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ABSTRACT
Context: Valeriana jatamansi Jones [syn. V. wallichii DC, (Valerianaceae)] (VJJ) is used to treat depression.
Objective: To explore the effects of total iridoids of VJJ extract (TIV) on chronic unpredictable mild stress
(CUMS) in mice.
Materials and methods: VJJ roots and rhizomes were extracted with 70% ethanol. CUMS rats were
treated daily with fluoxetine (2.6mg/kg, i.g.) or TIV (5.7, 11.4, and 22.8mg/kg, i.g.) for 14days. Male Kun
Ming mice on normal chow and 0.5% CMC–Na solution were used as a control. Behavioural tests included
the tail suspension (TST) and sucrose preference tests (SPT). Evans blue staining was used to evaluate
blood–brain barrier (BBB) permeability. Western blotting was used to measure zonula occludens-1 (ZO-1)
and occludin expression. 16S rRNA sequencing was used to analyse intestinal flora abundance. Tax4Fun
was used to predict KEGG metabolic pathways.
Results: TIV treatment reduced TST time (117.35±8.23 or 108.95±6.76 vs. 144.45±10.30 s), increased SPT
(55.83±7.24 or 53.12±13.85 vs. 38.98±5.43%), increased the abundance of phylum Firmicutes (86.99±
0.03 vs. 60.88± 0.19%) and genus Lactobacillus (75.20±0.19 vs. 62.10±0.13%), reduced the abundance of
phylum Bacteroidetes (6.69±0.06 or 11.50±0.09 vs. 25.07±0.20%). TIV increased carbohydrate metabol-
ism (14.50±3.00� 10�3 or 14.60± 2.00� 10�3 or 14.90± 2.00� 10�3 vs.13.80±4.00� 10�3%), replication
and repair functions (5.60±1.00� 10�3 or 5.60±1.00� 10�3 vs. 5.10±4.00� 10�3%), reduced the fre-
quency of infectious disease (1.60±2.00� 10�4 or 1.90±5.00� 10�4 or 1.80 ± 3.00� 10�4 vs. 2.20±7.00
� 10�3%), BBB permeability (0.77±0.30 vs. 1.81 ±0.33 lg/g), and up-regulated the expression of ZO-1
(1.42-fold, 1.60-fold, 1.71-fold) and occludin (1.79-fold, 2.20-fold).
Conclusions: TIV may modulate the intestinal flora, thereby inducing the expression of ZO-1 and occlu-
din, protecting the BBB and exerting an antidepressant effect.
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Introduction

Depression, also known as depressive disorder, is a mental illness
with clinical manifestations that include significant and persistent
depression, retardation of thinking, depressed mood, sleep disor-
ders, and lack of interest or excitement. Drug therapy is more
widely used than psychotherapy in antidepressant therapy
(Cipriani et al. 2018). Despite the wide variety of antidepressant
drugs available, antidepressants are not efficacious in nearly 40%
of patients at 6–12weeks after beginning treatment, and more
than 50% of patients are not cured (Gartlehner et al. 2012).
Antidepressants have short clinical efficacy and varying degrees
of adverse reactions. Hence, the study of antidepressants has
attracted much attention, especially in light of the sharply
increased incidence of depression.

The blood–brain barrier (BBB) is a specialised selective per-
meability barrier between the brain tissue and blood, also known
as the brain’s ‘first line of defense’ (Kealy et al. 2020). Tight

junctions (TJ) are crucial to ensuring the basic structure and
function of the BBB and play a key role in membrane permeabil-
ity (Di Marco et al. 2020). The gut microbiota also maintains
BBB integrity by upregulating the expression of zonula occlu-
dens-1 (ZO-1) and claudin-5 (Braniste et al. 2014). Destruction
of the BBB contributes to central nervous diseases, such as
Alzheimer’s disease, Parkinson’s disease, and encephalitis
(Tikiyani and Babu 2019). Changes in intestinal microbial diver-
sity may cause disorders that eventually lead to depression, aut-
ism, and schizophrenia (Rook et al. 2013; Kigerl et al. 2016;
Sherwin et al. 2016). The intestinal flora regulates gastrointestinal
function and central nervous system (CNS) homeostasis via their
effects on the intestinal flora-brain-gut axis (Cryan and
Dinan 2015).

The roots and rhizomes of Valeriana jatamansi Jones [syn. V.
wallichii DC, (Valerianaceae)] (VJJ) have been used for thou-
sands of years as traditional Chinese medicine, first published in
the Compendium of Materia (Li 1975). The roots and rhizomes
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of VJJ are medicinal, and their effects include promoting diges-
tion (Khan and Gilani 2011), reducing diarrhoea (Dong et al.
2018), smoothing the circulation (Prasad 2010), eliminating pain,
and tranquilising the mind (Sah et al. 2010). VJJ contains many
chemical components, such as iridoids (Tang et al. 2002; Lin
et al. 2009), flavonoids (Li 2009), alkaloids, and volatile oils
(Letchamo et al. 2004; Singh et al. 2006; Tan 2019). Iridoids are
the main active component of VJJ and have low toxic side effects
(Xu et al. 2015). Water, methanol, ethanol, and patchouli extracts
of VJJ show antidepressant activity (Subhan et al. 2010). In a
recent study, TIV improved depressive disorder and visceral
hypersensitivity by a mechanism related to increased 5-HT and
NE and decreased gastrointestinal motility (Shi et al. 2011; Tao
2017). Our group has demonstrated that TIV is safe at clinical
dosages and shows no single-dose toxicity in mice and rats. The
lethal dose with 50% mortality rate (LD50) on mice is over
2000mg/kg bw (Xu et al. 2015). We also showed that TIV exerts
an antidepressive effect by regulating multiple metabolic path-
ways (Li et al. 2020) and regulates the intestinal flora in
depressed mice (Wang et al. 2020). What remains unclear is how
the intestinal flora and BBB are involved in the anti-depression
activities of TIV. Here, we describe a mouse model of depression
based on chronic unpredictable mild stress (CUMS). This is the
first study to use this model to explore the effects of TIV on
depression via the BBB–intestinal flora pathway. The results of
this study provide the basis for further research on the anti-
depressant mechanisms of TIV.

Materials and methods

Chemicals and drugs

The chemicals and drugs used in this study include ethanol
(Hengxin, China), 0.5% CMC–Na (Kelun, China), fluoxetine
(Lilly, China, J20180001, Batch No. 7057948), 2% Evans blue
(EB) (Sigma), 50% trichloroacetic acid (Lingang, China), and 3%
pentobarbital sodium (Senbei Jia, China). Occludin (No.
ab216327) and ZO-1(No. ab96587) were purchased from Abcam
(United Kingdom). The BCA kit (Xavier Bio, No. XS184503),
secondary antibody (Lianke, A90641), and CTAB kit (North
Olebo, No. ALH603) were obtained from different companies
in China.

Plant collection and identification

The roots and rhizomes of VJJ were purchased from the Lotus
Pond Chinese herbal medicine market in Chengdu, southwestern
China, in April 2018. The samples were identified as VJJ by
Professor Liangke Song from the School of Life Science and
Engineering, Southwest Jiaotong University, China, where the
sample (No. 20181003) was stored.

TIV extraction and identification

Extraction was performed as described previously (Xu et al.
2014). The dry powder of VJJ (10.4 kg) was extracted three times
with 70% ethanol (24 h each time). The ethanol extract (2.32 kg)
was obtained by filtration and vacuum distillation. The extract
was diluted with distilled water and sonicated. A large amount of
water was used to disperse the alcohol extract, and the material
was purified with D101 macroporous resin (Baoen, Cangzhou,
China, No. 110901). The 95% ethanol eluent was collected and
concentrated to obtain the oil substance referred to as TIV

(0.19 kg; purity, 76.58% ± 2.14%; RSD, 2.8%). We established a
quality control standard for TIV, and the chlorovaltrate and val-
jatrate B contents were 8.91 and 7.00mg/g (Xu et al. 2015; Zhu
et al. 2016). TIV was preserved at 4 �C without light.

Experimental animals

A total of 72 adult male Kun Ming mice (SPF, weight: 16–20 g)
provided by Dashuo Experimental Animal Co. Ltd. (Chengdu,
China), with certificate number SCXK (Chuan) 2015-030, were
used in this study. The mice were raised in plastic cages with a
constant temperature of 23 �C, constant humidity, and a 12 h
alternating light-dark cycle. The mice had free access to food
and water until the beginning of the experiment. The experi-
ments were approved by the animal ethics committee of
Southwest Jiaotong University (No. S20190925003) and con-
ducted according to the college’s animal experiment guidelines.

Animal grouping and model establishment

After 1week of adaptive feeding, the mice were divided into nor-
mal, model, fluoxetine, TIV-L (TIV-low dose), TIV-M (TIV-
medium dose), and TIV-H (TIV-high dose) groups, with 12
mice per group. Mice in the normal group were group-housed,
but all other groups were kept in solitary cages. The normal
group was raised in a stress-free environment, while all other
groups were randomly subjected to stress every day according to
the CUMS modelling method described by Biala et al. (2017).
Stresses included food-fast (food deprivation for 24 h), water-fast
(without water for 24 h), damp bedding (soaked with water),
bondage (mice were bound in a restraint tube for 2 h), cold
water swimming (mice swam in 4 �C water for 5min) and tail-
clamping (1min with tail-clamping forceps). The same stress was
not given continuously, and the modelling lasted for 4 weeks.
The mice were weighed before modelling, after modelling, and
after drug administration.

Administration regimen

Drugs were administered by gavage once a day for 14 days,
beginning 2weeks after the modelling stress began. Mice were
randomly administered one stress, 1 h after treatment. The nor-
mal and model groups were given 0.5% CMC–Na, and the fluox-
etine group was given 2.6mg/kg/d fluoxetine dispersible tablet.
The dosages in the TIV-L, TIV-M, and TIV-H groups were 5.7,
11.4, and 22.8mg/kg/d, respectively.

Behavioural tests

The purpose of the tail immobility time (tail suspension test,
TST) was to verify the model and evaluate drug efficacy. TST
was performed 4weeks after modelling and 2weeks after drug
administration as described (Nakagawasai et al. 2020). Mice were
hung upside down on the tail suspension instrument in a quiet
environment. After the mice adapted to the instrument for
2min, the tail suspension immobility time was recorded over a
4min test period. Mouse activity was recorded using a
digital camera.

The sugar solution consumption rate (sucrose preference test,
SPT) was used to assess the mice for loss of pleasure. SPT was
conducted as described (Tobiansky et al. 2020), 4 weeks after
modelling and 2weeks after drug administration. On the first
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day, two bottles of sucrose water (1% sucrose solution) were
placed in each cage. On the second day, one bottle of sucrose
water and one bottle of pure water were randomly placed in
each cage, and the position of the water bottle was changed every
4 h to eliminate the influence of bottle position on the experi-
ment. Then, the mice were deprived of water for 12 h. Each cage
was given a weighed bottle of pure water and a bottle of sucrose
water. The mice had free access to water for 12 h after the third
day, and water bottle weights were recorded. The sucrose con-
sumption rate was calculated as follows:

sucrose preferenceð%Þ ¼ sucrose consumption=ðwater consumption

þ sucrose consumptionÞ � 100%:

EB staining and electron microscopy

EB can stabilise albumin, but when the BBB structure is
destroyed, it will enter the brain and stain the brain tissue (Gao
et al. 2011). As described elsewhere (Deng et al. 2019), mice
were injected with 2% EB solution (4mL/kg) into the tail vein
after behavioural tests. After 2 h, the mouse’s heart was rapidly
perfused to remove EB from the blood. Then, the mouse’s cere-
bellum was removed and weighed. Finally, the brain tissue was
homogenised in 50% trichloroacetic acid solution, and the super-
natant was collected. Fluorescence intensity (Ex ¼ 620 nm and
Em ¼ 680 nm) was measured in each sample using an enzyme
labelling instrument (Jiangsu, China). EB dye quantity was calcu-
lated using a standard curve and expressed as mg/g brain tissue.

The TJ ultrastructure reflects the state of the BBB (Li et al.
2009). As described previously (Zhang et al. 2011), the mice were
weighed and then anaesthetised deeply. Hearts were perfused with
0.9% normal saline (about 30mL) and 3% pentobarbital sodium.
After perfusion, the brain tissue was removed, fixed twice, dehy-
drated, infiltrated, and placed into a mould to form an embedded
block. The embedded block was cut into 50 nm ultrathin sheets
and double stained. The BBB structure was observed by transmis-
sion electron microscopy (JEM-1400PLUS).

Western blot assay

Western blotting was used as described (Perrech et al. 2019) to
measure ZO-1 and occludin protein levels. The brain tissue was
homogenised on ice until fully lysed, and protein concentration
was quantified using a BCA kit. Protein lysates (50 g) were sepa-
rated by standard SDS-PAGE (Sevier Bio XS184503) and trans-
ferred to a PVDF membrane. The membrane was blocked for
90min and then incubated with primary antibodies for occludin
and ZO-1 overnight at 4 �C. The next day, membranes were
incubated with a secondary antibody for 90min at room tem-
perature, then the image was developed. The optical density of
each protein brand and the ratio of the optical density of each
target protein to GAPDH were determined using software.

Faeces handling and collection

Three mice were randomly selected from each group. The
abdominal cavity was opened aseptically, and faeces were col-
lected from the colon, then numbered and stored at –20 �C for
later use.

DNA extraction and PCR amplification

A kit (CTAB) was used to extract faecal DNA. DNA purity
and concentration were measured by 0.8% agarose gel electro-
phoresis. Each sample was diluted to 1 ng/lL with
sterile water and PCR-amplified with primers: [16S V4 region
primers, 341 F (50-CCTAYGGGRBGCASCAG-30) and 806 R
(50-GGACTACHVGGGTWTCTAAT-30)]. Electrophoresis on a
2% agarose gel was used to detect the amplification products,
and the samples were mixed in equal amounts according to
concentration. Finally, each PCR product was purified by agar-
ose gel electrophoresis, and the target band was recovered
by shearing.

Library construction and sequencing

The V4 region of 16S rRNA was analysed by high-throughput
screening and sequencing using the Rhonin’s MiSeq platform.
The library was constructed using the TruSeq-free DNA
sample kit, and the library was sequenced with the MiSeq
platform PE300 (Thermo Fisher) after quantification and
library testing.

Functional prediction with Tax4Fun

The 16S rRNA sequencing data based on the SILVA database
were clustered and annotated. The pre-calculated correlation
matrix provided a linear conversion of the calculation results to
obtain the classification spectrum of the microorganisms in the
KEGG database. The results were corrected by comparison to
the 16S rRNA gene sequences of different bacterial groups in
NCBI. According to the classification information of the func-
tional gene spectrum of microorganisms in the KEGG database,
the results were linearly predicted.

Data analysis

The experimental data were processed using the statistical soft-
ware SPSS 21.0. The data were compared using t-tests, and
results are expressed as mean ± standard deviation (x ± SD).
Multiple samples were compared via one-way ANOVA, and the
least significant difference test was used to compare groups.
p< 0.05 was used to define statistical significance.

Results

Effect of TIV on weight and behaviour

The CUMS depression mouse model was established to explore
the effect of TIV on weight and behaviour in depressed mice.
There was no significant difference in weight before modelling
(Figure 1(A)). After 4 weeks of modelling, the model group’s
weight was significantly lower than that of the normal group
(39.43 ± 2.10 vs. 47.35 ± 2.92 g, p< 0.01). The fluoxetine
(45.86.10 ± 1.99 g, p< 0.01) and TIV (44.21 ± 1.42 g, p< 0.01;
44.57 ± 1.99 g, p< 0.01 and 43.57 ± 2.44 g, p< 0.01 for TIV-L,
TIV-M, and TIV-H, respectively) treatment groups’ weight
increased significantly compared to the model group. The TST
of the CUMS model mice was significantly prolonged (Figure
1(B); 144.45 ± 10.30 vs. 106.03 ± 7.31 s, p< 0.01), and the SPT
was significantly decreased (Figure 1(C); 38.98 ± 5.43 vs.
60.99 ± 5.97%, p< 0.01) (vs. the normal group). However, the tail
suspension immobilisation times in the fluoxetine
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(105.15 ± 2.88 s, p< 0.01), TIV-M (117.35 ± 8.23 s, p< 0.05), and
TIV-H (108.95 ± 6.76 s, p< 0.01) treatment groups decreased
after drug administration. The sugar solution consumption rate
in the TIV-L (55.83 ± 7.24%, p< 0.01) and TIV-H

(53.12 ± 13.85%, p< 0.05) groups increased significantly com-
pared to the CUMS model group. The altered behaviour of mice
detected through weight diversity curves, TST and SPT, proved
that TIV has an antidepressant effect.

Figure 1. Behavioural evaluation of TIV-treated CUMS mice and controls. (A) Changes in body weight. (B) Immobility time in TST for CUMS mice with TIV treatment.
(C) Sucrose preference in SPT for CUMS mice with TIV treatment. Data are reported as mean±SD. # p< 0.05 and ## p< 0.01 vs. the normal group. �p< 0.05 and��p< 0.01 vs. the model group. N: normal; M: model; S: fluoxetine; L: TIV-L; Me: TIV-M; H: TIV-H.

Figure 2. Reflectance curve (A) and Venn diagram (B) of intestinal microbial OTUs from TIV-treated CUMS mice and controls. (C) The alpha diversity of the Shannon
index of intestinal microflora. (D) Analysis of principal coordinates based on Bray-Curtis distance (the stress values in the NMDS analysis of the differences between
communities). Data are reported as mean±SD. N: normal group; M: model; S: fluoxetine; L: TIV-L; Me: TIV-M; H: TIV-H (n¼ 3 per group).
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Effect of TIV on the intestinal flora

Sequencing quality of flora and distribution of OTUs
As the depth of sequencing increases, the sample dilution curve
gradually flattens (Figure 2(A)), indicating that the sequencing
data covers all species in the sample. We obtained a total of 519
OTUs from six groups of sequencing data of intestinal flora. The
Venn diagram compares the differences between OTUs. As indi-
cated in Figure 2(B), six groups shared 258 OTUs. Unique OTUs
were observed in the stress-free normal (47), CUMS model with-
out treatment (9), fluoxetine (18), TIV-L (12), TIV-M (34), and
TIV-H (141) groups.

Diversity analysis of the intestinal flora
The a diversity index was used to determine if significant taxo-
nomic changes occurred. As shown in Figure 2(C), the model
group exhibited a decrease in the alpha diversity of the Shannon
index compared with the normal group (1.51 ± 0.27 vs.
3.07 ± 0.56, p< 0.05). TIV-L (3.35 ± 0.17, p< 0.05) and fluoxetine
(3.05 ± 1.06, p< 0.05) treatment tended to increase the Shannon
index (vs. the CUMS model group). NMDS (Non-Metric Multi-
Dimensional Scaling) analysis based on OTU abundance was
used to show a distinct clustering of gut microbiota compositions
between treatments (Figure 2(D)). The stress value was 1.5, indi-
cating that the NMDS analysis was reliable.

Intestinal flora abundance
The effects of CUMS on the composition and function of the
intestinal flora were analysed via 16S rRNA sequencing. The
community composition was analysed to predict the abundance
and diversity of each species (Song et al. 2018). At the phylum
level, Bacteroidetes, Firmicutes, and Proteobacteria predominated
in all samples but varied in their abundances (Figure 3(A)). As

shown in Figure 3(B–D), the number of Firmicutes (60.88 ± 0.19
vs. 76.11 ± 0.12%, p< 0.01) and Proteobacteria (18.62 ± 0.08 vs.
4.65 ± 0.06%, p< 0.05) in the CUMS model group changed rela-
tive to the normal group. The abundance of Firmicutes in the
fluoxetine (77.49 ± 0.07%, p< 0.01) and TIV-L (86.99 ± 0.03%,
p< 0.01) were significantly higher than that of the model group.
Bacteroidetes in the fluoxetine (11.67 ± 0.08%, p< 0.05), TIV-L
(6.69 ± 0.06%, p< 0.01) and TIV-M (11.50 ± 0.09%, p< 0.05)
were lower than that of the model group (25.07 ± 0.20%).
Proteobacteria in the TIV-L were less abundant than in the
model group (2.10 ± 0.10 vs. 18.62 ± 0.08%, p< 0.01).

At the genera level, Lactobacillus, Stenotrophomonas, and
Bacteroides were predominant in all samples (Figure 4(A)).
Figure 4(B,C) indicate Lactobacillus was more prevalent in the
TIV-L group (75.20 ± 0.19 vs. 62.10 ± 0.13%, p< 0.01) and
Bacteroides in the fluoxetine (3.50 ± 0.03%, p< 0.05) and TIV-L
group (3.60 ± 0.02%, p< 0.05) were least prevalent than in the
model group (9.80 ± 0.04%). Stenotrophomonas decreased in the
TIV-L (1.20 ± 0.01%, p< 0.05) and TIV-H group (1.30 ± 0.01%,
p< 0.05) [vs. the CUMS model group (3.20 ± 0.04%)]. The rela-
tive abundances of the top 50 phylum and genera in faecal sam-
ples are shown in Figure 5(A,B). Compared with the model
group, the three largest phyla were altered in the fluoxetine and
TIV-L, including increased Firmicutes (i.e., Lactobacillus spp.)
and decreased Bacteroidetes (i.e., Bacteroides spp.) and
Proteobacteria (i.e., Stenotrophomonas spp.).

Metabolic function prediction of the altered gut microbiota
A Tax4Fun analysis was performed to investigate microbiota
function (Huang et al. 2020). The method provides an effective
link between the OTU species classification annotated by the
SILVA database and the prokaryotic metabolism function in the
KEGG database. The relative abundance of carbohydrate

Figure 3. Comparison of gut microflora of (A) Barplot of relative abundance at the phylum level; the relative abundance of (B) Firmicutes, (C) Bacteroidetes, and (D)
Proteobacteria. # p< 0.05 and ## p< 0.01 vs. the normal group. �p< 0.05 and ��p< 0.01 vs. the model group. Data are reported as mean± SD. N: normal; M: model;
S: fluoxetine; L: TIV-L; Me: TIV-M; H: TIV-H (n¼ 3 per group).
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metabolism (Figure 6(A)) was increased in the fluoxetine
(14.50 ± 4.00� 10�3%, p< 0.05), TIV-L (14.50 ± 3.00� 10�3%,
p< 0.05), TIV-M (14.60 ± 2.00� 10�3%, p< 0.05) and TIV-H
(14.90 ± 2.00� 10�3%, p< 0.05) groups [vs. the CUMS model
group (13.60 ± 4.00� 10�3%)]. The relative abundance of replica-
tion, and repair functions (Figure 6(B)) were increased in the
fluoxetine (5.50 ± 4.00� 10�3%, p< 0.01), TIV-L
(5.60 ± 1.00� 10�3%, p< 0.01), TIV-H (5.60 ± 1.00� 10�3%,
p< 0.01) [vs. the CUMS model group (5.10 ± 4.00� 10�3%)]. In
contrast, the relative abundance of infectious diseases (Figure
6(C)) were decreased in the fluoxetine (1.60 ± 4.00� 10�4%,
p< 0.01), TIV-L (1.60 ± 2.00� 10�4%, p< 0.01), TIV-M
(1.90 ± 5.00� 10�3%, p< 0.05) and TIV-H (1.80 ± 3.00� 10�3%,
p< 0.05) groups [vs. the CUMS model group (2.20 ±
7.00� 10�3%)].

Effect of TIV on the expression of ZO-1 and occludin

The expression of ZO-1 and occludin in the TJ was measured to
clarify the mechanism of increased BBB permeability in mice
after CUMS modelling. As shown in Figure 7(A,B), the expres-
sion of ZO-1 and occludin in the normal group was significantly
higher than that of the model group (1.71-fold, p< 0.01; 1.98-
fold, p< 0.01). TIV up-regulated the expression of ZO-1 (1.42-
fold, p< 0.01; 1.60-fold, p< 0.01 and 1.71-fold, p< 0.01 for TIV-
L, TIV-M and TIV-H, respectively) and occludin (1.79-fold,
p< 0.01 for TIV-M and 2.20-fold, p< 0.01 for TIV-H) in the TJ
in mice.

Effect of TIV on the permeability and structure of the BBB

The BBB is essential for maintaining homeostasis in the brain
(Jing et al. 2020). Increased BBB permeability destabilises the
brain’s internal environment, resulting in CNS damage and dis-
ease (Wang et al. 2014). We explored the effect of TIV on BBB

permeability and structure in depressed mice. Figure 7(C) shows
EB content, a measurement of BBB permeability, in mouse
brains. EB content increased, indicating increased BBB perme-
ability in the brains of mice from the CUMS model group com-
pared to normal controls (1.81 ± 0.33 vs. 0.75 ± 0.18 lg/g,
p< 0.05). The EB content was reduced in the brains of mice in
the TIV-H group (0.77 ± 0.30lg/g, p< 0.05) and the fluoxetine
(0.80 ± 0.22lg/g, p< 0.05) (vs. the CUMS group). Figure 7(D)
shows the changes in the morphological structure of the BBB.
Compared with the normal group, the microvascular endothelial
cell layer of the BBB in the model group was almost normal
under the electron microscope, but the basement membrane was
thin with some broken areas. However, the fluoxetine group and
each TIV-L and TIV-H group exhibited improved TJ ultrastruc-
ture changes in the BBB structure compared with the
model group.

Discussion

Successful establishment of the CUMS model is critical for this
study. The CUMS model was established by applying chronic,
unpredictable, mildly stimulating stressors for 4 weeks (Xu et al.
2015). The CUMS rats showed bodyweight loss, prolonged
immobility, and decreased sugar consumption, all of which indi-
cate the model’s suitability for observing the effects of TIV on
experimental CUMS in rats.

Decreased ZO-1 expression increases BBB permeability, and
serine/threonine dephosphorylation of occludin affects TJ struc-
ture, causing BBB dysfunction (Nighot et al. 2017). Our studies
showed that CUMS affected ZO-1 and occludin expression and
changed the BBB structure, whereas TIV increased the expres-
sion of ZO-1 and occludin to reduce BBB permeability in
depressed mice. TIV-L and TIV-H mice exhibited improved TJ
ultrastructure changes in the BBB. Changes in TJ structure and
function may be caused by an immune response, trauma,

Figure 4. Comparison of microbial gene catalog of (A) Barplot of relative abundance at the genera level; the relative abundance of (B) Lactobacillus, (C) Bacteroides,
and (D) Stenotrophomonas. # p< 0.05 and ## p< 0.01 vs. the normal group. �p< 0.05 and ��p< 0.01 vs. the model group. Data are reported as mean± SD. N: nor-
mal; M: model; S: fluoxetine; L: TIV-L; Me: TIV-M; H: TIV-H (n¼ 3 per group).
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ischaemia, or hypoxia, which leads to increased permeability of
BBB and brain damage (Feng et al. 2018; Yang et al. 2018).

In the gastrointestinal tract, the dominant bacterial species are
divided into three phyla Bacteroidetes, Firmicutes (i.e.,
Lactobacillus spp.), and Actinobacteria, with other bacteria such
as Proteobacteria, Lactobacilli, Streptococci, and Escherichia coli
found in small numbers (Riaz Rajoka et al. 2017; Pascale et al.
2018). Consistent with the finding of previous reports, we found
the CUMS mice microbiome becomes dominated by the
Firmicutes (i.e., Lactobacillus spp.), Proteobacteria, and
Bacteroidetes (i.e., Bacteroides spp.). Many intestinal microorgan-
isms have a symbiotic relationship with the organism (Qin et al.
2010). Stressed mice also have been shown to have high popula-
tions of Firmicutes (i.e., Lactobacillus spp.), Bacteroidetes,

Actinobacteria, and Proteobacteria (Rieder et al. 2017; Lach et al.
2018). In our study, TIV administration balanced the relative
abundance of Firmicutes (i.e., Lactobacillus spp.), Bacteroidetes,
and Proteobacteria in the mouse intestine. 16S rRNA sequencing
showed that the CUMS model affects the composition and struc-
ture of the intestinal flora in mice, resulting in functional
changes and physiological impacts. Changes in the composition
and diversity of the gut microbiome lead to the production of
various neurotransmitters, hormones, and metabolic byproducts
that stimulate the vagus nerve and enteric nervous system
(Nadeem et al. 2019).

When the intestinal tract of adult sterile mice was colonised
with bacterial strains producing SCFAs, BBB permeability was
normal and sodium butyrate increased in the intestine (Ochoa-

Figure 5. Heatmap of the relative abundances of (A) top 50 phylum and (B) top 50 genera. The red rectangle represents the relative abundance of the changed phy-
lum and genera. # p< 0.05 and ## p< 0.01 vs. the normal group. �p< 0.05 and ��p< 0.01 vs. the model group. Data are reported as mean± SD. N: normal; M:
model; S: fluoxetine; L: TIV-L; Me: TIV-M; H: TIV-H (n¼ 3 per group).
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Reparaz and Kasper 2016). Butyrate affects the expression of TJ-
related proteins claudin-2, occludin, cingulin, ZO-1, and ZO-2
(Ploger et al. 2012). BBB permeability was reduced and TJ pro-
tein expression was increased when sterile mice were exposed to
the faecal microbiota of pathogen-free donors (Zhang 2015). In
these studies, the intestinal flora profoundly affected the function
and structure of the BBB. In our study, the administration of
TIV induced changes in the intestinal flora. A significant
increase in the order phylum Bacteroidetes and a decrease in the
phylum Firmicutes (i.e., Lactobacillus spp.) were demonstrated in
depressive rats (Pascale et al. 2020). Consistent with previous
reports, the relative abundance of Firmicutes (i.e., Lactobacillus
spp.) and Bacteroidetes phyla were close to the normal group
after TIV-L treatment the CUMS mice. These findings have sig-
nificance for future research on the antidepressant effect of TIV
on the intestinal flora. We speculate that TIV-L may protect the
BBB by regulating metabolic products metabolised by the intes-
tinal flora, affecting the expressions of ZO-1 and occludin.

The limitations to our study include (1) an absence of aseptic
controls, (2) limited exploration of the antidepressant mechanism
of TIV in the BBB-intestinal flora pathway, and (3) a small

Figure 7. Comparison of BBB permeability and protein expression in TIV-treated CUMS mice and controls. (A) ZO-1 expression in TIV-treated CUMS mice. (B) Occludin
expression in TIV-treated CUMS mice. (C) Changes in BBB permeability. (D) Observation of TJ ultrastructure changes in the BBB by transmission electron microscopy.
The red arrow indicates a break or discontinuity in the basement membrane. Data are reported as mean± SD. # p< 0.05 and ## p< 0.01 vs. the normal group.�p< 0.05 and ��p< 0.01 vs. the model group. N: normal; M: model; S: fluoxetine; L: TIV-L; Me: TIV-M; H: TIV-H (n¼ 3 per group).

Figure 6. Comparison of metabolic function prediction of intestinal flora from
TIV-treated CUMS mice and control group. (A) Relative abundance of carbohy-
drate metabolism. (B) Relative abundance of replication and repair functions. (C)
Relative abundance of infectious diseases in mice. Data are reported as
mean± SD. # p< 0.05 and ## p< 0.01 vs. the normal group. �p< 0.05 and��p< 0.01 vs. the model group. N: normal; M: model; S: fluoxetine; L: TIV-L; Me:
TIV-M; H: TIV-H (n¼ 3 per group).
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sample size. In future studies, changes in bacterial abundance
caused by CUMS and BBB protection by metabolites, such as
SCFAs, should be confirmed at the molecular level. These studies
confirm the hypothesis that the BBB may be susceptible to
changes in intestinal microflora.

Conclusions

We speculate that TIV may enhance the predominance of
Firmicutes (i.e., Lactobacillus spp.) and Bacteroidetes to regulate
the structure and function of the intestinal flora and altering
expression of ZO-1 and occludin, thus protecting the BBB to
exert an antidepressant effect. This study may provide a theoret-
ical basis for VJJ as a new drug to treat depression.
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