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Hirami Lemon (Citrus reticulata var. depressa) modulates the gut-
brain axis in chronic mild stress-induced depression mice model  

Po-Heng Tsaia, Pei-Chen Wub, Hui-Ru Lib, K.J. Senthil Kumarc*, Sheng-Yang Wanga,b,d,e,* 

Citrus reticulata var. depressa, commonly known as Hirami lemon, is a native citrus species found in the Taiwan and Okinawa 

islands of Japan.  While several Citrus species are known to possess antidepressant activity by modulating gut microbiota, 

the antidepressant effect of Hirami lemon and its underlying mechanisms have not been thoroughly investigated. In this 

study, we explored the potential antidepressant efficacy of fruit extract (CD) and the essential oil (CDE) from Hirami lemon 

peel using chronic mild stress (CMS)-induced mice model and analyzed the association of gut microbiome changes. Our 

findings revealed that mice subject to CMS exhibited anxiety- and depression-like behaviors as assessed by elevated plus-

maze and forced swimming tests, respectively. Significantly, oral administration of CDE and CD notably reversed CMS-

induced depression- and anxiety-like behavior in CMS-induced mice.  Moreover, compared to the non-stressed group, CMS 

significantly altered the gut microbiome, characterized by highly diverse bacterial communities, reduced Bacteroidetes, and 

increased Firmicutes. However, oral administration of CDE and CD restored the gut microbiota dysbiosis. We also performed 

a qualitative analysis of CD and CDE’s using UPLC-MS and GC-MS, respectively. The CD contained 25 compounds, of which 3 

were polymethoxy flavones and flavanones. Three major compounds, nobiletin, tangeretin and hesperidin accounted for 

56.88% of the total relative peak area. In contrast, CDE contained 11 terpenoids, of which 8 were identified as major 

compounds, with D-limonene (45.71%) being the most abundant, followed by γ-terpinene (34.65%), linalool (6.46%), p-

cymene (2.57%), α-terpineol (2.04%), α-pinene (1.89%), α-terpinolene (1.46%), and β-pinene (1.16%), accounting for 95.94% 

of the total oil. In conclusion, our study demonstrated the potential of Hirami lemon as a source of natural antidepressant 

agents for the prevention and treatment of major depressive disorders. 

1 Introduction 

Anxiety and depression are pervasive mental disorders that 

impact millions of individuals globally. The health burden of 

stress-related illnesses, including anxiety disorders and 

depression, is rising rapidly increasing, as estimated.1 

Moreover, the World Health Organization (WHO) has cautioned 

that depression will become one of the primary causes of death 

and disability in the coming years.2 Consequently, it is, crucial to 

develop multiple strategies to prevent and treat mental 

disorders. 

Over the past few years, an increasing number of studies 

have demonstrated the significant role that the gut microbiome 

plays in maintaining health and involvement in development.3 

This emerging evidence suggests that gut microbiome dysbiosis 

contributes to the pathogenesis of various chronic metabolic 

disorders, including diabetes, obesity, inflammatory bowel 

disease (IBD), mental disorders such as anxiety and depression, 

and even COVID-19 infection.4  

Moreover, research on the gut-brain axis, which refers to 

bidirectional communication between the gut microbiota and 

the brain, has gained popularity in recent years. This complex 

interaction is responsible for regulating several essential 

functions, such as digestion, satiety, immunity, metabolism, and 

stress reactions, especially in the hypothalamic-pituitary-

adrenal (HPA) axis.5,6 Despite being in addition to the class of 

probiotics, psychobiotics have been found to offer significant 

health benefits, particularly in managing stress-related 

disorders, depression, and anxiety by modulating the gut-brain 

axis and promoting better mental health.7 Research conducted 

on rodents, which are exposed to stress and tested for 

motivation, anxiety, and depression using stress-induced 

behavioral tests, has been a major focus in exploring the 

potential of psychobiotics in this field.8 

Over time, an abundance of evidence has emerged 

indicating that a well-balanced diet, with a focus on plant-based 

foods, is crucial for achieving optimal health and nutrition. This 

is largely due to the presence of bioactive compounds derived 

from plants, which have been found to offer a range of mental 

health benefits. These benefits can be attained by consuming 

these bioactive compounds in their whole-food form or through 

supplements. As a result, plant-based therapies offer a 
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promising alternative to traditional psychiatric medications for 

treating various mental conditions, including anxiety, 

depression, attention deficit hyperactivity disorder (ADHD), and 

schizophrenia.9 Recent research has uncovered a strong link 

between gut microbiota composition and behavior/mood, and 

the discover of bidirectional communication between brain and 

gut microbiome has further highlighted the potential benefit  of 

plant metabolites, or prebiotics, in reducing stress and 

preventing anxiety-/depression-like symptoms in high-risk 

individuals.9 There is growing evidence supporting the use of  

dietary foods, medicinal herbs, and their secondary metabolites 

in regulating gut microbiome dysbiosis and improving overall 

mental health.10, 11  

The Rutaceae family, commonly known as citrus species, is 

the most economically significant fruit crops globally. It includes 

oranges, lemons, grapefruits, pomelos, and limes.12 Citrus fruits 

are rich in minerals, vitamins, and bioactive phytochemicals 

such as limonoids, carotenoids, flavonoids, and terpenes.13 

Several pharmacological studies have indicated that the 

bioactive compounds in Citrus fruits offer serval health benefits, 

including antioxidant, anti-inflammatory, anti-hypertensive, 

hypoglycemic, hypolipidemic, anti-diabetic, and chemo 

preventive activities.13, 14 Previous research suggests that older 

adults who consumed flavanone-rich 100% orange juice for 

eight weeks experienced improved cognitive function.15 Citrus 

polymethoxylated flavones, particularly nobiletin and 

tangeretin are known to have strong neuroprotective 

activities.16, 17 Essential oils derived from citrus fruits and leaves 

exhibit a variety of pharmacological properties, including anti-

inflammatory, antibacterial, analgesic, anti-asthmatic, 

anxiolytic, antidepressant, sedative, hypnotic, antispasmodic, 

anticonvulsant effects, and mood regulation by modulating the 

immune, endocrine, central nervous, and autonomic nervous 

systems.18 Recent studies have even suggested that probiotics 

found in citrus fermentation products may enhance overall 

mental health by regulating the gut-brain axis.19 

Citrus reticulata var. depressa, commonly known as Hirami 

lemon, is a native citrus species distributed at low elevations in 

Taiwan and Okinawa islands of  Japan.20 The fruits are small, 

oblate, sub-globose, yellow-orange to green when mature, with 

a rich and distinctive flavor.21 It has been suggested that the 

consumption of a wild citrus fruit similar to lemon, which has 

been confirmed to be wild citrus from Taiwan is one of the 

reasons for the longevity of Okinawans. Despite this, no 

scientific study has yet been conducted to demonstrate its 

bioactive properties. Therefore, the present study, we 

investigated the regulatory effect of C. reticulata var. depressa 

fruit extract and essential oil on the central nervous system 

(CNS) and gut microbiota in a chronic mild stress-induced mice 

model.  

 

2 Materials and methods 

2.1 Plant material and sample preparation 

The fruits of C. reticulata var. depressa were collected from 

Pingtung county, Taiwan, on September 2020. In order to 

prepare the fruit extract (CD) and essential oil (CDE), fresh fruits 

(4.7 kg) were thoroughly washed in water. Then, the peel (1.3 

kg) and pulp (3.4 kg) were separated manually. The essential oil 

was extracted directly from the peel by hydro-distillation 

method, and the yield was 1.6% (v/w) of fruit peel. After 

squeezing the pulp, the insoluble part was removed by 

centrifugation and filtration. The fruit extract of the pulp was 

lyophilized and stored at −20°C until use. The yield of lyophilized 

fruit extract was approximately 10.7% (w/w) of fruit pulp. 

 

 2.2 Ultra-performance liquid chromatography- mass spectrometry 

(UPLC-MS) analysis 

The chemical profiling of CD was performed on an Ultimate 

3000 ultra-performance liquid chromatography (UPLC) system 

(Thermo Scientific, Waltham, MA, USA) coupled with a Bruker 

amaZon speed-ion trap mass spectrometer (Bruker 

Corporation, Billerica, MA, USA). The chromatographic 

separations were achieved with a Waters RP-18 column (150 × 

2.1 mm i.d., 1.7 µm), using a 0.1% (v/v) acetic acid in water (A), 

acetonitrile (ACN) (B), and MeOH (C) as a mobile phase. The 

gradient started with 20% B and 80% A for 2 min, increased to 

60% B and 40% A within 13 min, and changed to 100% B within 

3 min. Then the gradient was quickly ramped to 0% B and 100% 

C within 2 min, maintained for 2 min, changed back to 20% B 

and 80% A in 3 min and re-equilibrated for 3 min. 

 

2.3 Gas chromatography‐mass spectrometry (GC-MS) analysis 

GC‐MS analysis was conducted with a Trace GC Ultra coupled to 

an ITQ 900 mass spectrometer chromatograph (Thermo 

Scientific) as described previously.22 The DB-5MS column (30 m 

× 0.25 mm i.d., 0.25 μm) was used as the stationary phase and 

helium was used as a carrier gas at a flow rate of 1 ml/min. The 

instrument was set as follows: injector port temperature set to 

270°C, interface temperature and detector temperature set as 

250°C. The oven temperature program was started from an 

initial temperature of 30°C maintained for 3 min, 1°C/min to 

40°C, 3°C/min to 180°C, held 3 min and then raised to a final 

temperature of 280°C held for 10 min at 10°C/min. The 

compounds were identified by Wiley/NBS Registry of mass 

spectral databases Ver. 8.0 (Hoboken, NJ, USA), National 

Institute of Standards and Technology (NIST) Ver. 2.0 GC/MS 

libraries and the Kovats indices were calculated for all volatile 

constituents using a homologous series of n-alkanes C9-C24. The 

major components were identified by co-injection with 

standards (wherever possible). The relative percentage of each 

component was calculated by the proportion of the 

corresponding peak area to the total area. 

 

2.4 Animals 

All animal procedures followed the Guideline for the Care and 

Use of Laboratory Animals approved by the Institutional Animal 

Care and Use Committee (IACUC) of National Chung Hsing 

University (IACUC NO. 108-005R). Six weeks old male BALB/c 

strain mice were obtained from BioLASCO (Yilan, Taiwan). The 
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mice were group-housed under controlled temperature (22 ± 

2°C) and relative humidity (50-60%) with a 12 h light/dark cycle. 

Food and water were available ad libitum. The experiments 

were started after acclimatization for a week. Individual Body 

weights and cage food consumption was measured every two 

days. 

 

2.5 Experimental groups and drug administration  

Mice were randomly divided into eleven groups with different 

drug administrations, and drugs were administered daily after 

been challenged with stress. In oral administrative groups (n = 

7), mice were orally administered with 10 mL/kg of PBS with 

0.1% Tween 20 (groups, PBS and CMS-PBS), 10 mg/kg fluoxetine 

hydrochloride (group CMS-FLU), 500 mg/kg CD (group CMS-

LCD), 1000 mg/kg CD (group CMS-HCD), 100 mg/kg (group CMS-

LCDE), or 500 mg/kg CDE (group CMS-HCDE). The PBS with 0.1% 

Tween 20 and fluoxetine hydrochloride (FLU) was used as a 

normal control and drug control, respectively. For inhalation 

groups (n =6), mice were exposed to ethanol alone (group, 

ETOH), ethanol and CMS (group CMS-ETOH), 5% CDE (group 

CMS-CDE), or 5% lavender essential oil (group CMS-LAE). The 

ethanol and lavender essential oil (LAE) were used as normal 

control and drug control, respectively. The inhalation procedure 

was performed as described previously by Chioca et al. with 

slight modification.23 The inhalation boxes (50 cm × 25 cm × 20 

cm with a cover) were placed on cotton wool soaked in ethanol, 

5% LAE, or 5% CDE in a constant volume of 3 mL. The mice were 

placed inside inhalation boxes for 2 h.  

 
2.6 Chronic mild stress-induced depression in mice model 

The procedure of CMS was followed as described previously 

with minor modifications.23 Except for the control groups (PBS 

and ETOH), all mice were randomly treated with various 

stressors listed as follows, (1) restraint in a plastic tube for 1.5 

h, (2) at 4°C for 1.5 h, (3) restraint in a plastic tube in 4°C for 0.5 

h, (4) white noise (95 dB) stress for 3 h, (5) cage shaking (150 

rpm) for 1 h, (6) confrontation with rats for 3 h. (7) inversion of 

the light-dark cycle for 24 h, (8) wet bedding for 12 h, (9) 45° 

cage tilting for 12 h, (10) removal of nesting for 12 h, and (11) 

continuous light for 24 h. 

 

2.7 Mice behaviour evaluation 

After six weeks of the CMS procedure, mice were subjected to 

behavioural testing that included the elevated plus-maze test 

(EPM), and forced swimming test (FST). For both behavioural 

testing, animals were habituated to the testing room in their 

home cages for at least 30 min before testing.  

 

2.7.1 Forced swimming test 

The FST was carried out as previously described.24 Mice were 

individually placed into a cylindrical glass container (height 20 

cm, diameter 14 cm) containing 10 cm water (24 ± 1.0°C). Mice 

were dropped individually into glass cylinders containing 10 cm 

of water for 6 min. After a 1 min habituation period, the 

duration of immobility was measured during the last 5 min. The 

mouse was considered immobile when floating in the water 

without swimming or struggling. 

 

2.7.2 Elevated plus-maze test 

The EPM was performed according to the previously described 

procedures with minor modifications.25 The EPM apparatus 

consisted of two opposite open arms (32 cm × 6 cm) and two 

closed arms (32 cm × 6 cm × 15 cm), connected by an open 

central platform (6 cm × 6 cm). For testing, the mouse was 

placed in the central platform facing an open arm and observed 

for 5 min. The video tracking software recorded the time spent 

in the open arms (EthoVision XT, Noldus, Netherlands). After 

each test, the apparatus was cleaned with 70% ethanol to 

eliminate odour cues.  

 

2.8 DNA extraction  

The DNA was extracted from a 200 mg faecal sample using the 

QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany), 

zirconia/silica beads (BioSpec Product, Bartlesville, OK, USA), 

and a SpeedMill PLUS Bead Homogenizer (Analytik Jena, Jena, 

Germany). DNA concentration and quality were determined by 

spectrophotometry (ThermoFisher) and agarose gel 

electrophoresis, respectively.  

 
2.9 Bacterial 16S rRNA analysis 

The V3-V4 hypervariable regions of bacterial 16S rRNA genes 

were amplified using primers 341F (5′-

CCTACGGGNGGCWGCAG-3′) and 805R (5′-

GACTACHVGGGTATCTAATCC-3′) with sample-specific 

barcodes.26 All PCR reactions were performed in a final volume 

of 25 µL containing 0.5 μL KAPA High-Fidelity PCR Master Mix 

(Sigma Aldrich, St. Louis, MO, USA), 0.5 μM forward and reverse 

primers and 1 ng DNA template. The PCR amplification was 

conducted with 30 cycles of denaturation at 95°C for 30 s, 

annealing at 57°C for 30 s, elongation at 72°C for 30 s, and final 

extension was carried out at 72°C for 5 min. Then, the PCR 

products were separated by gel electrophoresis using 2% (w/v) 

agarose gel, and the DNA fragments of 450-500 bp were 

purified with QIAquick Gel Extraction Kit (Qiagen). The final DNA 

concentrations of the purified products were measured with a 

Qubit 2.0 Fluorometer (Thermo Scientific). Subsequently, the 

purified products were mixed in equal molar concentrations to 

generate a library pool. The DNA libraries were prepared using 

the TruSeq Nano DNA library prep kit (Illumina, San Diego, CA, 

USA) and were validated using an Agilent 2100 Bio-Analyzer 

(Agilent Technologies, Santa Clara, CA, USA), and the qPCR 

analysis was performed (Applied Biosystems, Waltham, MA, 

USA). At last, the libraries normalized, pooled, and sequenced 

on the Illumina MiSeq platform (Illumina) with 2 × 300 bp 

paired-end reads.27  

 

2.10 Bioinformatics analysis 

The raw reads were first trimmed using Trimmomatics version 

0.3928, whereas low-quality sequence regions were removed. 

Then, the reads were demultiplexed according to the barcode 
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sequences, and the primers and adaptors were trimmed using 

Cutadapt version 1.16.29 Subsequently, FLASH version 1.2.11 

was used to merge the paired-end sequences passed through 

the quality-filter according to the 10 bp overlaps.30 Chimeric 

sequences were detected and removed by using the UCHIME 

algorithm based on the Gold database.31,32 After processing, the 

qualified reads were assigned to species equivalent operational 

taxonomic units (OTUs) with a 97% pairwise identity threshold 

by Mothur version 1.39.5 software and SILVA version 132 

database.33,34 Alpha and beta diversity analysis were performed 

with QIIME version 1.9.0.35 

 

2.11 Statistical analysis 

All statistical analysis was performed using the GraphPad Prism 

8 software version 8.0.2 (GraphPad Software, Boston, MA, 

USA). Data are expressed as mean ± standard error of the mean 

(SEM). Statistical analysis was performed using one-way 

analysis of variance (ANOVA), or two-way ANOVA repeated 

measures, followed by Tukey's post hoc test. However, the non-

parametric statistical comparisons were made using the 

Kruskal–Wallis test followed by Dunn's post hoc test. 

Differences were considered statically significant if P < 0.05. P 

values of less than 0.05 was considered statistically significant 

for the non-stressed control vs. CMS groups. P values of less 

than 0.05*, 0.01** and 0.001*** were considered statistically 

significant for the CMS vs. CD, CDE, FLU or LAE tratment groups. 

Statistical significance in the -diversity analyses was 

determined by multi-response permutation procedures (MRPP) 

and analysis of similarity (ANOSIM). All graphs were generated 

using GraphPad Prism 6 (GraphPad Software). 

 

3 Results 

3.1 The chemical compositions of C. reticulata var. depressa fruit 

extracts and essential oils  

The chemical compositions of fruit extract (CD) and essential oil 

(CDE) of C. reticulata var. depressa were analyzed by UPLC-MS 

and GCMS, respectively. The UPLC-MS profile of CD is presented 

in Figure 1A. The major compounds in CD were identified as 

nobilein, tangeretin and hesperidin, which were confirmed by 

using authentic standard spectrum (Table 1 and SI). The GC-MS 

profiling of CDE is presented in Figure 1B. The most abundant 

compounds in CDE were D-limonene (45.71%), followed by γ-

terpinene (34.65%), linalool (6.46%), p-cymene (2.57%), α-

terpineol (2.04%), α-pinene (1.89%), α-terpinolene (1.46%), and 

β-pinene (1.16%). The contents of major compounds and 

relative contents (%) in CDE are shown in Table 2. 

 
Table 1 The major compounds of fruit extract from C. reticulata var. depressa 

by UHPLC analysis. 

 
Table 2 The major components and their relative contents (%) of fruit 

essential oil from C. reticulata var. depressa by GC-MS analysis. 

aKovats index on a DB-5ms column in reference to n-alkanes.  

b MS, NIST, and Wiley libraries and literature; KI, Kovats index; ST, authentic standard 
compounds. 

 

Peak NO. 
Retention 

time (min) 

Molecular 

weight 

Exact mass 

(m/z) [M+H]+ 

Compounds 

identified 

1 15.97 402.4 403 Nobiletin 

2 19.13 372.4 373 Tangeretin 

3 22.45 610.2 611 Hesperidin 

4 22.69 167.2 168 Synephrine 

Peak 

NO. 
Compounds 

Retention 

time (min) 
KI

a

 
 Relative 

contents (%) 
Identification

b

 

1 α-Pinene 15.97 934 1.89% MS, KI, ST 

2 β-Pinene 19.13 975 1.16% MS, KI, ST 

3 p-Cymene 22.45 1023 2.57% MS, KI, ST 

4 D-Limonene 22.69 1028 45.71% MS, KI, ST 

5 γ-Terpinene 24.52 1059 34.65% MS, KI, ST 

6 α-Terpinolene 26.04 1083 1.46% MS, KI, ST 

7 Linalool 27.17 1101 6.46% MS, KI, ST 

8 α-Terpineol 32.03 1194 2.04% MS, KI, ST 

Page 4 of 15Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
4 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
hu

ng
 H

si
ng

 U
ni

ve
rs

ity
 o

n 
7/

14
/2

02
3 

7:
47

:2
2 

A
M

. 

View Article Online
DOI: 10.1039/D3FO01301D

https://doi.org/10.1039/D3FO01301D


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

Table 3 Effect of C. reticulata var. depressa on the feed efficiency in CMS mice. 

The feed efficiency is calculated as the percentage of weight gain divided by feed 

intake. The total feed intake by each cage of mice was recorded every day, and the 

body weight of each mouse was recorded every 2 days. PBS alone group represent 

the unstressed control group of mice without chronic mild stress induction in oral 

administration groups. Data were analyzed with two‐way ANOVA with repeated 

measures followed by Tukey's post hoc test. P values of less than 0.01 was 

considered statistically significant for the non-stressed control vs. CMS group. 

There is no statistical significance between CMS vs. CMS + sample treatment 

groups. 

Table 4 Effect of C. reticulata var. depressa on the feed efficiency in CMS mice. 

Group 

2 

wee

ks 

(%) 

Compared 

with Con 

(%) 

4 

weeks 

(%) 

Compared 

with Con 

(%) 

6 

weeks 

(%) 

Compare

d with 

Con (%) 

ETOH 36.9 100.0 61.1 100.0 71.4 100.0 

CMS-ETOH 11.7 31.6 27.3 44.7 26.7 37.4 

CMS-CDE 10.1 27.4 41.4 67.7 69.9 98.0* 

CMS-LAE 6.5 17.7 49.4 80.9* 74.7 104.7** 

The feed efficiency is calculated as the percentage of weight gain divided by feed 

intake. The total feed intake by each cage of mice was recorded every day, and the 

body weight of each mouse was recorded every 2 days. ETOH group represent the 

unstressed control group of mice without chronic mild stress induction in 

inhalation administration groups. Data were analyzed with two‐way ANOVA with 

repeated measures followed by Tukey's post hoc test. P values of less than 0.05 

and 0.01 were considered statistically significant for the non-stressed control vs. 

CMS group. P values of less than 0.05*and 0.01** were considered statistically 

significant for the CMS vs. CMS + sample treatment groups.  

 

 

 

Group 

2 
week

s 
(%) 

Compare
d with 

Con (%) 

4 
weeks 

(%) 

Compared 
with Con 

(%) 

6 weeks 
(%) 

Compared 
with Con 

(%) 

PBS 31.8 100.0 71.9 100.0 80.1 100.0 

CMS-PBS -1.0 -3.2  20.5 28.6 40.8 51.0 

CMS-LCD 10.2 32.0 31.4 43.7 46.9 58.5 

CMS-HCD 4.4 13.9 35.0 48.7 43.5 54.3 

CMS-LCDE 11.0 34.7 28.5 39.6 54.2 67.6 

CMS-HCDE 13.2 41.7 45.8 63.7 58.0 72.4 

CMS-FLU 10.1 31.6 29.4 40.9 50.0 62.4 
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3.2 Effects of C. reticulata var. depressa fruit extracts and essential 

oils on body weight and feed efficiency in CMS-induced mice  

At the end of 6-weeks treatment period, mice in unstressed 

control group (which received only oral administration of PBS) 

showed a significant increased body weight from 23.5 ± 0.79 g 

to 27.16 ± 0.74 g, when compared to their baseline weight in 

week 1. In contrast, the CMS-challenged mice did not 

experience any weight grain, and their average body weight 

decreased from 27.16 ± 0.74 g to 24.3 ± 0.61 (P = 0.0008). 

However, oral administration CD, CDE or FLU prevented CMS-

induced weight loss in mice as indicated by their increased body 

weight of 26.16 ± 1.31, 25.36 ± 0.97, 25.0 ± 0.5, 25.6 ± 1.41, and 

25.24 ± 1.06 g, respectively (Fig. 2A). In the CMS-EtOH group 

(which received only inhalation of EtOH), a significant reduction 

in body weight was observed, and the body weight decreased 

from 25.78 ± 0.96 g to 24.5 ± 0.56 g over the treatment period 

(P = 0.0335). However, treatment with CMS-CDE (P = 0.0006) or 

CMS-LAV (P = 0.0034) prevented the CMS-induced weight loss 

in mice, and the body weight of CMS-CDE and CMS-LAV treated 

mice were 26.4 ± 0.53 g and 26.32 ± 0.81 g, respectively (Fig. 

2B). Interestingly, both CMS-CDE and CMS-LAV groups showed 

an even heavier weight trend than the unstressed control 

(ETOH) group after 6 weeks of treatment (Fig. 2B). Similar body 

weight gains were observed in the oral administration of CD and 

CDE (Fig. 2C) and inhalation of CDE (Fig. 2D) groups challenged 

with CMS. These results suggest that prolonged inhalation of 

essential oils can effectively slow down the effects of CMS-

induced weight loss. 

Feed efficiency (FE) is the conventional measure of livestock 

production efficiency that express percentage of the average 

weight gain (g) divided by the average weight (g) of the diet per 

animal. Table 3 shows that, after 2 weeks of experimentation, 

FE was negative (-3.2%) in mice fed with PBS alone and 

challenged with CMS (CMS-PBS). It is hypothesized that the 

initial chronic mild stress induction created a stressful 

environment for animals, resulting in the decline of 

gastrointestinal digestive function. However, after a 6-weeks 

treatment, the FE of the CMS-PBS group gradually improved 

their feed efficiency to 51.0%. Interestingly, mice challenged 

with CMS and given oral administration of LCDE (500 mg/kg) 

and HCDE (1000 mg/kg) had better FE (67.6% and 72.4%, 

respectively) than the PBS-only group and the group that was 

induced with chronic mild stress (CMS-PBS).  The increase in FE 

with both LCDE and HCDE was even higher than that of positive 

drug control (CMS-FLU), which increased only 62.4%. Similarly, 

after 2-weeks of experimentation, compared with control group 

(unstressed), FE was lower in mice challenged with CMS and 

exposed to either EtOH or CDE or LAV through inhalation. After 

6-weeks of treatment, FE gradually increased, and CMS-EtOH 

group reached 37.4%, while the FE of the mice challenged with 

Fig. 3 Effect of CD and CDE on CMS-induced behavioral changes in mice. (A-B) Forced swimming test. (C-D) Elevated plus-maze test. Data were analyzed with one‐way ANOVA 

followed by Tukey's post hoc test. P values of less than 0.05 was considered statistically significant for the non-stressed control vs. CMS groups. P values of less than 0.05*, and 

0.01** were considered statistically significant for the CMS vs. CMS + CD or CDE or FLU or LAE treatment groups. 
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CMS and exposed to CDE and LAV inhalation reached as high as 

98% and 104%, respectively (Table. 4). These data suggest that 

inhalation of essential oil can improve the syndrome of 

decreased gastrointestinal digestive function caused by chronic 

stress. 

 

3.3 Fruit extract and essential oil of C. reticulata var. depressa 

regulates CMS-induced behavioural changes in mice 

To further evaluate the effects of CD and CDE on behavioural 

changes in CMS-induced mice, we conducted two behavioural 

tests, elevated plus-maze test (EPM), and forced swimming test 

(FST). Initially, we aimed to determine the effects of CD and CDE 

on depressive-like behaviours in CMS-challenged mice using the 

FST. Results from FST revealed that mice challenged with CMS 

displayed depressive-like behaviour as indicated by increased 

immobility time, which is reduced by CD and CDE treatments.  

In the oral administration groups, compared to unstressed 

control group (PBS, 184.8 ± 40.6 s), the immobility time of mice 

in the stress-induced group (CMS-PBS) was significantly 

increased to 258.5 ± 31.0 s (P = 0.0391). However, oral 

administration of LCD, HCD, LCDE, HCDE, and FLU decreased 

CMS-induced immobility to 177  62.42 s (P = 0.0475), 201.3 

 29.9 s (P = 0.2302), 176.9  23.1 s (P = 0.0378), 159  47.4 s (P 

= 0.0091), and 247.6  25.2 s (P = 0.8691), respectively (Fig. 3A). 

In the inhalation treatment groups, compared with unstressed 

control group (EtOH, 152.7 ± 47.2 s), mice exposed to CMS 

increased immobility time to 206.6 ± 68.3 s (P = 0.1848), but this 

increase was not statistically significant. Neither inhalation of 

CDE (P = 0.5257) or LAV (P = 0.6089) altered CMS-induced 

depression-like behaviour in mice (Fig. 3B). 

 To determine the effect of CD and CDE on CMS-induced 

anxiety-like behaviour, we conducted an elevated plus-maze 

(EPM) test. In EPM test, mice with lower anxiety tended to 

spend more time in the open arms. As shown in Fig. 3C, the 

stress-induced control group of mice (CMS-PBS) exhibited an 

anxiety-like behaviour as evidenced by spending less time (5 

± 4.5 s, P = 0.0068) in the open arms compared to unstressed 

control group (PBS, 50.2 ± 68.5 s). Interestingly, oral 

administration of CD and CDE prevented CMS-mediated 

reduction in time spend in open arms and increased time spend 

in open arms to 14.5 ± 6.2 s (P = 0.0069), 21.5 ± 15.6 s (P = 

0.0223), 3.8 ± 2.6 s (P = 0.5645), 15.5 ± 12.6 s (P = 0.064), and 

27.4 ± 38.8 s (P = 0.1528) by LCD, HCD, LCDE, HCDE, and FLU, 

respectively. In the sample inhalation groups, compared with 

EtOH alone inhalation group (58.1 ± 39.7 s), mice challenged 

with CMS and inhaled EtOH significantly (P = 0.0515) lowered 

spending time on open arms (7.5 ± 11.5 s), whereas inhalation 

of either CDE or LAV increased spending time on open arms to 

36.6 ± 28.9 s (P = 0.0336) and 28.0 ± 12.7 s (P = 0.0174), 

respectively. Notably, compared with LAV inhalation, CDE 

exhibited a pronounceable increase in time spend on open arms 

(Fig. 3D). Taken together these data indicate that both CD and 

CDE prevent CMS-induced anxiety-like behaviour in mice.  

 

 

Fig.4 Effect of CD and CDE on the structure of gut microbiota with -diversity. Chao1 index in oral administration groups (A). Chao1 index in inhalation group (B). Fisher 

index in oral administration groups (C). Fisher index in inhalation groups (D). Simpson index in oral administration groups (E). Simpson index in inhalation groups (F). 

Shannon index in oral administration groups (E). Shannon index in inhalation groups (F). Data were analyzed with Kruskal–Wallis test followed by Dunn's post hoc test. P 

values of less than 0.05 was considered statistically significant for the non-stressed control vs. CMS groups. P values of less than 0.05* was considered statistically 

significant for the CMS vs. CMS + CD or CDE or FLU or LAE treatment groups. 
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3.4 Effect of fruit extract and essential oil of C. reticulata var. 

depressa on the gut microbiota - and -diversity  

Recent studies have shown CMS play a significant role in 

emotional and behavioural changes, and closely related to 

alterations in the gut microbiome. To further analyze the 

relationship between the gut-brain axis and the effects of CD 

and CDE on behavioural changes, gut microbiota profiles in 

normal and stressed mice were analyzed by 16S rRNA 

sequencing. A total of 2,611,881 high-quality reads from 66 

samples were generated, detecting a total of 1,78,569 OTUs at      

a similarity level of 97%. The species accumulation curves 

reached a saturation plateau, indicating that the sequencing 

samples were sufficient to further data mining. In microbial 

population, -diversity determines the degree of species 

richness and evenness. Previous research has shown that -

diversity increases when mice were exposed to CMS.36 

Therefore, the -diversity in CMS and CMS+CD/CDE treatments 

groups were measured by observed operational taxonomic 

units (OTUs), including Chao1, Fisher, Simpson and Shannon 

indices. Chao1 and Fisher diversity indices represented species 

richness and evenness, respectively,37 while, Shannon and 

Simpson diversity indices provide information about the 

composition of the community rather than the richness and 

evenness of species.38 As shown in Figure 4, all four -diversity 

indices were significantly increased in CMS-PBS group 

compared with PBS group after 6 weeks of CMS exposure (P < 

0.05). However, these indices showed a decreasing trend in the 

groups of mice that were orally administered LCD and HCDE. 

Chao1 and Fisher indices revealed significant differences (P = 

0.0433 and P = 0.0254, respectively) in species richness 

between the control (PBS) and CMS-challenged group (CMS-

PBS), suggesting that CMS can alter species richness and 

evenness in gut microbiota. Treatment with LCD or HCDE 

showed a notable difference with CMS alone group, while this 

difference was not statistically significant. In addition, 

treatment with HCD, LCDE, and FLU did not alter CMS-mediated 

elevation of species richness (Fig. 4A) and evenness (Fig. 4C). On 

the other hand, there was no significant difference between 

control (EtOH) or CMS-challenged (CMS-EtOH) or CMS with CDE 

(CMS-CDE) in oral administered groups (Fig. 4B,D). Taken 

together, these findings suggest that CD and CDE may play a 

role in regulating the gut microbiota in CMS-exposed mice, with 

LCD and HCDE showing promising effects on -diversity indices. 

Our results showed that Shannon (Fig. 4E) and Simpson (Fig.  

4G) values were significantly different (P = 0.0407 and P = 

0.0432, respectively) between the control group (PBS) and CMS-

challenged group (CMS-PBS), suggesting that CMS can increase 

the composition and diversity of the gut microbiota in mice. 

However, there were no significant differences in the orally 

administered CMS-LCD, CMS-HCD, CMS-LCDE, and CMS-HCDE 

groups. In the inhalation administration groups, Shannon (Fig. 

4F) and Simpson (Fig.  4H) values were not significantly different 

between control (EtOH) or CMS (ECMS-EtOH) groups. However, 

CMS-CDE group showed a tendency for recovery in Simpson (P 

= 0.05) and Shannon (P = 0.05) indices compared with CMS-

ETOH group.   

 PCoA of the weighted UniFrac distances revealed 

dissimilarities in the gut microbiota communities between the 

oral administration groups and inhalation administration 

groups (Fig. 5). In the oral administration groups (Fig. 5A), 

although sample overlapping occurred among the all groups, 

clustering tendencies were observed, which showed the 

samples from unstressed control group (PBS) were apparently 

separated from the CMS-challenged group (CMS-PBS). 

Furthermore, the gut microbiota structure of the CMS-LCD 

group showed greater similarity to that of the unstressed 

control (PBS) group and the positive drug control group (CMS-

FLU). In the inhalation administration groups (Fig. 5B), the PCoA 

plots displayed that the microbial composition was 

predominantly differentiated between stressed (CMS-EtOH) 

and unstress control (EtOH) groups. In a same way, the 

microbial distribution in the LAV treatment group was close to 

that of the unstressed control group (EtOH), and distant from 

those of stress-induced group (CMS-EtOH). These results were 

confirmed using an analysis of similarities (ANOSIM) test on the 

unweighted Unifrac distances (10,000 permutations, 

P < 0.0001). 

Fig.5 Effect of CD and CDE on the structure of gut microbiota with β-diversity. PCoA plots of weighted UniFrac distance showing the -diversity clustering patterns of samples in 

(A). oral administration groups (ANOSIM: R = 0.1441, P < 0.005; MRPP: A =0.1000, P < 0.005) and (B). inhalation administration groups (ANOSIM: R = 0.3494, P < 0.005; MRPP: A 

=0.11718, P < 0.005). 
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3.5 Fruit extract and essential oil of C. reticulata var. depressa 

regulate CMS-induced dysbiosis in mice 

To determine the community composition of the gut microbiota 

of mice in each group, we performed taxonomy-based analyses 

at the phylum and family levels. These 1,78,569 OTUs were 

divided into 19 phyla, 37 classes, 67 orders, 113 families, 228 

genera, and 381 species. The results showed that the gut 

microbiota composition in control, CMS, and CMS with CD/CDE 

groups was similar. As shown in Figure 6A and B, the 

predominant bacterial phyla across all samples were 

Bacteroidetes (48.0%-68.5%), Firmicutes (29.4%-48.2%) and 

Deferribacteres (1.3%-4.3%), accounting for more than 70% of 

the total. A significant increase in Firmicutes and a decrease in 

Bacteroidetes were observed in the CMS-challenged groups 

(CMS-PBS and CMS-EtOH). However, oral administration of CD 

and CDE (Fig. 6A) and inhalation of CDE (Fig. 6B) significantly 

reversed such alteration in CMS-challenged groups. The Gut 

microbiome was further analysed by Firmicutes to 

Bacteroidetes (F/B) ratio. A significant increase in F/B ratio was 

observed in CMS-PBS challenged group (P = 0.0029). Oral 

administration of LCD (P = 0.0011) and HCDE (P = 0.0244) 

prevented this gut microbial alteration caused by CMS. 

Nevertheless, higher concentration of CD (P = 0.1504) and lower 

concentration of CDE (P = 0.1424) regulated CMS-induced 

dysbiosis, but these effects were not statistically significant (Fig. 

6C). In addition, a similar trend of changes in the F/B ratio was 

observed in the sample inhalation groups (Fig. 6D). A group of 

mice inhaled EtOH and challenged with CMS (CMS-EtOH) 

exhibiting a dramatic alteration of gut microbiome, as 

evidenced by that F/B ratio, but the increase was not 

statistically significant (P = 0.2607) (Fig. 6D). However, 

inhalation of CDE significantly (P = 0.0451) prevented CMS-

induced dysbiosis in mice. Interestingly, the effect CDE was 

highly comparable with LAV treatment group.  Furthermore, the 

abundance of genus Clostridium was remarkably increased in 

both CMS-induced (CMS-PBS and CMS-EtOH) groups, while 

treatment with oral administration of LCD (P = 0.0019) and 

HCDE (P = 0.0004) exhibited significant reduction in the relative 

abundance of Clostridium species (Fig. 6E). A similar trend was 

also observed in the inhalation group, where CDE significantly 

Fig.6 Effect of CD and CDE on CMS-induced changes in mice gut microbiota. (A) Relative abundance of gut microbiota at phylum level in oral administrative groups. (B) Relative 

abundance of gut microbiota at phylum level in inhalation group. (C) Firmicutes to Bacteroidetes (F/B) ratio in oral administrative groups. (D) Firmicutes to Bacteroidetes (F/B) 

ratio in oral administrative groups. (E) OUT species richness of genus Clostridium in oral administrative groups. (F) OUT species richness of genus Clostridium in oral 

administrative groups. Data were analyzed with two‐way ANOVA with repeated measures followed by Tukey's test. P values of less than 0.05 was considered statistically 

significant for the non-stressed control vs. CMS groups. P values of less than 0.05*, 0.01** and 0.001*** were considered statistically significant for the CMS vs. CMS + CD 

or CDE or FLU or LAE treatment groups.
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(P = 0.0122) decreased the relative abundance of Clostridium 

species (Fig. 6F). Interestingly, both CD and CDE exhibited 

discriminative for CMS-challenged group (CMS-PBS). However, 

strong reduction in Clostridium species, which were highly 

comparable with FLU and LAE treatment groups.  

 

3.6 Analysis of difference in gut microbiota 

To identify bacterial taxa that differed significantly between 

groups, we used linear discriminant analysis (LDA) coupled with 

effect size measurements (LEfSe). According to the LEfSe 

analysis, there were 52 and 37 bacterial taxa theat differed 

significantly in aboundance (P < 0.05, LDA score >2.0) between 

the oral administration and inhalation groups, respectively (Fig. 

7). Members from the phylum Deferribacters to the genus 

Mucispirillum and the class Clostridia to the Lachnospiraceae 

NK4A136 group, as well as the phylum Firmicutes, were four 

bacterial taxa showed increased abundance in the unstressed 

control group (PBS), with the highest LDA score attributed to 

the phylum Bacteroidetes, the class Bacteroidia, the order 

Bacteroidalesas, and the uncultured bacterium 

(Lachnospiraceae family). In the LCDE treatment groups, there 

was a significant abundance of bacterial taxa from the phylum 

Proteobacteria to the genera Escherichia-Shigella and 

Enterobacter. In addition, the class Alphaproteobacteria, the 

families Tannerellaceae and Bacteroidaceae, as well as the 

genus Parabacteroides, Bacteroides, ASF356, and Tyzzerella, 

were consistently abundant in the CMS-LCDE group. The CMS-

HCDE group showed a higher relative abundance of the genus 

Coprococcus 2 and the family Ruminococcaceae, including the 

genus Oscillibacter, Intestinimonas, and the unclassified genera. 

Furthermore, there were 12 dominant bacterial taxa in the 

CMS-HCD group, such as the classes Mollicutes and Bacilli, the 

family Lactobacillaceae, and the genera Lactobacillus and 

Lachnoclostridium. In contrast, CMS-LCD and CMS-FLU were 

characterized by a higher abundance of family Muribaculaceae 

and genus Lachnospiraceae UCG-001, respectively. In the oral 

Fig. 7 LEfSe analysis identified the most differentially abundant taxa among oral administration groups (A-B), and inhalation administration groups (C-D). In cladograms, the 

different color indicates taxa enriched in each different treatment group while yellow indicates taxa with no significant change in relative abundance among groups. The size of 

node represents the proportion of abundance of taxa. The length of the bar represents the LDA score on the log10 scale, is indicated at the bottom. Only the taxa with LDA score 

higher than 2.0 are shown.  
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sample administration groups, members of the genera 

Ruminococcaceae UCG-014, Tyzzerella, and Marvinbryantia 

were identified as biomarkers of the normal control group 

(ETOH). In addition, the uncultured bacterium (Clostridiales 

vadinBB60 group family) and Prevotellaceae UCG-001 were 

potential microbial biomarkers of the CMS-challenged group 

(CMS-ETOH) (Fig. 7A, B). Interestingly, inhalation of the CDE 

group presented five discriminative features that were uniquely 

abundant versus all other groups, such as the genera A2, Family 

XIII AD3011 group, and the unclassified genera belonging to 

Peptococcaceae (Fig. 7C,D).  

4 Discussion 

Flavonoids are widespread present in edible plants, such as 

fruits, vegetables, cereals, legumes, and beverages like tea and 

red wine, and are an essential part of the human diet. Based on 

their chemical structure, flavonoids can be categorized into 

various subclasses, including flavanones, flavones, isoflavones, 

flavans (flavanols), anthocyanins, and flavonols.39 The majority 

of  flavanones found in the human diet are found in citrus fruits, 

with lesser amounts in tomatoes and aromatic herbs like mint.40 

The most abundant Citrus flavanones, hesperidin and naringin, 

offer a variety befits, including antioxidative and anti-

inflammatory properties.40 Athough the number of flavones in 

fruits and vegetables is lower than that of flavanones and 

flavonols, there is a high concentration of polymethoxylated 

flavones, such as tangeretin, nobiletin, and sinensetin found in 

citrus peel.40 Several citrus species contain alkaloids, such as p-

octopamine and synephrine, which are -adrenergic agonists 

and widely used as medicinal and dietary supplements targeting 

weight loss.41 In this study, we found that major componds in 

the fruit extracts were nobiletin, tangeretin, hesperidin, and 

synephrine. In addition, 8 terpenoids, including D-limonene, γ-

terpinene, linalool, p-cymene, α-terpineol, α-pinene, α-

terpinolene, and β-pinene were identified in essential oil of 

Citrus reticulata var. depressa.  

  

The chronic mild stress (CMS) model of depression is a 

commonly employed technique in laboratory animals to 

engender behavioral changes.  In this model, rats or mice are 

subjected to continuous exposure to unpredictable micro-

stressors, resulting in the development of a range of behavioral 

changes, including anxiety, depression, eating problems, and 

anhedonia.42 In the present study, we have demonstrated the 

antidepressant-like properties of fruit extract and essential oil 

obtained from Citrus reticulata var. depressa using CMS mice 

model. The experimental findings revealed that mice 

challenged with CMS exhibited physical and behavioral 

changes, such as reduction in body weight gain and increased 

anxiety and depression-like behaviors. Treatment with fruit 

extract and essential oil of Citrus reticulata var. depressa 

showed better antidepressant activity than fluoxetine 

hydrochloride, as evidence by a decrease in immobility time. 

However, the antianxiety activity of fruit extract and essential 

oil of Citrus reticulata var. depressa was comparably lower than 

that of fluoxetine hydrochloride. It is worth noting that 

fluoxetine is reported to have several side effects, such as 

tremors and hyperactivity, in human43 and mice.44 

Nevertheless, the fruit extract and essential oil of Citrus 

reticulata var. depressa did not show any such effects in the 

animal in the present study, which is its advantage. As 

mentioned earlier, the fruit extract and essential oil of Citrus 

reticulata var. depressa containing of polyphenols and 

terpenoids. Therefore, being of natural origin, it is likely safe to 

use. 

 A recent study by Li et al., was reported that extracts and 

essential oil from Citri reticulatae pericarpium (sun-dried 

mandarin orange peel) possessed stronger antidepressant-like 

activity as evaluated by forced swim test and tail-suspension 

test in mice.45 Nobiletin, tangeretin, and 3,5,6,7,8,3,4-hepta-

methoxyflavone were found as major chemical components in 

extracts, while the essential oil contained 33 terpenoids, 

including D-limonene, β-elemene, germacrene D, and (Z, E)--

farnesene, with D-limonene being a major component in the 

essential oil of  Citrus reticulata var. depressa. Indeed, limonene 

exhibited potential neuroprotective effect and anticonvulsant 

activity via activation of the p38 MAPK pathway or modulation 

of adenosine A2A receptors on GABAergic neuronal 

function.46,47 Further in vivo studies with limonene showed that 

it can upregulate the phospho-CREB levels in the hippocampus, 

which is demonstrated that CREB activation in the hippocampus 

with BDNF signalling can alleviate the pathogenesis the 

depression pathogenesis.46,48 It was well demonstrated that the 

higher acetylcholinesterase (AChE) activity was found in plasma 

and hippocampus of CMS mice, which is caused by oxidative 

stress.49-51 Indeed, γ-terpinene exhibited strong antioxidant 

activity52 and anti-AChE activity53. Another study demonstrated 

that linalool, a major component in many essential oils 

possessed anxiolytic and antidepressant activities.54,55 Further 

in vitro mechanistic studies revealed that the antidepressant 

effects of linalool may act by modulation monoaminergic, 

GABAergic and glutamatergic neurotransmissions inhibiting via 

interaction of HT1A receptors, GABAA receptors and NMDA 

receptors.54,56,57 Yi et al reported antidepressant properties of 

nobiletin by a significant reduction in the duration of immobility 

in force swim test,58 which is consistent with our results from 

behavioral tests. Additionally, tangeretin exhibited 

neuroprotective properties against lipopolysaccharide (LPS)-

induced depressive-like behaviour deficits with an upregulation 

of BDNF.59 Moreover, treatment with hesperidin effectively 

reversed the increase of immobility time of streptozotocin 

(STZ)-induced mice in FST and increased the levels of 

monoamine neurotransmitters, as well as BDNF expression in 

the brain.60 These reports support our hypothesis that nobiletin 

, tangeretin, and hesperidin, which are abundant in the fruit 

extract; D-limonene, γ-terpinene and linalool were the major 

component in the essential oil of Citrus reticulata var. depressa 

may responsible for their anti-depressant properties.  

Another study demonstrated the efficacy of “gold lotion”, a 

natural product-based citrus peels (navel oranges, Citrus 

hassaku, Citrus limon, Citrus natsudaidai, Citrus miyauchi, and 

Satsuma) extract rich in flavonoids, inhibiting carrageenan-

induced behavioral signs of inflammatory pain in mice, without 
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producing stress-related behavioral changes, such as anxiety 

and depression. The study evaluated the effects using the open 

field test and forced swim test, respectively.61 The major 

chemical components in golden lotion were nobiletin, 

sinensetin, tangeretin, naringin, hesperidin, 3,5,6,7,8,3,4-

hepta-methoxyflavone, 3,5,6,7,3,4-hexamethoxy-flavone, and 

5,6,7,4-tetramethoxy-flavone, as reported in another study.62  

Over the past decade, emerging evidence from animal 

models and human patients has highlighted the potential 

contribution of the gut microbiota in pathogenesis of major 

depressive disorder and neuropsychiatric disorders. The gut 

microbiota is a core component of the gut-brain axis, which can 

influence Over the past decade, accumulating evidence from 

animal models and human patients’ studies revealed that gut 

microbiota playing functional role in the pathogenesis of major 

depressive disorder (MDD) and neuropsychiatric disorders. The 

gut microbiota is a core component of the gut-brain axis that 

can alter behaviors through neurotransmitters and 

neuropeptides, low grade immune activation, hypothalamic-

pituitary-adrenal axis activity, and neurogenesis.36 Studies have 

shown that positive regulation of gut microbiota by probiotics, 

prebiotics, antibiotics, dietary supplements, and faecal 

microbiota transplantation can be effective treatments for 

MDD and neuropsychiatric disorders.63  

 In recent decades, there has been increasing attention given 

to the potential of dietary supplements to modulate the 

composition and activity of intestinal microbiota. Citrus 

polyphenols have been identified as having the ability to 

influence the gut microbiota composition and function, and 

exert potential neurological benefits.64 Dysfunction in the brain-

gut axis has been observed in the CMS animal model of 

depression. In this study, we provide evidence that the fruit 

extract and essential oil of Citrus reticulata var. depressa 

alleviate CMS-induced anxiety and depressive-like behaviors in 

mice as well as the distinct antidepressant effects between the 

inhalation and oral administration of CDE. However, the 

difference may be attributed to the fact that oral administration 

primarily targets the gastrointestinal digestive system, while 

inhalation primarily targets the central nervous system. 

Additionally, we also observed that the oral administration 

groups had better feed efficiency than inhalation administration 

groups after two weeks treatment. This phenomenon can be 

elucidated by the predominant influence of CDE on the 

gastrointestinal digestive system. Alongside these behavioral 

changes, we observed a significant regulation of the gut-

microbiome in CMS-challenged mice, including increased 

species diversity and richness and significant community profile 

divergence from the unstressed groups. However, the fruit 

extract and essential oil of Citrus reticulata var. depressa were 

able to reverse these changes in microbiota composition. This 

positive regulation of gut microbiota was observed in parallel 

with antidepression-like activities.  

It has been demonstrated that major depressive disorder is 

associated with significant changes in the composition of the 

intestinal microbiota, highlighting the importance of the 

microbiota in the aetiology of the disease.65 The most common 

bacterial phyla in a typical gut microbiome include 

Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and 

Fusobacteria, which together constitute over 90% of the gut 

microbiota. However, several studies have shown there was no 

consensus on the abundance of Firmicutes, while an increased 

abundance of Actinobacteria, and a lower abundance of 

Bacteriodetes have been observed among individuals with 

depression.66 In our study, we found a remarkable reduction in 

the abundance of Bacteriodetes, which has increased following 

the supplantation of fruit extract and essential oil of Citrus 

reticulata var. depressa. Interestingly, the long-term treatment 

with inhalation administration of CDE resulted in the highest 

feed efficiency, accompanied by a significant reduction in the 

F/B ratio. This finding suggests that although the inhalation of 

CDE primarily acts on the central nervous system, it can 

effectively modulate the gut-brain axis to improve the impaired 

gastrointestinal digestion function and ameliorate the gut 

microbiota dysbiosis caused by chronic mild stress. 

Furthermore, we observed a significant increase in Clostridium 

species in the CMS groups, which was significantly decreased 

following both oral administration and inhalation treatments of 

CD and CDE. Moreover, still it remains difficult to extrapolate 

how alterations in the composition of gut microbiome 

potentially yields various types of depressive disorders. Bailey 

et al. demonstrated that an increase in the relative abundance 

of Clostridium species in social disruption stress-induced mice.67 

The increase in Clostridium abundance following social 

disruption stress is in contrast to with a following work from 

Bharwani et al, who demonstrated decrease in the abundance 

of Clostridium species in social defeat stress in mice.68 

5. Conclusion 

Based on our results, we have demonstrated that mice 

subjected to CMS exhibit significant physiological and 

psychological changes, including a rapid reduction in body 

weight and depression-like behaviours.  Oral administration of 

CD and inhalation of CDE significantly reversed CMS-mediated 

loss of body weight.  Furthermore, both oral administration of 

CD and CDE effectively alleviated CMS-induced anxiety- and 

depression-like behaviours. However, inhalation of CDE only 

had an effect on anxiety-like behaviours but failed to modulate 

depression-like behaviour. We also found that structure and 

community of gut microbiome were significantly altered in 

CMS-challenger mice, highlighting the close relationship 

between the gut microbiota and depression-like behaviours. 

Indeed, both oral administration of CD and CDE and inhalation 

of CDE were able to modulate the gut microbiome and positive 

regulate gut-brain axis. This study supports that Hirami lemon-

based supplements for stress-related disorders, and further 

research is needed to reveal the exact underlying molecular 

mechanisms.  
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