2+ (n = 6). Data were expressed as means ± SEM, ΔΔp < 0.01 versus the control group; **p < 
0.01 versus the CUMS group. 
Abbreviation: CUMS, chronic unpredictable mild stress.
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Figure 8 Expressions of PEBP1, t-ERK1/2 and p-ERK1/2 in the hippocampi of CUMS-exposed mice. 
Notes: (A) Representative micrographs of Simon Western Blot Analysis for PEBP1, t-ERK1/2 and p-ERK1/2; (B) the mRNA results of PEBP1 (n = 6); (C) the protein results of 
PEBP1 (n = 6); (D) the mRNA results of ERK; (E) the protein results of t-ERK1/2 (n = 6); (F) the protein results of p-ERK1/2 (n = 6); (G) the ratio of p-ERK1/2 to t-ERK1/2 
results (n = 6). Data were expressed as means ± SEM, Δp < 0.05, ΔΔp < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the CUMS group. 
Abbreviations: CUMS, chronic unpredictable mild stress; PEBP1, phoshaptidylethanolamine binding protein 1; ERK, extracellular regulated protein kinases.
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learned helplessness model56,57 and chronic mild stress 
model,58,59 are important tools for studying the pathogenesis 
of depression and screening new antidepressants. The CUMS 
is also an internationally accepted method of establishing an 
animal model of depression, which is characterized by ran-
domness and unpredictability and more suitable for mechan-
ism research and drug screening.60,61 Using chronic, 

unpredictable and low-intensity stress event modeling, the 
animal cannot predict the stimuli that will be received, which 
avoids its active adaptation and makes the stressor closer to 
real-life events.62 In this study, we successfully duplicated 
the CUMS depression model, and found, through behavioral 
testing, that there were obvious depression-like changes in 
the model mice, a finding consistent with the results of 

Figure 9 Expressions of GFAP and IBA1 in the hippocampi of CUMS-exposed mice. 
Notes: (A) Representative micrographs of Simon Western Blot Analysis for GFAP and IBA1; (B) the mRNA results of GFAP (n = 6); (C) the protein results of GFAP (n = 6); (D) the 
mRNA results of IBA1 (n = 6); (E) the protein results of IBA1 (n = 6). Data were expressed as means ± SEM, Δp < 0.05, ΔΔp < 0.01 versus the control group; *p < 0.05, **p < 0.01 
versus the CUMS group. 
Abbreviations: CUMS, chronic unpredictable mild stress; IBA1, ionic calcium junction protein molecule 1; GFAP, glial fibrillary acidic protein.
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previous studies.63 Research shows that weight change in 
depressed patients is a factor related to depression.64 

Depression modeling in research tends to cause a body 
weight loss in model animals.65 In the results of this study, 
the body weight of CUMS mice showed a significant down-
ward trend after 6 weeks of modeling, and their food intake 
was also significantly different from that of control mice, 
a finding consistent with previous research. At the same time, 
SPT, FST, NSFT and OFT were also used to evaluate the 
behavior of model mice. The depression model established 
by CUMS can induce anhedonia and behavioral despair in 
experimental animals, which can be evaluated by SPT and 
FST. The depression-like behavior changes were manifested 
in the significant decrease of the sucrose preference coeffi-
cient and the increase in swimming immobility time.66 The 
NSFT used in this study reflects the latency of animal feed-
ing, which tests the responsiveness of mice to reward and 
their judgment of the surrounding environment, to simulate 
the depressive symptoms of human beings.67 In addition, 
OFT is mainly used to evaluate the desire to explore and 
autonomous activity levels of rodents in unfamiliar environ-
ments, and can be used to evaluate their depression-like 
behaviors.68 The results of this study showed that the mice 
in the model group demonstrated a significant decrease in 
sucrose preference, prolonged swimming immobility time, 
increased latency of feeding, reduced movement distance and 
open area entry times in OFT, which indicated that 
a depression model of mice was established by the 6-week 
CUMS modeling. In the study, we found that treatment with 
Xiaoyaosan and fluoxetine could improve the depressive 
behavior of mice, and regulate their physical state degrada-
tion in behavioral tests. This conclusion was basically con-
sistent with the results of previous studies, which indicated 
that Xiaoyaosan, a Chinese herbal compound prescription, 
has the same obvious antidepressant effect as fluoxetine.26,69

Ferroptosis is a nonapoptotic programmed cell death 
mode dependent on iron ions. This mode is different from 
other known programmed cell death in morphology, which 
is characterized by slightly smaller mitochondria than nor-
mal, and a slightly thickened mitochondrial membrane 
with slightly increased density.5 When ferroptosis occurs, 
free ferrous ions are introduced into cells from the extra-
cellular environment through a transferrin and transferrin 
receptor,70 and the lipid hydroxide (L-OOH) is trans-
formed into a toxic lipid free radical (L-O−) under the 
action of ferrous ions, which leads to the fragmentation 
of polyunsaturated fatty acids in cell membrane lipids and 
cell death.71 FTH1 plays an important role in intracellular 

iron metabolism, while NRF2 regulates the production and 
accumulation of Fe2+ by regulating FTH1. Inhibition of 
NRF2 or FTH1 can significantly promote the content of 
Fe2+ and the occurrence of ferroptosis, which indicates 
that the iron content in cells has a direct impact on the 
process of ferroptosis.72,73 The imbalance of lipid metabo-
lism is often closely related to the accumulation of intra-
cellular iron ions, and the content of polyunsaturated fatty 
acids determines the degree of lipid peroxidation, thus 
determining the degree of ferroptosis.74 It has been 
shown that phosphatidylethanolamines (PE) containing 
arachidonic acid or adrenalic acid is the key phospholipid 
to drive the cell toward ferroptosis, while ACSL4 can 
esterify coenzyme A to acyl coenzyme A in polyunsatu-
rated fatty acids, which is used for fatty acid oxidation or 
the biosynthesis of polyunsaturated fatty acids.75 In addi-
tion, the occurrence of ferroptosis is related to the increase 
of PTGS2. The COX-2 gene encoded by PTGS2 is sig-
nificantly expressed under the action of a ferroptosis indu-
cer, and the increase in this study was not reversed by 
PTGS inhibitors, which indicated that COX-2 could reg-
ulate the ferroptosis process; the change in its content was 
one of the appropriate criteria for ferroptosis.76 GPX4 is 
a selenoprotein for repairing oxidative damage of lipid 
cells in mammals. It can prevent the development of 
ferroptosis by inhibiting the transformation of iron- 
dependent lipid peroxidation (IDLOP) into a lipid peroxy 
radical, thereby reducing the accumulation of L-ROS.77 It 
has been found that lipid peroxidation and accumulation of 
intracellular reactive oxygen species can be promoted by 
knocking out GPX4 or directly using GPX4 inhibitor 
RSL3, so GPX4 may be the key regulator of ferroptosis.78

In this study, it was found that total iron and ferrous ion 
content in the hippocampi of CUMS model mice increased 
significantly. GPX4, FTH1, ACSL4 and COX-2 also chan-
ged significantly, which proved that there was ferroptosis 
in the hippocampus of depression model mice and thus 
indicated that the incidence of depression may be asso-
ciated with ferroptosis-related pathways. The excessive 
accumulation of iron causes the deactivation of GPX4 
and the occurrence of iron-dependent programmed cell 
death, which leads to the accumulation of ROS on mem-
brane lipids and the activation of the MEK/ERK signaling 
pathway.6 In the central nervous system, the ERK pathway 
is considered to be one of the key material bases for 
ferroptosis. The nuclear translocation of ERK1/2 plays 
a vital role in promoting ferroptosis, and the phosphoryla-
tion level of ERK is closely related to the degree of 
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ferroptosis.79 In addition, ERK1/2, as a member of the 
mitogen activated protein (MAP) kinase family, mediates 
the pathophysiological process of cell proliferation, differ-
entiation and death, and is also closely related to cognitive, 
learning, memory and other functional activities. The 
abnormal expression of ERK1/2 may play a key role in 
the pathophysiology of depression.17 In our study, 
decreased expression of t-ERK1/2 and p-ERK1/2 was 
detected in the hippocampus of depressed mice, while 
the ratio of p-ERK1/2 to t-ERK1/2 (phosphorylation/ 
total) was elevated. The results showed that some of the 
ERK pathway was inhibited in the hippocampus of mice 
with depression, but the phosphorylation level of ERK 
increased, a finding consistent with previous experimental 
results.21,80 Therefore, this implied that the depression 
mechanism caused by stress may be related to the occur-
rence of ferroptosis involved in GPX4.

PEBP1 is a highly expressed cytosolic soluble protein in 
the brain,12 adrenal gland and thyroid gland. It is a key factor 
in Raf-1/MEK/ERK, IKK/IKB/NF-kB, GRK-2 and other 
signaling pathways.81 PEBP1 is distributed in the hippocam-
pus as a precursor protein of a hippocampal cholinergic 
neurostimulating peptide (HCNP).82 The up-regulation of 
PEBP1 may cause the increase in HCNP, then increase the 
content of choline acetyltransferase (ChAT) in the medial 
septal nucleus, induce the synthesis of acetylcholine and 
cause depression-like changes.83 Further study found that 
the up-regulation of PEBP1 can inhibit the expression of 
ERK and promote the occurrence of depression.84 In addi-
tion, PEBP1 can increase the production of hydroperoxy-PE 
by forming a complex with 15LO1 and 15LO2, which will 
cause the synthesis of GPX4 to be blocked and lead to 
ferroptosis.85 In our study, the expression of PEBP1 was 
upregulated in the hippocampus of model mice. It suggested 
that PEBP1 might be a potential material basis for the 
connection between the pathogenesis of depression and the 
signaling of ferroptosis.

The iron in brain tissue mainly comes from the serum iron 
transported in the cerebral microvasculature, and the Fe3+ 

entering brain tissue can be absorbed and utilized by neurons 
and gliocyte.86 Iron in neurons and gliocyte should be main-
tained at a certain level, and excessive accumulation of iron 
will lead to a rise in the labile iron pool (LIP) and an increase 
of ROS,87 which will cause neuroinflammation and neuronal 
damage through a series of signal transduction pathways, and 
participate in the development and deterioration of nervous 
system diseases.88 Similar to previous results,89,90 the 
expression of GFAP was down-regulated and IBA1 was up- 

regulated in the hippocampus of mice with stress-induced 
depression, which confirmed that neuroinflammation and 
gliocyte damage were indeed involved in the mechanism of 
depression, which may be related to the inflammatory 
response caused by ROS release during ferroptosis.

In this experiment, treatment with Xiaoyaosan and fluox-
etine not only ameliorated the depressive behavior of CUMS 
model mice but also regulated related ferroptosis signaling, 
and significantly improved the expressions of GFAP and 
IBA1, which had the effect of improving the function of the 
hippocampal nerve. Fluoxetine, as a selective serotonin reup-
take inhibitor (SSRIs), plays an antidepressant role by selec-
tively inhibiting the reuptake of 5-HT released from the 
presynaptic membrane of the central nervous system. At pre-
sent, it has been confirmed that fluoxetine can significantly 
inhibit LPS-induced microglial activation and reduce the 
release of inflammatory factors,91 alleviate depression by pre-
venting oxidative stress and mitochondrial dysfunction,92,93 

and play a role in nerve protection by regulating PI3K/AKT 
and MAPK/ERK signaling pathways.94 Therefore, the mod-
ulatory effect of fluoxetine on ferroptosis-related substances 
may be related to its neuroprotective and anti-inflammatory 
effects. This therapeutic Chinese herbal compound has multi- 
component and multi-target principles and characteristics, and 
there is a self-assembly phenomenon among the effective 
components in the preparation process that has a unique com-
patibility and synergistic effect.95 Xiaoyaosan, as a Chinese 
herbal compound formula, has a good therapeutic effect on 
depression. From the experimental results, we could see that 
its antidepressant mechanism might be achieved by regulating 
the expression of PEBP1, affecting the expression of ERK1/2 
and its phosphorylation level, intervening in the process of 
ferroptosis involved in GPX4, and improving the central glio-
cyte function (Figure 10).

Conclusion
In conclusion, the expressions of ferroptosis-related sub-
stances were changed in the hippocampi of CUMS depressed 
model mice, and PEBP1 might be a bridge between the 
pathogenesis of depression and ferroptosis signaling. 
Moreover, this study further expanded the antidepressant 
mechanism of Xiaoyaosan, and found that Xiaoyaosan could 
play a therapeutic role by improving the expression of GPX4 
and other ferroptosis-related substances in the hippocampi of 
depressed mice. However, this experiment only detected the 
activation of ferroptosis signaling in depression, preliminarily 
verified the possibility of PEBP1 as the common material 
basis of depression and ferroptosis, and observed the possible 
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regulatory effect of Xiaoyaosan on PEBP1-GPX4-mediated 
ferroptosis. The specific mechanism of ferroptosis in the 
pathogenesis of depression and how Xiaoyaosan regulates 
ferroptosis and exerts an antidepressant effect need further 
investigation.
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