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Background: Anxiety disorders (ADs) are the most prevalent mental disorders worldwide. 
Stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis and dysbiosis of gut 
microbiota seem to contribute to the onset of ADs. This study was designed to investigate the 
ameliorative effect of volatile oil of Zanthoxylum bungeanum (VOZB) on chronic unpredictable 
stress (CUS) induced anxiety behavior, as well as the altered HPA axis and gut microbiota.
Methods: Experimental rats were exposed to the CUS for 14 consecutive days. Meanwhile, 
VOZB was administered at doses of 50, 100 and 200 mg/kg/day for 14 days. The anxiety 
behavior was evaluated by elevated plus-maze (EPM) and open field (OF). The protein 
expressions and mRNA levels of corticotropin-releasing hormone (CRH) and glucocorticoid 
receptor (GR) in hypothalamus was determined, as well the hormone levels of HPA axis in 
serum. Furthermore, gut microbiota was detected by16S rRNA gene sequencing. The 
chemical constituents of VOZB were identified by GC-MS analysis.
Results: VOZB treatment (100 and 200 mg/kg/day) increased the ratio of open-arm entries 
and time in EPM test, as well as the central zone entries and time in OF test. Moreover, 
VOZB treatment reduced the protein expressions and mRNA levels of CRH, but elevated 
those of GR in hypothalamus. Similarly, the hormone levels of the HPA axis in serum were 
decreased by VOZB treatment. Besides, VOZB treatment restored the CUS-induced dysbio-
sis of gut microbiota, raising the Sobs and Chao indexes, inhibiting Lachnospiraceae, but 
facilitating Bacteroidales_S24-7_group, Lactobacillaceae, and Prevotellaceae. Additionally, 
Sobs and Chao indexes were negatively correlated to the serum corticosterone and CRH 
levels.
Conclusion: VOZB showed an ameliorative effect on CUS-induced anxiety behavior, 
potentially via inhibiting activation of the HPA axis and restoring the dysbiosis of gut 
microbiota, thus improving the stress-induced abnormality of the microbiota-gut-brain axis.
Keywords: Zanthoxylum bungeanum, anxiety disorders, stress, neuroendocrine, 
hypothalamic-pituitary-adrenal axis, gut microbiota

Introduction
Anxiety disorders (ADs), including generalized anxiety disorder, panic disorder, social 
anxiety disorder, among others, are the most prevalent mental disorders, seriously 
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impairing the life quality of millions of individuals worldwide. 
The lifetime prevalence estimate of ADs was even higher than 
that of depression and occupied the first position in mental 
disorders according to the WHO World Mental Health Survey 
in 2009.1 The prevalence estimate of anxiety disorder varyies 
from 3.8% to 25% in the Western world.2 The increasing 
number of people with ADs implies raised medical costs, 
decreased work productivity, and impaired social 
relationships.3–5 Another finding from the Global Burden of 
Disease Study 2010 estimated that ADs contributed to 
26.8 million disability-adjusted life years and substance 
abuse.6 Moreover, the persistence of ADs was considered as 
a risk factor for the development of other mental disorders. 
These comorbidities of ADs in turn brought new challenges 
for anti-anxiety treatment, resulting in low remission rates, 
poor prognosis, and increased suicide risk.7 Therefore, the 
exploration of potential pathogenesis and treatment of ADs 
has attracted increasing interest in the mental health field.

Compelling evidence from the clinic and laboratory indi-
cated that not only the imbalance of central neurotransmitters, 
such as noradrenaline and serotonin, but also the abnormality 
of neuroendocrine hormones were involved in the occurrence 
and progression of ADs.8,9 The hypothalamic-pituitary- 
adrenal (HPA) axis, which is the core component of neuroen-
docrine networks, was reported to participate in the regulation 
of psychological and physical defense behaviors against the 
various stressors.10,11 Newly intensive efforts revealed that the 
hormone dysregulation of the HPA axis was responsible for 
the onset of ADs associated with chronic stress, including 
corticotropin-releasing hormone (CRH), adrenocorticotropic 
hormone (ACTH), and cortisol, known as corticosterone 
(CORT).12,13 Stress exposure beyond a threshold provoked 
the secretion of hypothalamic CRH, and then activated the 
HPA axis, thus triggering anxiety response. Restoring the 
balance of the HPA axis, in particular CRH, was an underlying 
way to improve the ADs, although the attempts were accom-
panied with a risk of failure.

Gut microbiota that inhabits the gastrointestinal tract of 
all mammals, plays an important role in a host’s biological 
processes, such as immunity, metabolism, digestion, and 
nutrition. Accumulating studies have revealed that gut micro-
biota also participate in the regulation of brain function and 
behavior through the gut-brain axis, which integrates immu-
nological, neural, endocrine, and metabolic pathways. The 
alteration of gut microbiota was involved in a range of 
psychiatric diseases, including ADs. Germ-free (GF) mice 
exhibited less anxiety behavior than specific pathogen-free 
(SPF) mice,14–16 and SPF mice exposed to chronic restraint 

stress showed increased anxiety behavior compared with GF 
mice.17 Moreover, the transplantation of fecal microbiota 
derived from patients with depression induced anxiety and 
depressive behaviors in GF mice, rather than colonization 
with healthy microbiota derived from healthy individuals.18 

The underlying mechanism whereby gut microbiota regulate 
the host’s mood and behavior mainly involves immune 
responses, vagus nerve, endocrine signaling, short chain 
fatty acids, and tryptophan metabolism.19,20 Recently, emer-
ging studies suggested that the regulation of gut microbiota 
on host behaviors was associated with the HPA axis. In 
stress-related psychiatric disorders, including ADs, the dis-
turbance of gut microbiota often contributed to the abnorm-
ality of HPA axis. For instance, GF mice showed higher 
levels of serum ACTH and CORT after acute stress compared 
with SPF mice.21,22 In addition, the levels of plasma ACTH 
and CORT were decreased by Bifidobacterium infantis, but 
increased by Escherichia coli, implying the important role of 
gut microbiota in HPA axis alterations.22,23 Reshaping gut 
microbiota has become a potential therapy for psychiatric 
disorders, especially the stress-related ADs.

Zanthoxylum bungeanum Maxim belongs to the Rutaceae 
family, and is widely distributed in East Asia. In China, 
Z. bungeanum pericarp is used as a popular spice in cooking 
because of its unique aroma and taste. Additionally, 
Z. bungeanum pericarp is also used as an important traditional 
Chinese herbal medicine to relieve pain, prevent itching, aid 
digestion, and stop diarrhea.24,25 Pharmacological investiga-
tions showed that Z. bungeanum shows various effects on the 
digestive system, nervous system, and circulatory system, 
mainly including anti-inflammatory, analgesic, gastrointest-
inal-promoting, anti-tumor, antibacterial, and neurotrophic 
effects.24 In recent years, emerging evidence suggested that 
Z. bungeanum extracts were beneficial for alleviating neurolo-
gical and mental disorders, such as memory impairment and 
Alzheimer’s disease.26–28 Further identification of these neu-
roactive extracts found that unsaturated alkylamides and terpe-
noids (enriched in volatile oil) contributed to the 
neuropharmacological activities of Z. bungeanum. However, 
studies were rarely focused on evaluating the effect of 
Z. bungeanum extracts on stress-related ADs and their anti- 
anxiety mechanisms, although ADs bring about similar health 
damage to depression.

Therefore, we designed this study to investigate the ame-
liorative effect of volatile oil of Z. bungeanum (VOZB), 
known as the characteristic flavor compounds, on chronic 
unpredictable stress (CUS) induced anxiety behavior in rats. 
More importantly, we explored the changes in the HPA axis 
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and gut microbiota to determine whether the regulatory 
effects of gut microbiota on the HPA axis were involved in 
the anxiolytic effect of VOZB.

Materials and Methods
Plant Materials and Extracts Preparation
Z. bungeanum pericarps were purchased from Chengdu 
Kangmei Pharmaceutical Co. Ltd (Chengdu, China) and iden-
tified by Professor Chun-Jie Wu (Chengdu University of 
Traditional Chinese Medicine, Chengdu, P.R. China). The 
voucher specimen was deposited at our laboratory (No. 
HJ201814). The dried pericarps of Z. bungeanum were pow-
ered and screened through a 65 mesh sieve. The powder was 
subjected to hydrodistillation for 5 h using a Clevenger type 
apparatus. The obtained volatile oils were dried using hydrous 
sodium sulfate, filtered, and then stored at 4°C. The extraction 
yield of VOZB was calculated as 5.12% (w/w). The density of 
VOZB was 0.8563 g/mL according to the exam.

Oral Toxicity Test
The oral toxicity test was conceptualized according to OECD 
guidelines for the Testing of Chemicals (Test No. 425, 2008). 
Female Sprague-Dawley rats were chosen for testing the 
toxicity of VOZB. The testing dosages were 55 mg/kg, 
175 mg/kg, 550 mg/kg, and 2000 mg/kg according to the 
guidelines (doses were spaced by a factor of 0.5 on a log dose 
scale). The different doses of VOZB were uniformly sus-
pended in 1% sodium carboxymethyl cellulose (CMC-Na) 
solution and orally administered to treated rats after fasting 
overnight under acute toxicity conditions. Then the mortality 

of the experimental rats was recorded within a 72 
h monitoring period. Our results indicated that neither death 
nor any abnormal neurobehaviors could be observed with the 
doses ranging from 55 to 2000 mg/kg during 72 h. Therefore, 
the 50% lethal dose was greater than 2000 mg/kg.

Animals
Male Sprague-Dawley rats (200±10 g, 6–8 weeks) were 
purchased from the Sichuan Dashuo Experimental Animal 
Co. Ltd (Sichuan, China) and housed 2 per cage 
(34×26×19 cm) in controlled environmental conditions 
(temperature 23±2°C, humidity 55–65%, and 12/12 
h light-dark cycle). Rats were allowed access to food and 
water ad libitum and habituated for 7 days in the labora-
tory before starting the chronic unpredictable stress (CUS) 
procedure. All experimental procedures were conducted in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals, and approved 
by the Animal Care and Use Committee of Chengdu 
University of Traditional Chinese Medicine.

Experimental Design
A total of 50 rats were randomly divided into five groups 
(n = 10), including the normal group, model group, and 
three treatment groups. The experimental protocol was 
designed according to the previous studies with some 
modifications,29–31 and the experimental schematic dia-
gram is shown in Figure 1. Briefly, experimental rats in 
the model group and the three treatment groups were 
exposed to the CUS for 14 consecutive days. Meanwhile, 
different doses (50, 100, and 200 mg/kg/day, respectively) 

Figure 1 Schematic diagram illustrating the major steps of the experiment. The experimental rats were exposed to the CUS for 14 consecutive days. Meanwhile, different 
doses (50, 100, and 200 mg/kg/day, respectively) of VOZB were administered for 14 days. 
Abbreviations: CUS, chronic unpredictable stress; VOZB, volatile oil of Zanthoxylum bungeanum.
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of VOZB were administered to rats in the three treatment 
groups by an intragastric gavage for 14 days, previously 
suspended in vehicle (1% CMC-Na). Rats in other groups 
were administered with the vehicle (1% CMC-Na, 10 mL/ 
kg). Since there is no information on the dose of VOZB in 
the treatment of anxiety either in clinical or preclinical 
studies, the dose of VOZB in this study was determined 
by our preliminary experiment. The behavioral tests were 
conducted 2 h after the final drug administration. On the 
next day, all rats were anesthetized by 1% pentobarbital 
sodium (3 mL/kg). The inguinal skin was cut open to 
expose the femoral vein. Then blood samples were col-
lected from the femoral vein and centrifuged for 10 min at 
5000 rpm to prepare the serum samples. After blood 
sampling, the rats were killed by cervical dislocation and 
the brain samples were removed quickly from the skull. 
Some of the brain samples were immersed and fixed in 
a 4% paraformaldehyde (PFA) solution for immunohisto-
chemical assay, and others were had the hypothalamus 
isolated for the next process. The serum samples and 
hypothalamus samples were stored at −80°C. In addition, 
the abdomen of rats was sterilized by iodophor after bar-
bering on a super clean bench. The whole colon was 
removed and cut open lengthwise. The stools in colon 
were collected into sterile tubes and immediately frozen 
in liquid nitrogen for detection of gut microbiota.

Chronic Unpredictable Stress Procedure
The CUS procedure was modified referring to the pub-
lished procedures.29–31 After 7 days of habituation, rats in 
model group and three VOZB treatment groups were 
housed individually and exposed to the following stressors 
for 14 days: wet bedding for 12 hours; 30-min restraint in 
a restraining device which was made of plexiglass and 
flexible nylon immobilization belts, thus restricting move-
ment but allowing free respiration and air circulation; 12-h 
food and water deprivation (19:00–7:00); 10-min forced 
swim at 18°C in a cylindrical tank (60 cm height × 30 cm 
diameter) filled with fresh water to a 30 cm depth; rever-
sing the light and dark cycle; 10-min tail pinch with 
a clothes-pin 1 cm from the base of the tail after being 
restrained in previous device; 15-min electric footshock 
(1.5mA, 30 s on and 150 s off). In order to maximize the 
unpredictability of stressors, all stressors were applied in 
a random order and at varying times, and the same stres-
sors were not applied on two consecutive days. The CUS 
experimental schedule is outlined in Table 1. After daily 
CUS procedure, rats were placed in their home cages with 

fresh bedding and returned to the housing room until the 
next stress session. The normal group rats were handled 
daily for 2 min in the housing room, but not stressed.

The Elevated Plus-Maze Test
The elevated plus-maze (EPM) test was carried out to 
evaluate the anxiety-like behavior after the final drug 
administration. Rats were transported to the well- 
ventilated testing room and allowed to acclimate for 30 
min. The testing room was illuminated with a red lamp (10 
and 25 lux) and kept quiet throughout the behavior test. 
The EPM (TECHMAN Co., Ltd, China) consisted of two 
opposite open-arms (50×10×1.5 cm), two opposite 
enclosed-arms (50×10×40 cm) and a center platform 
(10×10 cm) connecting four arms in the middle. The 
maze was elevated to a height of 60 cm above the floor 
and exposed to a fluorescent lamp suspended at height of 
100 cm above the apparatus. At the beginning of the EPM 
test, the rat was placed in the center platform facing one of 
the open arms, and then allowed to explore freely for 5 
min. The number of entries and time spent in each of the 
four arms was recorded by an automated video-tracking 
system (EthovisionXT9, NOLDUS). The proportion of 
entries and time spent in the open-arms relative to the 
total entries or time spent in all arms (open/open + closed) 
were calculated as indices of open-arm exploration. The 
fewer entries and less time spent in the open arms indi-
cated a higher anxiety state.29,32 After each test, the appa-
ratus was thoroughly cleaned with 30% ethanol solution 
and dried with paper towels to avoid olfactory trace of the 
previous animal.

Table 1 Chronic Unpredictable Stress Experimental Schedule

Day Stressor

1 30-min restraint
2 15-min mild footshock

3 12-h food and water deprivation (19:00–7:00)

4 12-h wet bedding
5 10-min tail pinch in restrainer

6 10-min forced swim

7 Reversing the light and dark cycle for 24 h
8 15-min mild footshock

9 12-h wet bedding
10 30-min restraint

11 Reversing the light and dark cycle for 24 h

12 10-min forced swim
13 12-h food and water deprivation (19:00–7:00)

14 10-min tail pinch in restrainer
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The Open Field Test
The open field (OF) apparatus (TECHMAN Co., Ltd, 
China) was a cubic chamber (100×100×40 cm), consisting 
of four walls and a bottom. The bottom of the open field 
was divided into a central zone (40×40 cm) and 
a peripheral zone. Rats were placed individually at the 
center of the central zone and allowed to explore freely 
for 5 min. The locomotion of rats in OF was recorded by 
the automated video-tracking system (EthovisionXT9, 
NOLDUS) at the same time. The number of visits in the 
central zone was scored, as well as the time spent in the 
central zone. All four paws entering the central zone was 
considered as the criterion of center visiting. Between the 
interval of two tests, the OF was cleaned with 30% ethanol 
solution and dried with paper towels to eliminate the 
residual odor.

Immunohistochemistry
The immunohistochemical assay was carried out using the 
method described in previous studies.27 Briefly, the brain 
samples post-fixed with 4% PFA were coronally cut into 5 
μm hypothalamus sections, which contain paraventricular 
nucleus. The brain sections were dewaxed and incubated 
in 3% hydrogen peroxide for 10 min, and then boiled in 
citrate buffer (pH 6.0) for 5 min. After blocking with goat 
serum for 30 min, the sections were incubated with anti- 
CRH antibody (dilution 1: 100, Abcam, Britain) and anti- 
glucocorticoid receptor (GR) antibody (dilution 1: 100, 
Bioss, China) overnight at 4°C. Subsequently, the second-
ary antibody was incubated at 37°C for 30 min, and 
specific labeling was visualized using a 3,3ʹ- 
diaminobenzidine (DAB) kit. Images were captured via 
a digital microscope (BA200 Digital, McAudi) and ana-
lyzed by Image-Pro Plus 6.0 software (Media Cybernetics, 
Silver Spring, USA). The CRH and GR expression in the 
hypothalamus were measured by the average optical den-
sity (AOD) to compare the potential differences between 
groups.

Quantitative Real-Time Polymerase Chain 
Reaction (RT-qPCR) Assay
Total RNA of hypothalamus samples was extracted using 
Trizol reagent (Invitrogen, USA) according to the manu-
facturer’s instructions. The ratio of optical density at 260 
nm and 280 nm (OD 260/OD 280) was limited in the 
range of 1.8–2.1 to ensure the purity and quality of 
RNA. Then 2 μg of total RNA was reverse transcribed 

into cDNA using the TUREscript 1st Stand cDNA 
Synthesis Kit (Aidlab Biotechnologies, China). After add-
ing the SYBR Green PCR Master Mix (TaKaRa 
Biotechnology, China), RT-qPCR was performed using 
the ABI StepOnePlus System (Applied Biosystems, 
USA) following the conditions: 95°C for 10 min, followed 
by 40 cycles of 95°C for 15 s, 60°C for 60 s, and 72°C for 
60 s. The target mRNA primers were designed by Premier 
5.0 and synthesized by Sangon Biotech (Shanghai, China). 
The primer sequences for GRfwd were as follows: 5ʹ- 
CACATCTCACCCGCACCGATTG-3ʹ, rev: 5ʹ-TTGG 
ACAAACACGGATGCCTGAC-3ʹ; for CRHfwd: 5ʹ- 
TGCCAAGGGAGGA GAAGAGA GC-3ʹ, rev: 5ʹ-GAC 
AGAGCCACCAGCAGCATG-3ʹ; for GAPDHfwd: 5ʹ- 
CTGGAGAAACCTGCCAAGTATG-3ʹ, rev: 5ʹ-GGTG 
GAAGAATGGGAGTTG CT-3ʹ; and GAPDH was used 
as an endogenous control. The gene expression levels of 
CRH and GR were calculated with the method of 2−ΔΔCT.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The levels of ACTH and CORT in the serum mentioned 
above were detected by commercial ELISA kits following 
the corresponding manufacturer’s protocol. All of the 
reagents were prepared at room temperature and the thawed 
serum samples were centrifuged again before the assay.

Microbial Analysis
The microbial analysis was performed according to pre-
vious studies.33,34 Briefly, bacterial DNA was extracted 
from fecal samples using the QIAamp DNA Stool Mini 
Kit (QIAGEN, Germany) following the manufacturer’s 
protocols. DNA integrity was assessed by electrophoresis 
on a 1% agarose gel containing 0.5 mg/mL ethidium 
bromide. Then, the V3-V4 region of the 16S rRNA gene 
was amplified by PCR using the universal bacterial pri-
mers (338F: 5ʹ-ACTCCTACGGGAGGCAGCAG-3ʹ and 
806R: 5ʹ-GGACTACHVGGGTWTCTAAT-3ʹ). Further, 
amplicon sequencing was performed on an Illumina 
MiSeq platform (PE300). Raw reads were demultiplexed 
and filtered by QIIME (version 1.9.1) following the read 
length and quality, and the filtered reads were dereplicated 
to unique sequences. Operational units (OTUs) were clus-
tered with 97% similarity cutoff using UPARSE (version 
7.1) and chimeric sequences were identified and removed 
using UCHIME. Taxonomy of each OTU representative 
sequence was analyzed by Ribosomal Database Project 
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Classifier (version 2.11) against the silva 16S rRNA data-
base. The diversity index and composition of the gut 
microbiota were determined by bioinformatic analysis.

Gas Chromatography-Mass Spectrometry 
(GC-MS) Analysis
The GC-MS analysis was performed according to our pre-
vious study.35 Chromatography was performed on a Shimadzu 
GC-MS-TQ8040 gas chromatograph with a HP-1510 gas 
chromatography headspace heater and a mass-selective detec-
tor with electron impact ionization. Samples were added to 
a headspace vial and incubated for 30 min at a temperature of 
50°C in the headspace heater. Subsequently, the fiber was 
inserted in the headspace vial and extracted for 10 min at 
50°C. After extraction, the SPME fiber was exposed to the 
hot GC injection port at 230°C for 3 min for desorption of 
aroma components. For the GC-MS analysis, the analytes 
were separated using an HP-5MS capillary column (30 m × 
0.25 mm, 0.25 μm). The temperature program used for analy-
sis was as follows: the initial temperature was 50°C for 2 min, 
which was increased to 200°C at 4°C/min; 200°C was main-
tained for 5 min; then the temperature was increased to 240°C 
at 15°C/min and maintained for 5 min. Helium (99.999%) was 
the carrier gas maintained at a flow rate of 1 mL/min. The split 
rate was 36:1 and inlet volume was 1.0 μL. The electron 
impact ionization conditions were ion energy 70eV and the 
mass range scanned was 50–550 a.m.u in the full-scan acqui-
sition mode. Compounds were identified using the NIST Mass 
Spectral Search Program (National Institute of Standards and 
Technology, Washington, DC, USA). The relative amounts of 
individual components of the fatty oils were expressed as 
percentages of the peak area relative to the total peak area.

Statistical Analysis
Data are presented as the mean ± standard deviation (SD) 
and analyzed using SPSS software version 19.0 (IBM 
Corporation, USA). The Shapiro–Wilk test was used to 
test the normal distribution of observed indicators. The 
indicators obtained from the EPM test, OF test, and α 
diversity analysis of gut microbiota, as well as the hor-
mone levels showed normal distribution. Therefore, statis-
tical difference between the groups was estimated by 
one-way analysis of variance (ANOVA) followed by 
Fisher’s LSD test.27 Moreover, the β diversity of gut 
microbiota was analyzed by principal coordinates analysis 
(PCoA) and nonmetric multidimensional scaling analysis 
(NMDS). The relative abundance of gut microbiota which 

was not in accordance with normal distribution was com-
pared using Kruskal–Wallis test (a nonparametric test). 
Besides, the correlation coefficient of α diversity indexes 
of gut microbiota and serum hormone levels was estimated 
by Pearson correlation test. p < 0.05 was considered sta-
tistically significant.

Results
The VOZB Alleviated the CUS Induced 
Anxiety Behavior in Rats
EPM and OF tests were used to evaluate the effect of 
VOZB on the CUS induced anxiety behaviors in rats. In 
the EPM test, one-way ANOVA revealed significant dif-
ferences between groups for the ratio of open-arm entries 
(ROE) (F(4,45)= 20.025; p = 0.0000) and the ratio of open- 
arm time (ROT) (F(4,45)= 13.876; p = 0.0000). Particularly, 
the ROE in the CUS group was significantly fewer than 
that of the normal group (p = 0.0000, Figure 2A), as well 
as the ROT (p = 0.0000, Figure 2B). However, the ROE 
were elevated by the treatment with low-dose (50 mg/kg/ 
day), moderate-dose (100 mg/kg/day), and high-dose 
(200 mg/kg/day) of VOZB in a dose-dependent manner 
vs the model group (p = 0.0003, 0.0000, and 0.0000, 
respectively, Figure 2A), the elevation of ROT was also 
observed in the moderate-dose group and high-dose group 
vs the model group (p = 0.0000 and 0.0000, respectively, 
Figure 2B). In the OF test, one-way ANOVA revealed 
significant differences between groups for the entries in 
the central zone (F(4,45)= 7.013; p = 0.0002). The entries in 
the central zone of the CUS group were significantly fewer 
than those of the normal group (p = 0.0002, Figure 2C), as 
well as the time spent in the central zone (p = 0.0137, 
Figure 2D). The entries in the central zone were signifi-
cantly increased by the treatment with the moderate-dose 
and high-dose of VOZB (p = 0.0115 and 0.0002, respec-
tively, Figure 2C and D). Collectively, these behavioral 
results indicated that the VOZB treatment alleviated the 
CUS-induced anxiety behavior in rats. The exposure of 
CUS decreased the ROE and ROT of model rats in the 
EPM test, as well the central zone entries and cumulative 
time in OF test. These behavioral test results were consis-
tent with those proposed in other literature,29,36 indicating 
that the modified CUS procedures successfully and reli-
ably induced anxiety behavior in rats. However, the VOZB 
significantly alleviated the CUS-induced anxiety behavior 
in the EPM and OF tests.
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The VOZB Regulated the Protein 
Expressions and mRNA Levels of CRH in 
the Hypothalamus
Hypothalamic CRH is considered to be a vital neuroen-
docrine factor involved in the stress response and emo-
tion regulation. Therefore, we investigated the CRH 
expressions of hypothalamus by immunohistochemistry 
and RT-qPCR. The immunohistochemical assays showed 
that CRH appearing yellow or brownish yellow staining, 
was mainly expressed in the paraventricular nucleus cells 
and enriched in the cytoplasmic fractions (Figure 3A). 
The number of hypothalamic CRH immuno-positive cells 
in the CUS group was increased visibly compared with 
that in the normal group. However, the treatment with 

different doses of VOZB decreased the hypothalamic 
CRH immuno-positive cells of the CUS induced rats. 
Further, one-way ANOVA revealed significant differences 
between groups for the AOD of hypothalamic CRH 
expression (F(4,20)= 3.831; p = 0.0146). The CUS mark-
edly raised the AOD of CRH expressions in the hypotha-
lamus (p = 0.0111, Figure 3A), while treatments with the 
moderate-dose and high-dose VOZB successfully 
reversed these raising effects induced by CUS (p = 
0.0163 and 0.0147, respectively, Figure 3A). 
Additionally, the results of the immunohistochemistry 
were confirmed by subsequent RT-qPCR. One-way 
ANOVA revealed significant differences between groups 
for the hypothalamic CRH mRNA levels (F(4, 20)= 

Figure 2 The VOZB alleviated the CUS-induced anxiety behavior in the elevated plus maze (EPM) and open field (OF) tests. Ratio of open-arm entries (A) and ratio of 
open-arm time (B) in the EPM test were evaluated, as well as the entries into central area (C) and accumulative time spent in central area (D) in the OF test. Data obtained 
from the EPM and OF test was in accordance with normal distribution and analyzed by one-way ANOVA followed by Fisher’s LSD test. Data were expressed as the mean ± 
SD (n = 10), *p<0.05 and **p<0.01 vs the model group. 
Abbreviations: VOZB-LD, the low dose of VOZB; VOZB-MD, the moderate dose of VOZB; VOZB-HD, the high dose of VOZB.
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70.438; p = 0.0000). The levels of CRH mRNA in 
hypothalamus were significantly elevated by CUS (p = 
0.0000), whereas the VOZB inhibited the elevation of 
CRH mRNA levels at the doses of 100 and 200 mg/kg/ 

day (p = 0.0001 and 0.0000, respectively, Figure 4A). 
These results suggested that the VOZB reduced the 
expression of CRH and its mRNA in the hypothalamus, 
thus relieving the CUS induced anxiety behavior in rats.

Figure 3 The VOZB regulated the protein expressions of CRH and GR in the hypothalamus. Representative photomicrographs and AOD values of CRH (A) and GR (B) in 
the paraventricular nucleus were shown respectively. The red arrows were used to mark the CRH positive cells. Data obtained from the EPM and OF test was in accordance 
with normal distribution and analyzed by one-way ANOVA followed by Fisher’s LSD test. The AOD values of CRH and GR expressions in the hypothalamus were in 
accordance with normal distribution and analyzed by one-way ANOVA followed by Fisher’s LSD test. Data were expressed as mean ± SD (n = 5), *p<0.05 vs the model 
group. 
Abbreviations: CRH, corticotropin-releasing hormone; GR, glucocorticoid receptor; VOZB-LD, the low dose of VOZB; VOZB-MD, the moderate dose of VOZB; VOZB- 
HD, the high dose of VOZB.
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The VOZB Elevated the Protein 
Expressions and mRNA Levels of GR in 
the Hypothalamus
Hypothalamic GR mediates the negative feedback effect of 
corticosterone on the CRH secretion, thus regulating the activ-
ity of the HPA axis. In this study, we also assessed the GR 
expression of hypothalamus by immunohistochemistry and 
RT-qPCR. The GR immuno-positive cells in the paraventricu-
lar nucleus showed a visible reduction in the CUS group 
compared with the normal group (Figure 3B). However, the 
treatment with VOZB partly increased the CUS-induced GR 
immuno-positive cells in the hypothalamus (Figure 3B). 
Moreover, one-way ANOVA revealed significant differences 
between groups for the AOD of hypothalamic GR expression 
(F(4,20) = 2.829; p = 0.0460). The AOD of hypothalamic GR 
expressions was markedly decreased in the CUS group rats 
compared with that in the normal group rats (p = 0.0143, 
Figure 3B), while the high-dose of VOZB partly reversed 
the CUS-induced reduction of GR expression (p = 0.056, 
Figure 3B). Similarly, one-way ANOVA revealed significant 
differences between groups for the hypothalamic GR mRNA 
levels (F(4, 20)= 101.634; p = 0.0000). The levels of hypotha-
lamic GR mRNA were also significantly reduced in the CUS 
group (p = 0.0000, Figure 4B), whereas the VOZB attenuated 
the CUS-induced reduction of GR mRNA levels, especially at 
the dose of 200 mg/kg/day (p = 0.0000, Figure 4B). These 
findings suggested that elevating the protein expressions and 
mRNA levels of GR in the hypothalamus might be closely 
related to the effect of VOZB on improving the CUS-induced 
anxiety behavior in rats.

The VOZB Regulated the Levels of CRH, 
ACTH and CORT in Serum
Hormones secreted from the HPA axis in serum were also 
investigated by ELISA, including CRH, ACTH, and CORT. 
One-way ANOVA revealed significant differences between 
groups for CRH (F(4, 45)= 4.048; p = 0.0069), ACTH (F(4, 45) 

= 14.866; p = 0.0000), and CORT levels (F(4, 45) = 9.732; p = 
0.0000) in serum. Consistent with the result of hypothalamic 
CRH expression, the CRH levels in serum were significantly 
raised in the model group compared with the normal group 
(p = 0.0021). However, the VOZB at the doses of 200 mg/kg/ 
day reversed the CUS induced elevation of CRH levels (p = 
0.0088, Figure 5A). Similarly, the levels of ACTH and 
CORT in serum were raised in the CUS-induced rats com-
pared with the normal group rats (p = 0.0000 and 0.0000, 
respectively, Figure 5B and C), but the VOZB reduced the 
levels of ACTH at the doses of 100 and 200 mg/kg/day (p = 
0.0000 and 0.0000, respectively, Figure 5B), as well as the 
CORT levels (p = 0.0183 and 0.0006, respectively, Figure 
5C). Interestingly, the VOZB treatment showed a dose- 
dependent effect on the CUS-induced ACTH imbalance. 
The above results suggested that the VOZB reversed the 
imbalance of HPA-related hormones to improve the CUS- 
induced anxiety behavior in rats.

The VOZB Restored the CUS-Induced 
Dysbiosis of Gut Microbiota
Gut microbiota has been confirmed to be involved in the 
regulation of host’s mood and behavior through the gut- 
brain axis. In this study, we detected the microbiota changes 

Figure 4 The VOZB improved the mRNA levels of CRH and GR in the hypothalamus. Levels of CRH mRNA (A) and GR mRNA (B) were respectively determined by RT- 
qPCR. The levels of CRH mRNA and GR mRNA in the hypothalamus were in accordance with normal distribution and analyzed by one-way ANOVA followed by Fisher’s 
LSD test. Data were expressed as mean ± SD (n = 5), **p<0.01 vs the model group. 
Abbreviations: CRH, corticotropin-releasing hormone; GR, glucocorticoid receptor; VOZB-LD, the low dose of VOZB; VOZB-MD, the moderate dose of VOZB; VOZB- 
HD, the high dose of VOZB.
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by 16S rRNA gene sequencing. The α diversity analysis of 
gut microbiota included the Sobs, Chao, Shannon and 
Simpson indexes. One-way ANOVA revealed significant 
differences between groups for the Sobs (F(2, 21)= 4.665; p= 
0.0211) and Chao indexes (F(2, 21)= 5.310; p= 0.0136), but 
not Shannon and Simpson indexes. Sobs and Chao indexes 
reflecting community richness were obviously decreased in 
the model group compared with those in the normal group 
(p = 0.0116 and 0.0058, respectively, Figure 6A and B), but 
the VOZB at dose of 200 mg/kg/day significantly reversed 
the CUS-induced reduction of Sobs and Chao index (p = 
0.0203 and 0.0211, respectively, Figure 6A and B). However, 
Shannon and Simpson indexes reflecting community diver-
sity showed little change between groups (Figure 6C and D). 
Moreover, the PCoA showed that the cumulative percentages 
of PC1 and PC2 accounted for 64.41% of total variations. 
Most of the samples were clustered according to groups and 
distributed differently, indicating that the β diversity of gut 
microbiota was different between groups (R = 0.2361, p = 
0.0020, Figure 6E). The VOZB treatment samples showed 
less distance to the normal samples than that to the model 
samples. The NMDS showed a more clear distribution dif-
ference between groups (R2 = 0.2819, p = 0.0010, Figure 6F).

Taxonomy analysis of gut microbiota obtained 623 OTUs 
in total, including 582 in the normal group, 501 in the model 
group, and 584 in the VOZB group. Of these, 115 OTUs in the 
normal group and 111 OTUs in the VOZB group were different 
from those in the model group (Figure 7A). At the phylum 
level, Firmicutes, Bacteroidetes, Proteobacteria, and 
Deferribacteres were the dominant communities in all samples 
(Figure 7B and Supplementary Table 1). The proportion of 

Bacteroidetes, Proteobacteria, and Actinobacteria was 
decreased after the CUS exposure, whereas Firmicutes and 
Deferribacteres were significantly increased (p = 0.0357 and 
0.0117, respectively, Figure 7B). The VOZB treatment at dose 
of 200 mg/kg/day partly improved the CUS-induced dysbiosis, 
decreasing Firmicutes and Deferribacteres, but increasing 
Bacteroidetes (Figure 7B and C). Further, the main OTUs 
identified at the family level are shown in Figure 7D. The 
results showed that Lachnospiraceae, Bacteroidales_S24- 
7_group, Lactobacillaceae, Bacteroidaceae, Ruminoc 
occaceae, and Porphyromonadaceae were the dominant com-
munities at the family level (Figure 7D and Supplementary 
Table 2). After the CUS exposure, the relative abundance of 
Lachnospiraceae and Ruminococcaceae were obviously 
increased (p = 0.0157 and 0.0118, respectively, Figure 7E), 
while the relative abundance of Bacteroidales_S24-7_group, 
Lactobacillaceae, and Prevotellaceae were significantly 
decreased (p = 0.0008, 0.0087, and 0.0167, respectively, 
Figure 7E). The VOZB treatment showed some benefit on 
restoring the CUS-induced dysbiosis, reducing 
Lachnospiraceae, but raising Bacteroidales_S24-7_group, 
Lactobacillaceae, and Prevotellaceae. Notably, the proportions 
of Lactobacillaceae and Prevotellaceae in the VOZB group 
were obviously more than those in the model group (p = 0.0063 
and 0.0274, respectively, Figure 7E).

Additionally, Sobs and Chao indexes were negatively 
correlated to the serum CORT level (r = −0.62, p = 0.0012 
and r = −0.63, p = 0.0009, respectively) and CRH level (r 
= −0.57, p = 0.0034 and r = −0.50, p = 0.0131, respec-
tively), but not correlated with the serum ACTH level 
(Figure 7F).

Figure 5 The VOZB regulated the levels of CRH, ACTH and CORT in serum. Levels of CRH (A), ACTH (B) and CORT (C) were respectively determined by ELISA. The 
levels of hormones in serum were in accordance with normal distribution and analyzed by one-way ANOVA followed by Fisher’s LSD test. Data were expressed as mean ± 
SD (n = 10), *p<0.05 and **p<0.01 vs the model group. 
Abbreviations: CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; CORT, corticosterone; VOZB-LD, the low dose of VOZB; VOZB-MD, the 
moderate dose of VOZB; VOZB-HD, the high dose of VOZB
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Composition Analysis of the Volatile Oil 
of Z. bungeanum
The chemical compositions of VOZB were separated and 
identified by GC-MS analysis. In this study, we detected 
30 compounds (peaks) from the total ion chromatograms 
of the VOZB within 31 min (Figure 8). These compounds 
were subsequently identified based on the mass spectro-
metric data interpretation reported in the literature, and 
their relative contents were also calculated by the peak 
area normalization method. The 30 identified compounds 
were α-Thujene (peak 1, 0.38%), α-Pinene (peak 2, 
3.03%), Sabinene (peak 3, 10.27%), β-Pinene (peak 4, 
0.38%), β-Myrcene (peak 5, 10.56%), α-Phellandrene 
(peak 6, 2.34%), α-Terpinene (peak 7, 0.13%), Limonene 
(peak 8, 28.88%), β-Phellandrene (peak 9, 12.91%), trans- 
β-Ocimene (peak 10, 4.54%), Ocimene (peak 11, 2.35%), 
Cineole (peak 12, 6.64%), γ-Terpinene (peak 13, 0.35%), 

Sabinene hydrate (peak 14, 0.22%), Terpinolene (peak 15, 
0.46%), Linalool (peak 16, 1.00%), trans-Sabinene hydrate 
(peak 17, 0.12%), 3-Carene (peak 18, 8.91%), α-Terpineol 
(peak 19, 0.32%), Linalyl acetate (peak 20, 0.58%), 
4-Terpinenyl acetate (peak 21, 0.51%), Piperitone (peak 
22, 0.24%), β-Elemene (peak 23, 0.18%), Terpinyl acetate 
(peak 24, 1.60%), Caryophyllene (peak 25, 1.09%), α- 
Humulene (peak 26, 0.15%), Germacrene D (peak 27, 
0.98%), Spathulenol (peak 28, 0.17%), γ-Cadinene (peak 
29, 0.26%), and δ-Cadinene (peak 30, 0.45%), respectively 
(Figure 6 and Table 2). Of these 30 compounds, 13 were 
with a relative content more than 1% (Table 2), including 
Limonene, β-Phellandrene, myrcene, Sabinene, 3-Carene, 
Cineole, trans-β-Ocimene, α-Pinene, Ocimene, α- 
Phellandrene, Terpinyl acetate, Caryophyllene, and 
Linalool. From the present results, the VOZB mainly con-
sisted of alkenes, such as Limonene, β-Phellandrene, 
Myrcene, Sabinene, and 3-Carene.

Figure 6 The VOZB affected the diversity of gut microbiota. The α diversity analysis of gut microbiota includes Sobs index (A), Chao index (B), Shannon index (C) and 
Simpson index (D). Sobs and Chao are community richness indexes, Shannon and Simpson were community diversity indexes. The β diversity of gut microbiota were also 
evaluated by PCoA (E) and NMDS (F). The distance between the different colored samples represents the similarity of gut microbiota, and a closer distance indicates higher 
similarity. The α diversity indexes (Sobs, Chao, Shannon, and Simpson) were in accordance with normal distribution and analyzed by one-way ANOVA followed by Fisher’s 
LSD test. PCoA and NMDS were conducted according to weighted UniFrac distance metrics. All data were analyzed at genus level and the values were expressed as mean ± 
SD (n = 8), *p<0.05 and **p<0.01 vs the model group. 
Abbreviations: VOZB-HD, the high dose of VOZB; PCoA, principal coordinates analysis; NMDS, nonmetric multidimensional scaling.
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Figure 7 The VOZB treatment restored the dysbiosis of gut microbiota. (A) The change of OTUs were identified. (B) The composition profiles of gut microbiota were 
analyzed at phylum level. (C) The dominant phyla were compared between the different treatment groups. (D) The composition profiles of gut microbiota were further 
analyzed at family level. (E) The dominant genera were also compared between the different treatment groups. (F) The correlation of α diversity indexes (Sobs and Chao) 
and the HPA axis hormones in serum were analyzed by Pearson correlation test. The relative abundance of dominant communities at the phylum and family level was not in 
accordance with normal distribution and compared using Kruskal–Wallis test (a nonparametric test). The relative abundance of gut microbiota on different taxonomic levels 
was expressed as mean ± SD (n = 8), *p<0.05 and **p<0.01 vs the model group. 
Abbreviations: VOZB-HD, the high dose of VOZB; OTUs, operational taxonomic units; HPA axis, hypothalamic-pituitary-adrenal axis.
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Discussion
Anxiety disorders, common debilitating and disabling 
psychiatric conditions, are characterized by excessive 
and persistent worry, fear, and avoidant response, differ-
ing from transient anxiety and fear in daily life.37,38 The 
etiology of ADs is conceptualized as the interaction of 
psychosocial factors (e.g., early childhood adversity and 
stressful life events) and genetic vulnerability.37,39 

Among these risk factors associated with ADs, stressful 
life events seem to run through the lifetime of individuals 
and have an enormous impact on their behavior. Chronic 
experiences of life stress, such as disrupted interpersonal 
relationships, family and marriage conflicts, financial dif-
ficulties, job problems and trauma, promote the onset of 
ADs.40 Importantly, ADs, as well as depression, are 
associated with a history of early life stress.40–42 

According to the above findings of etiology, we applied 
the CUS to imitate the psychosocial stress suffered by 
patients with ADs in the present study. The exposure of 
CUS decreased the ROE and ROT of model rats in EPM 
test, as well the central zone entries in OF test. These 
behavioral test results were consistent with those pro-
posed in other literature,29 indicating that the modified 
CUS procedures successfully and reliably induced anxi-
ety behavior in rats. However, the VOZB significantly 
alleviated the CUS-induced anxiety behavior in the EPM 
and OF tests.

Early treatments are beneficial for individuals with ADs to 
prevent the impairment of daily functioning and reverse the 
tendency of relapse.37 However, long-term pharmacotherapy 
(e.g., selective serotonin-reuptake inhibitors, serotonin- 
noradrenaline-reuptake inhibitors) is often accompanied by 
some intolerable adverse effects, particularly nausea and diz-
ziness, reducing the treatment rate and compliance of patients 
with ADs.39 Thus, these patients with limited treatment 
options turn their attention to complementary and alternative 
medicine.43 In traditional Chinese medicine, herbal medicines 
have been widely applied in the treatment of various diseases 
for thousands of years, including mental disorders.27,44 In 
addition, plant-derived compounds/extracts are regarded as 
the primary drug sources, providing over 50% of the available 
drugs.45,46 Previous studies revealed that Z. bungeanum com-
pounds/extracts (e.g., hydroxy-α-sanshool, gx-50, and poly-
phenol extracts) showed notable neural activities to alleviate 
memory impairment and Alzheimer’s disease,26–28 but the 
effects of Z. bungeanum on ADs were unknown. Our present 
study indicated that VOZB was effective in alleviating the 
CUS-induced anxiety behavior in rats. Subsequently, a total of 
30 compounds with relatively enrichment were identified as 
the potential curative compounds of VOZB. Most of them are 
classified into the terpenoids and reported in phytochemical 
studies of Z. bungeanum. However, the chemical ingredients 
and contents of terpenoids in present study were not comple-
tely consistent with other phytochemical studies, because of 

Figure 8 Composition analysis of the VOZB. A total of 30 peaks were detected by GC-MS. 
Abbreviations: VOZB, the volatile oil of Zanthoxylum bungeanum; GC-MS, gas chromatography-mass spectrometry.
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the difference in genes, species, geographic regions, growth 
conditions, and extraction methods.47

The pathogenesis of ADs has become a major topic in 
psychiatry, both for prevention and treatment.40 Nowadays, it 
is broadly accepted that imbalance of neuroendocrine home-
ostasis resulting from psychosocial stress plays a prominent 
role in the occurrence of mental disorders, such as ADs and 
depression.41,48 Of the neuroendocrine axes, the HPA axis 
plays a fundamental role in response to external and internal 
stimuli, including psychological and social stressors.41,49 The 
activation of the HPA axis by stress experiences implies 
a cascade of events starting with the secretion of CRH in the 
hypothalamus, which is then transported into the pituitary via 

the portal circulation and stimulates the synthesis and release 
of ACTH. ACTH further promotes the synthesis and release of 
the glucocorticoid hormone cortisol (also known as corticos-
terone) by the adrenal cortex, which has a significant role in 
maintaining homoeostasis in response to stress.50 The elevated 
glucocorticoid hormone ultimately reduces the CRH secretion 
of the hypothalamus through negative feedback regulation. 
Increasing studies suggest that stressful life events and 
abnormalities of HPA axis seem to be involved in the onset 
of ADs.41 Early life stress might trigger permanent changes in 
the HPA axis and predispose individuals to develop ADs in 
adulthood.51 For instance, hyperactivity of the HPA axis was 
also described in patients with generalized anxiety disorder, 
who often reported a history of early life stress.9 Additionally, 
psychosocial stressors provoked hyper-responsiveness of the 
adrenal cortex in social phobics, and altered the function of the 
glucocorticoids receptor.40 Consequently, these consistent lit-
eratures indicate that increased activity of the HPA axis and 
reduced inhibitory feedback contribute to the pathogenesis of 
ADs, and similar results were obtained in our present study. 
The CUS significantly elevated the expression of CRH, then 
persistently stimulated the HPA axis, leading ultimately to the 
increase of CORT level, but reducing the expression of GR. 
However, VOZB showed an inhibitory regulation on the 
hyperactivity of the HPA axis and reversed the alternation of 
GR, thus alleviating the CUS-induced anxiety behavior in rats.

Gut microbiota, the most complex community of 
microorganisms in the human body, has been proposed to 
participate in the regulation of host’s brain function and 
behaviors via the gut-brain axis,52 which integrates 
immune, neuroendocrine, and neural pathways. The altera-
tion of gut microbiota has been increasingly recognized to 
affect the brain function and behavior, including neuroen-
docrine responses to stress.52,53 Growing preclinical stu-
dies revealed that the disturbance of gut microbiota 
contributes to stress-related psychiatric disorders, such as 
ADs. The transplantation of fecal microbiota from patients 
with depression or irritable bowel syndrome induced anxi-
ety-like behavior in microbiota-depleted rats.54,55 The mild 
anxiety-like behavior was also reported in ampicillin- 
induced dysbiosis rats.56 Besides, maternal separation 
induced anxiety-like behavior and behavioral despair 
were only observed in the presence of gut microbiota but 
not in GF mice.57 Interestingly, stress-sensitive strains of 
rodents, such as BALB/c mice and F344 rats, showed 
increased anxiety behavior under GF conditions.58,59 In 
our present study, the CUS-induced anxiety rats showed 

Table 2 Composition Analysis of the Volatile Oil of 
Z. bungeanum

N Identification Molecular 
Mass

RT Relative 
Content (%)

1 α-Thujene 136.2 8.837 0.38

2 α-Pinene 136.2 9.142 3.03
3 Sabinene 136.2 11.043 10.27

4 β-Pinene 136.2 11.189 0.38

5 β-Myrcene 136.2 11.442 10.56
6 α-Phellandrene 136.2 12.240 2.34

7 α-Terpinene 136.2 12.647 0.13
8 Limonene 136.2 13.049 28.88

9 β-Phellandrene 136.2 13.400 12.91

10 trans-β-Ocimene 136.2 13.479 4.54
11 Ocimene 136.2 13.772 2.35

12 Cineole 154.2 13.916 6.64

13 γ-Terpinene 136.2 14.527 0.35
14 Sabinene hydrate 154.2 15.282 0.22

15 Terpinolene 136.2 15.652 0.46

16 Linalool 154.2 16.326 1.00
17 trans-Sabinene 

hydrate

154.2 16.794 0.12

18 3-Carene 136.2 20.322 8.91
19 α-Terpineol 154.2 20.817 0.32

20 Linalyl acetate 196.3 21.549 0.58

21 4-Terpinenyl 
acetate

196.3 21.894 0.51

22 Piperitone 152.2 24.367 0.24

23 β-Elemene 204.4 25.236 0.18
24 Terpinyl acetate 196.3 25.570 1.60

25 Caryophyllene 204.4 26.506 1.09

26 α-Humulene 204.4 27.906 0.15
27 Germacrene D 204.4 28.876 0.98

28 Spathulenol 220.3 29.600 0.17

29 γ-Cadinene 204.4 30.041 0.26
30 δ-Cadinene 204.4 30.201 0.45

Abbreviation: RT, retention time.
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appreciable alterations of gut microbiota. At phylum level, 
Firmicutes and Deferribacteres were increased after the 
CUS exposure. At family level, Lachnospiraceae and 
Ruminococcaceae were increased while 
Bacteroidales_S24-7_group, Lactobacillaceae, and 
Prevotellaceae were decreased after the CUS exposure. 
These results indicated that the CUS exposure, similar to 
the abnormal fecal microbiota transplantation and antibio-
tic treatment, triggered the microbial dysbiosis, which 
contributes to the host’s anxiety behavior. In recent 
years, targeting gut microbiota has become a potential 
therapeutic strategy for mental disorders, including fecal 
microbiota transplantation and probiotics. Supplementing 
certain strains of Bifidobacterium and Lactobacillus, such 
as B. pseudocatenulatum, B. longum, and L. rhamnosus, is 
beneficial for improving stress-induced anxiety behavior in 
rodents.60–62 Moreover, supplements of L. plantarum, 
L. helveticus, and B. longum also attenuated increases of 
subjective anxiety in volunteers.63–65 Increasing evidence 
indicates that VOZB and its main compounds could 
improve the disruption of gut microbiota. The treatment 
with VOZB increased the levels of the intestinal commen-
sal flora including Lactobacillus and Bifidobacteria, 
whereas decreased Escherichia coli in dextran sulfate 
sodium-induced colitis mice.66 Another study showed 
that VOZB had an excellent inhibitory effect on E. coli 
both in vitro and in vivo, improving the enteritis.67 

Besides, limonene, as an important component of VOZB, 
was revealed to elevate the relative abundance of 
Lactobacillus in cecum and colon of mice, as well as 
linalool.68 Similarly, cineole promoted the members of 
the phylum Firmicutes, including segmented filamentous 
bacteria in Citrobacter rodentium-induced colitis.69 Our 
present study found that the VOZB treatment effectively 
restored the compositions of gut microbiota in the CUS- 
induced anxiety rats, particularly raising Lactobacillaceae 
and Prevotellaceae. These findings implied that the ameli-
orative effect of VOZB on the CUS-induced anxiety was 
involved in restoring the dysbiosis of gut microbiota.

Although the precise mechanisms by which the gut 
microbiota affects host’s behavior are not yet absolutely 
delineated, the interaction of gut microbiota and neuroendo-
crine system has been regarded to be involved in the regula-
tion of host’s mood and behavior. Considered to be the 
pivotal neuroendocrine system, the HPA axis ensures an 
adequate response to psychological and physical stressors. 
While assessment of HPA axis activity in GF or dysbiosis 
conditions has yielded inconsistent results, most studies 

supported that hormones of the HPA axis are of pivotal 
importance for the regulatory effect of gut microbiota on 
the host’s mood and behaviors. In some stress-related psy-
chiatric disorders, such as ADs and depression, the disturbed 
gut microbiota apparently contributes to abnormality of the 
HPA axis. GF mice showed elevations of corticocerebral 
CRH, plasma ACTH, and plasma corticosterone, and reduc-
tion of corticocerebral GR, in response to restraint 
stress.16,17,70 Colonization with fecal microbiota of SPF 
mice or B. infantis in neonatal stage attenuated the increased 
responsiveness of the HPA axis in GF mice, whereas coloni-
zation with E. coli exacerbated the HPA response to restraint 
stress.22 Similarly, the corticosterone level of GF mice were 
exaggerated in response to novel environment stress.21 

Moreover, antibiotic treatment was demonstrated to raise 
the plasma (or serum) corticosterone levels in mice.71,72 In 
addition, restoration of gut microbiota was available for 
reversing the activation of the HPA axis induced by stress 
exposure. Probiotics, mainly including Bifidobacterium, 
Lactobacillus and their formulations, have been proved to 
attenuate the activation of the HPA axis in response to 
various stressors, such as maternal separation,60,73 environ-
mental stress,74 and partial restraint stress.75 Consistent with 
the above laboratory results, supplement of probiotics was 
beneficial for preventing the elevation of cortisol levels in 
volunteers with anxiety.63,64,76 These findings provided 
a clue that alteration of the HPA axis induced by stress 
exposure has a possible involvement of the microbiota. Our 
present study found that activation of the HPA axis was 
paralleled by altered gut microbiota in the CUS-induced 
anxiety rats, but the VOZB treatment was able to alleviate 
this abnormal interaction of gut microbiota and the HPA axis. 
Herein, we speculated that the ameliorative effect of VOZB 
stress-related anxiety potentially depended on restoring inter-
actions of gut microbiota and the HPA axis.

The present study involved some limitations that should 
be considered. First, we did not use fecal microbiota trans-
plantation to further validate that the anxiolytic effect of 
VOZB is dependent on improving the abnormal interaction 
of gut microbiota and HPA axis, thus, we will further verify 
the present results in future studies. Moreover, we only 
delineated the changes in gut microbiota composition in 
this study, the effects of these apparently changed commu-
nities on CUS-induced anxiety require further validation. In 
addition, microbial metabolites, such as tryptophan metabo-
lites, may also affect activation of the HPA axis. Thus, we 
will combine the genomics and metabolomics to further 
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reveal the underlying mechanisms by which microorganisms 
regulate the activity of the HPA axis.

Conclusion
VOZB, the representative compounds of Z. bungeanum, 
has ameliorative effects on CUS-induced anxiety behavior. 
This anxiolytic effect is potentially involved in inhibiting 
activation of the HPA axis and restoring the dysbiosis of 
gut microbiota, thus improving the stress-induced abnorm-
ality of the microbiota-gut-brain axis and brain homeosta-
sis. This work provides a new insight into the 
pharmacological role of Z. bungeanum in stress-related 
ADs, and may help us reap the full benefits of this plant.
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