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A B S T R A C T

Anxiety and depression are the most prevalent psychiatric disorders in the world, and they are highly comorbid
with each other. Ziziphi Spinosae Semen (ZSS) is a traditional Chinese herbal medicine widely used in the treatment
of insomnia and anxiety in clinical practice. To explore the effects of ZSS in alleviating anxiety in a sleep
deprivation (SD) zebrafish model, the locomotor activity performance and anxiety behavior of these experimental
fish were evaluated, and the underlying mechanisms of its anti-anxiety effect were examined by analyzing the
transcriptomics of brain tissues. Results indicated that ZSS could significantly reduce the freezing duration and
alleviate anxiety-like behavior. Moreover, ZSS was effective in promoting melatonin biosynthesis and synaptic
transmission, modulating circadian rhythm, and preventing inflammatory response and oxidative stress, as evi-
denced by the expression alterations of the key anti-oxidation genes (GCLC, GPX1A, GSR, NRF2A and PRDX1) and
pro-inflammatory cytokine (IL2RGA, IL6 and IL17A/F1). These findings will contribute to the understanding of
how ZSS alleviates SD-induced anxiety, and provide a theoretical basis for the clinical application of ZSS.
1. Introduction

Anxiety disorder, also known as anxiety neurosis, is the most common
neurosis characterized by anxiety behavior experience. Nowadays, anx-
iety has become one of the most common and complex emotion-related
mental illness affecting people's normal work and life, and its preva-
lence rate has increased significantly in the past decades [1,2]. As a
human central nervous system disease with complex etiology, anxiety
disorder still faces great challenges in medical treatment despite a large
number of related drugs have been clinically applied [3].

Sleep disturbance is a potential pathogenesis of anxiety disorders, and
substantial evidences suggest that sleep deprivation (SD) may exacerbate
anxiety-related symptoms [4,5]. High comorbidity rates between sleep
problems and anxiety disorders also indicate they shared commonalities
in etiological mechanisms [6]. SD includes either a complete lack of sleep
over a certain time period or a shorter-than optimal sleep duration, and it
is typically achieved by an over stimulation of sensory and arousal
pathways [7,8]. Light is a non-negligible factor inducing SD [9,10]. The
light signal is received by the suprachiasmatic nucleus of the hypothal-
amus and converted into a neurotransmitter that stimulates the pineal
gland to increase the production of melatonin in the dark, thus achieving
the regulation of circadian rhythm [11].
).
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Zebrafish is a small, low-cost aquatic vertebrate with a high degree of
homology with humans in terms of morphology, genetics and physiology
[12]. According to previous studies, mammals and fish share similar
neurochemistry and behavior, and their key brain regions are homolo-
gous [12]. Zebrafish has a simpler sleep-wake cycle related neuro-
regulatory mechanism and a more conservative sleep regulatory nucleus
than mammals [13]. Similar to what occurs in humans, light has a
striking suppressive effect on sleep in fish (leading to a 90% reduction of
sleep) [7,14,15]. Therefore, zebrafish is regarded as an ideal animal
model for studying circadian rhythm and sleep regulation, and has been
widely used in the research on human neurobehavior and neuropsychi-
atric diseases [16].

Ziziphi Spinosae Semen (ZSS) is a well-known traditional Chinese
medicine (TCM) with a long clinical history for sleep regulation. It has
well-documented pharmaceutical values and is considered safe due to
low toxicity and few side effects. In recent years, the role of ZSS such as
sleep improvement, antidepressant, anti-anxiety and memory improve-
ment has been repeatedly reported [17,18]. However, the underlying
mechanisms related to its neuroprotective effects remain unclear. In the
present study, light protocol was performed to induce SD in zebrafish,
and to evaluate the beneficial effects of ZSS on SD zebrafish. Tran-
scriptome analysis of brain tissues was used to reveal the possible
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mechanism of ZSS on anxiety disorder. Results of this study will provide
new ideas for the prevention and treatment of anxiety disorders,
depression and other sleep-related nervous system diseases.

2. Materials and methods

2.1. Feeding and experimental treatment of zebrafish

One-year-old wild zebrafish were reared in a constant temperature
circulating tank at 26–28�C, 12 h of darkness/12 h of light (of 250 lux
intensity). No sex discrimination was performed, and commercial fish
diet was fed twice a day at 9 a.m. and 9 p.m. The water in fish tank was
replaced thrice a week. After one week of acclimatizing under the
aforementioned laboratory conditions, zebrafish were randomly divided
into three groups, namely control group (WT group), SD group (M group)
and SD treatment group (M_T group) with 25 fish in each group. Fish in
the control groupwere kept in a regular 12:12 light/dark cycle, while fish
in the M group were SD by exposing to 18:6 light/dark cycle and 6 h of 2-
min light pulses (2 min lights onþ 2 min lights off) during the entire dark
period. Fish in M_T group were also deprived of sleep as M group, and
received ZSS treatments (fried ZSS formula granules, Taizhou Nanfeng
Pharmaceutical Co. LTD, Zhejiang, China; Product number Z20003313).
For ZSS treatment, ZSS (1.5 g) was dissolved in 50 ml of water, and
zebrafish were soaked in this solution for 30 min in a transparent box,
and then they were transferred to their home tank for further assessment.
These procedures were performed twice a day and zebrafish were treated
for 2 weeks.

2.2. Locomotor activity assay

After two weeks treatment, the locomotor activity of these experi-
mental fishes was recorded by a digital video camera with software
(Viewpoint Life Sciences, France). To do this, 8 fish from each experi-
mental group were randomly selected, and each fish was separately
placed in a 2-L tank (18 � 9 � 7 cm) in a quiet room and was tracked for
5 min. The traveled distance was collected at three speeds: fast (>20
mm/s) and slow (>2 mm/s and <20 mm/s). The traveled duration at
freezing (<2 mm/s) was also collected. These data were presented as the
mean � standard error of mean (SEM).

2.3. Light/dark box test

The anxiety behavior of these experimental fish was tested and
recorded. The test apparatus was a rectangular glass tank (18 � 10 � 8
cm) which was divided into two identical size chambers (one white and
one black) using black or white self-adhesive films. Between the two
chambers, a black barrier was introduced and lifted up by 1 cm, to allow
fish to swim freely between the chambers. The fish was individually
placed in the black chamber and then a 10-min recording was carried out
by a camera focused on the light chamber. These recordings were
analyzed by measuring the latency to enter the light chamber (s), time
spent in the light chamber (s), number of entries and distance traveled
(mm) in the light chamber. According to previous study, dark dwelling is
regarded as the index of anxiety behavior, which is inversely related to
the number of entries, latency to enter, time spent, and distance traveled
in the light chamber [19]. A total of 8 fish from each experimental group
was randomly selected and received this light/dark box test, and the data
were expressed as mean � SEM.

2.4. RNA isolation and sequencing

Following the tests, zebrafish were euthanized with 0.03% tricaine,
and their brain tissues were carefully separated. A mixture of 3 randomly
selected brains from the same tank was pooled as one representative
sample, and 3 replicates were included for each group. Total RNAs from
brain tissues were extracted using TRIzol reagent (Invitrogen, CA, USA),
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and the concentration and purity of the extracted RNA were measured by
a NanoDrop 1000 spectrophotometer (Agilent, CA, USA). Subsequent
analysis criteria were allowed only when the ratio of A260 to A280 was
between 1.9 and 2.1. Then, 5 μg of each RNA sample was purified by
mRNA Seq sample preparation kit (Illumina, San Diego, USA), fragment,
and reverse transcription to obtain mRNA. A cDNA library was prepared
and sequenced using Illuminia Novaseq™6000 platform (LC Sciences,
Houston, Texas, USA). Each group included 3 replicates and the results
were expressed as mean � standard deviation.

2.5. RNA-seq read analysis

Raw transcriptome data obtained by the above method were filtered
using Trimmatic, to remove the low-quality reads. The valid reads were
aligned to the zebrafish genome (ftp://ftp.ensembl.org/pub/release-96/f
asta/danio_rerio/dna/, v96). The mapped reads were further assembled
by StringTie, and merged to reconstruct a comprehensive transcriptome
by gffcompare software. Finally, expression levels of all transcripts were
estimated using stringTie and ballgown by calculating FPKM values, and
transcripts with fold change values� 2 or�0.5 between two groups with
P value < 0.05 were considered as differentially expressed genes (DEGs).
These DEGs were further analyzed by GO (Gene Ontology) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) signaling pathway enrich-
ment analysis.

2.6. qRT-PCR

To verify the accuracy of the above RNA-Seq results, 10 genes were
randomly selected and subjected to qRT-PCR to quantify their tran-
scriptional levels in parallel. According to their sequences documented in
NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide),
the primers of these genes were designed by Primer Premier 5 software
and their specificities were checked using the Primer-Blast program
(NCBI). For each gene, two sets of qRT-PCR primers were designed and
synthesized from Sangon Biotech (Shanghai, China) Co., Ltd. The optimal
primer set of each gene was selected according to their amplification
curves, and their sequences were listed in Table 1. Similar to RNA-Seq,
RNA extracted from 3 fish brains was used as one representative sam-
ple, and 3 repeats were performed for each group. The qRT-PCR pro-
cedure was as follows: cDNA reverse transcription kit (TaKaRa, Dalian,
China) was used to synthesize the first strand cDNA from RNA samples.
The Green Premix Ex Taq™ kit (TaKaRa) was used in qPCR assays. The
β-actin was chosen as the internal reference gene. The 2�ΔΔCt method
was used to calculate the relative fold changes between different groups.
Three biological replicates were included for each sample, and the data
were expressed as mean � SEM.

2.7. Statistical analysis

All data were analyzed using GraphPad Prism 9.0 (GraphPad Soft-
ware, La Jolla, CA, USA), and the figures were generated using Origin
software. The results were expressed as mean � SEM. Statistical differ-
ences between two groups were analyzed using two-way ANOVA anal-
ysis, whereas differences across multiple groups were determined by one-
way analysis of variance followed by Tukey's post-hoc test. Differences
were considered statistical significance when P value less than 0.05.

3. Results

3.1. Locomotor activity assay of zebrafish models with SD

In order to assess the behavioral differences, the locomotor activity of
fishes in different groups was recorded. As shown in Fig. 1, the distance
traveled at a fast speed of SD zebrafish decreased significantly when
compared with the controls, while there was no significant difference in
distance traveled at a low speed. In addition, the duration of freezing was
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Table 1
List of primers used in the qPCR experiments.

Gene Name Forward Primers (50-30) Reverse Primers (50-30) GenBank Accession No.

FGF6A GTGGTTAGTCTATACGGCGTGAA ATGGAAGACTCGTATGCGTTG NM_001001398.2
CREB3L3A AGGGCAACGAGGACTTCTTCAA TGGGATACGACAATGTGAGGCT NM_001020673.2
WNT8A GCGGTCAACCTGCATAACAAC TCCATCTCCAACTTCCGTGCT NM_130946.3
NOTUM2 CACGCAGAGGGAGTGGTTTATTA CACACATCACTTGAACAGTAGGGA NM_001353872.1
TDO2A GGGTGCCGTACAACAGAAG ACTAACTGAAGCAGCGTGGG NM_001102616.2
ACMSD GTTAGTTGGTATGCCAGCAGAGAC TGCGTGGGTTGATCTTGTTG NM_001089494.1
SERPINE1 GAACTGACACGGTTAGTCTTCCTG ACGCCATCCTTAGACACGAACT NM_001114559.1
G6PCB AGCTTTCAACAGAGTGTCCTG GAATACACCACTTCTGTGCCTT NM_001386497.1
IL6 CAGAGATCTGTACAAGGACGTGA TCTGAAGGTTTGAGGAGAGGAGT NM_001261449.1
AIFM2 CACGACAAGAAGGTGGTTCTG GCTCCGACACACATTCAGTTC NM_001200010.1
β-Actin GAGAAGAGCTATGAGCTGCCTGA TCGTGGATACCGCAAGATTC NM_131031.2

Fig. 1. Behavior of zebrafish in different experimental groups. (A) The distance traveled at a fast speed (>20 mm/s), (B) the distance traveled at a low speed (>2 mm/
s and <20 mm/s), (C) the duration of freezing (<2 mm/s) (n ¼ 8/group). Statistically significant differences are shown by * for P < 0.05, ** for P < 0.01, *** for P <

0.001 and **** for P < 0.0001, respectively.
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striking increased in SD zebrafish. These data validated the successful
modeling of the SD zebrafish model in our study, as M group exhibited
the significant decrease in exploration or an increase in erratic move-
ments. After ZSS treatment, distance traveled at a fast speed of SD
zebrafish was significantly increased and the duration of freezing was
significantly shortened, indicating less tortuous in swimming paths of
these fish.
3.2. SD aggravated anxiety-like behavior in zebrafish

Anxiety behavior of zebrafish was measured using the light/dark box
test. As shown in Fig. 2, SD zebrafish exhibited a longer latency to enter
the light compartment and shorter distances traveled in the light
compartment, and spent less time in the light compartment when
compared with controls. After ZSS treatment, both the latency to enter
the light compartment and the duration in the light compartment were
comparable to those in WT group, and the traveled distance in the light
compartment was also slightly increased. However, there was no sig-
nificant difference in the number of times zebrafish entered the light
compartment among the three comparison groups. This result suggested
that the ZSS treatment could alleviate the anxiety-like behavioral re-
sponses of SD zebrafish.
3.3. Transcriptome sequencing and sequence alignment

To investigate the changes in transcriptomic profiles, illumina
sequencing was performed using zebrafish brain tissues of three groups,
and a total of 421470236 pair-end raw reads were obtained (Table 2).
The raw data was preprocessed, and the unsuitable and low-quality reads
data was eliminated by Trimmatic, then 404,267,292 valid data were
obtained. Among them, 349983565 reads corresponded to zebrafish
3

genome, with mapped reads of more than 85% and multiple mapped
reads of less than 4%. Further analysis showed that GC% was 42.83%–

43.67%, and Q30%was higher 97.18%. In addition, the reliability of the
RNA sequence data was further verified by Pearson correlation co-
efficients between library and biological repeats of these transcriptome
profiles (Supplementary Fig. 1).
3.4. Gene expression profiles among different groups

After screening the high quality and effective data, bioinformatics
method was used to identify DEGs. Using the cutoff threshold of fold
changes �2 and P value � 0.01, 342 DEGs were identified in M group
compared with the control fish, among which 134 up-regulated genes
and 208 down-regulated genes. 1537 DEGs were identified for the
comparison between M_T and control group (612 up-regulated and 925
down-regulated). 1240 DEGs (547 up-regulated and 693 down-
regulated) were identified when the M_T group were compared with
and M group. The changes of the volcano plot were shown in Fig. 3A–C,
which demonstrated that the alterations of transcriptomic profiles among
different groups were significant.

To understand the potential role of these DEGs, the GO and KEGG
analysis were performed. As shown in Fig. 3E and F, the significant
enrichment GO terms are: cytoplasm, nucleotide binding, protein serine/
threonine kinase activity, protein phosphorylation, protein kinase ac-
tivity, kinase and ATP binding. Meanwhile, KEGG analysis showed the
significant enrichment pathways are as follows: MAPK signaling
pathway, FoxO signaling pathway, p53 signaling pathway, mTOR
signaling pathway, ubiquitin mediated proteolysis, Wnt signaling
pathway, tryptophan metabolism and melanogenesis, apoptosis and
cellular senescence. These results indicated the complicated pathogen-
esis of anxiety disorders and the multiple signaling pathways involved in



Fig. 2. Detection of anxiety-like behavior in zebra-
fish. (A) The latency to enter the light compartment,
(B) the duration in the light compartment, (C) the
number of times the zebrafish shuttle between the two
compartment, (D) the distance traveled in the light
compartment (n ¼ 8/group). The asterisk represents a
statistically significant difference when M and M_T
groups were compared with the WT group, and when
M_T and M groups were compared, *at P < 0.05, **at
P < 0.01, ***at P < 0.001 and ****at P < 0.0001
levels, respectively.

Table 2
Summary of transcriptome sequencing database.

Group Total reads Valid reads Mapped reads Unique mapped reads Multiple mapped reads GC% �Q30%

WT 144023032 138637922 119188441（85.98%） 114934145（82.91%） 4254296（3.07%） 42.83 97.21
M 139236998 133634762 114933061（86.01%） 110391986（82.61%） 4541075（3.4%） 43.17 97.18
M_T 138210206 131994608 115862063（87.79%） 111547222（84.52%） 4314841（3.27%） 43.67 97.28
Total 421470236 404267292 349983565
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the therapeutic function of ZZS.

3.4.1. Analysis of DEGs related to melatonin
Melatonin is an important pineal hormone that regulates sleep and

circadian rhythms in mammals [20], thus the DEGs related to melatonin
were analyzed. As shown in Table 3, CYP1A and CYP1B1 levels were
most significantly increased after Pls treatment. The expression levels of
other melatonin related genes such as AANAT2 and TPH1A were
decreased in M group when compared with the controls, whereas their
levels in M_T group were restored by different degrees. However, the
expression levels of ACMSD and TDO2A had the opposite expression
trends. The expression levels of ALDH8A1 and GCDHA were increased in
both the M and the M_T group, with the more significant up-regulation in
the M_T group. These data supported the involvement of melatonin in
SD-induced anxiety disorder, and the normalization of melatonin level
after ZZS treatment.

3.4.2. Analysis of DEGs related to circadian rhythm
AS circadian rhythm is important for melatonin production, the

expression of circadian regulation genes including clock genes and
4

immediate/early response genes (IEGs) were examined. As shown in
Table 3, the expression levels of KLHL13 were noticeably decreased
whereas other transcripts were not significantly altered in M group.
FOSL1A and EGR3 were the most remarkedly up-regulated transcripts
after ZSS treatment. However, the expression levels of CDC20, PRKCBA
and PRKAG2B were decreased in M_T group. These data indicated the
disorder in expression of genes related to circadian rhythm in anxiety
disorder.

3.4.3. Analysis of DEGs related to neuroactive ligand-receptor interaction
The neuroactive ligand-receptor interaction triggers various signaling

pathways that regulate the expression of genes related to neural function
and stress processing in emotional disorders. As shown in Table 3, the
expression of most genes involved in neuroactive ligand-receptor inter-
action were unchanged or slightly down-regulated in M group when
compared to controls, except the noticeably up-regulation of AGT and
LEPA levels and the down-regulation of GNRHR1 and HRH3 levels. After
Pls treatment, the up-regulation of LEPA/B and CALCA and down-
regulation of AGT and MC3R were most significant, indicating more
significant expression alterations of M_T group in genes associated with



Fig. 3. The number of differentially expressed genes (DEG) in different experimental groups and the corresponding GO and KEGG enrichment data. (A) - (C) volcanic
plots show DEGs determined by comparison of M and control groups, M_T and control groups, and M and M_T groups (difference multiple �2 or �0.5), (E) GO
function enrichment analysis of DEGs ScatterPlot. (F) KEGG pathway enrichment analysis of DEGs ScatterPlot.
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Table 3
List of significant DEGs (P < 0.05) and respective fold changes in different
pairwise groups.

Gene name Description Fold change

M/
WT

M_T/
M

Melatonin
AANAT2 Arylalkylamine N-acetyltransferase 2 0.71 1.50
ACMSD Aminocarboxymuconate semialdehyde

decarboxylase
8.41 0.21

ALDH8A1 Aldehyde dehydrogenase 8 family, member A1 1.91 2.13
CYP1A Cytochrome P450, family 1, subfamily A 0.38 72.97
CYP1B1 Cytochrome P450, family 1, subfamily B,

polypeptide 1
0.42 10.10

GCDHA Glutaryl-CoA dehydrogenase a 1.22 2.70
IDO1 Indoleamine 2,3-dioxygenase 1 1.81 0.39
TDO2A Tryptophan 2,3-dioxygenase a 3.48 0.10
TPH1A Tryptophan hydroxylase 1a 0.57 2.17
Circadian rhythm
CDC20 Cell division cycle 20 homolog 1.49 0.30
CSNK1DB Casein kinase 1, delta b 1.09 1.28
EGR1 Early growth response 1 1.21 2.96
EGR3 Early growth response 3 0.93 7.75
FOS Proto-oncogene protein c-fos 0.72 1.88
FOSL1A FOS Like 1, antigen 1a 0.88 85.97
KLHL13 Kelch-like family member 13 0.19 1.80
PRKAG2B Protein kinase, AMP-activated, gamma 2 subunit

b
1.25 0.36

PRKCBA Protein kinase C, beta a 1.14 0.27
UBE2D2L Ubiquitin-conjugating enzyme E2D 2, like 1.04 3.08
Neuroactive ligand-receptor interaction
ADRA1AA Adrenoceptor alpha 1Aa 0.57 3.52
ADMA Adrenomedullin a 1.05 3.45
AGT Angiotensinogen 23.33 0.10
BDKRB2 Bradykinin receptor B2 2.53 9.15
CALCA Calcitonin/calcitonin-related polypeptide, alpha 0.76 10.35
CHRM2B Cholinergic receptor, muscarinic 2b 1.04 3.05
CHRNA10A Neuronal acetylcholine receptor subunit alpha-

10-like
0.34 8.51

GNRHR1 Gonadotropin releasing hormone receptor 1 0.14 7.62
GRIN3A Glutamate receptor, ionotropic, N-methyl-D-

aspartate 3A
0.68 2.81

HRH3 Histamine H3 receptor-like 0.09 2.79
HTR1FA 5-Hydroxytryptamine receptor 1Fa 0.68 0.26
LEPA Leptin a 6.30 87.64
LEPB Leptin b 1.28 210.22
MC3R Melanocortin 3 receptor 1.26 0.17
NMBB Neuromedin Bb 0.71 3.16
PTH1A Parathyroid hormone 1a 0.37 5.00
RLN3A Relaxin 3a 0.68 7.47
Response to oxidative stress
GCLC Glutamate-cysteine ligase, catalytic subunit 1.10 7.04
GPX1A Glutathione peroxidase 1a 0.83 2.11
GSR Glutathione reductase 1.16 3.42
NRF2A Nuclear factor, erythroid 2-like 2a 0.81 2.69
PRDX1 Peroxiredoxin 1 0.81 15.51
Pro-inflammatory cytokine
IL2RGA Interleukin 2 receptor, gamma a 1.25 0.36
IL6 Interleukin 6 (interferon, beta 2) 16.64 0.18
IL17A/F1 Interleukin 17a/f1 2.35 0.00
Other DEGs
CREB3L3A cAMP responsive element binding protein 3-like

3a
8.48 0.22

CSF1RB Colony stimulating factor 1 receptor, b 1.44 0.18
EGFR Epidermal growth factor receptor-like 1.68 0.13
FGF19 Fibroblast growth factor 19 3.13 0.18
G6PCB Glucose-6-phosphatase b, catalytic subunit 2.67 13.16
HSP70 Heat shock cognate 70-kd protein, tandem

duplicate 1
1.06 6.09

RAC1L Rac family small GTPase 1, like 2.83 0.15
RAG1 Recombination activating gene 1 2.04 0.19
SERPINE1 Serpin peptidase inhibitor, clade E (nexin,

plasminogen activator inhibitor type 1), member
1

0.56 13.29

J. Zhang et al. Pharmaceutical Science Advances 2 (2024) 100019
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neuroactive ligand-receptor interaction.

3.4.4. Analysis of other DEGs
For other DEGs, the transcription level of PRDX1 and SERPINE1

decreased in the M group, whereas significantly increased by 15.51- and
13.29-folds in M_T group (Table 3). Besides, after ZSS treatment, the
G6PCB was up-regulated to 13.16-fold of that in M group. Nevertheless,
the expression levels of IL17A/F1, IL6, EGFR, CSF1RB and RAG1 were
strikingly down-regulated in M_T group. These data indicated that genes
related to inflammatory response and oxidative stress were down-
regulated after ZZS treatment.
3.5. Verify RNA sequence data

To verify the reliability of RNA-Seq results, FGF6A, CREB3L3A,
WNT8A, NOTUM2, TDO2A, ACMSD, SERPINEL, G6PCB, IL6 and AIFM2
genes were randomly selected and their transcription levels were quan-
tified by qRT-PCR. As shown in Fig. 4, the expression levels of these DEGs
were basically consistent with the results of RNA-Seq. qRT-PCR data
presented the significant increase of ACMSD and IL6 levels in M group
when compared with controls, whereas it was G6PCB in M_T group. On
the other hand, the expression levels of NOTUM2 in M group andWNT8A
in M_T group were remarkedly decreased. The expression trends of these
genes were also observed in RNA-Seq, indicating the reliability and ac-
curacy of RNA-seq analysis.

4. Discussion

Anxiety disorder has become a relatively common disease nowadays,
which causes a large amount of medical expenses and a heavy burden of
disease. Previous studies have shown that anxiety is highly correlated
with poor sleep quality, and the adverse changes in cognitive perfor-
mance are also associated with insufficient sleep [21]. In the present
study, zebrafish were exposed to extended light phase and light pulses to
construct the anxiety disorder zebrafish model. The results showed that
SD zebrafish displayed anxiety-like behavior, such as decreased loco-
motor strength and increased freezing time. Meanwhile, the distance
traveled of SD fish were significantly shortened in the light environment,
and they were more dependent on the dark environment. These results
are consistent with earlier reports, indicating that SD can promote the
occurrence and development of anxiety disorder [19,22]. On the other
hand, ZSS treated zebrafish are less dysphoric than the SD zebrafish,
suggesting ZSS has the potential to prevent SD-induced anxiety-like
behaviors.

Anxiety is a kind of anticipatory emotional response to a future threat,
and this hypervigilant state comprehends a range of neuroendocrine and
physiological processes. Melatonin is a hormone secreted by the pineal
gland of the brain. Studies have shown that melatonin promotes aden-
osine signaling, and possesses the effect of promoting sleep [23]. Mela-
tonin is a metabolite of tryptophan and serotonin, through the action of
enzymes such as TPH and AANAT [24,25]. As shown in Table 3, their
transcriptional levels were down-regulated in M group, indicating the
decreased melatonin levels in this group. ACMSD, ALDH8A1 and GCDHA
encode enzymes which convert the tryptophan intermediate metabolite
alpha-amino-beta-carboxyl-muconate hemaldehydes (ACMS) to
alpha-amino-muconate hemaldehyde and eventually to acetyl-CoA,
otherwise NADþ is synthesized from ACMS. Thus, the striking increase
of ACMSD levels in M group would lead to the deficiency of both mela-
tonin and NAD þ [24,25]. The up-regulation of IDO1 and TDO2A tran-
scripts in M group would also decrease the content of serotonin due to the
inhibition of neurotransmitter transmission, thus inhibiting the synthesis
of melatonin. Although the melatonin metabolism is principally cata-
lyzed by CYP1A and CYP1B, they are also important contributors to drug



Fig. 4. Comparison of the expression levels of
selected genes in M, M_T and control groups by qRT-
PCR. Genes were randomly selected, and the expres-
sion levels of each gene in the control group were set
as 1. The expression levels of M and M_T genes were
quantified using the control group as the standard.
β-actin gene was the internal reference gene, and the
results were mean � standard error of mean (SEM) (n
¼ 3). The asterisk represents a statistically significant
difference when M and M_T groups were compared
with the WT group, and when M_T and M groups were
compared, *at P < 0.05, **at P < 0.01, ***at P <

0.001 and ****at P < 0.0001 levels, respectively.
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metabolism [26,27]. Previous studies have shown that some kind of TCM
such as Hypericum perforatum, an effective herbal medication in the
treatment of mild to moderate depression, significantly triggered the
mRNA and the protein expression of cytochrome P450 enzyme [28].
Thus, the significantly increased CYP1A1/CYP1B levels in M_T group
may due to the ZSS treatment.

Sleep problems and various mental diseases are closely related to the
circadian rhythm related genes [29]. In the present study, although the
core circadian clock genes such as CLOCK, PER1/2, CRY1/2 and
NR1D1/2 were not detected, the expression levels of IEGs including Fos,
Fosl1a and Egr1/3 were significantly changed. According to previous
studies, IEGs directly modulate transcription of core clock genes, as well
as sleep-related cognitive dysfunction and mood disorders [30]. Egr1/3,
the neural activity dependent IEGs, have been reported to be the major
transcription factors regulating gene expression in the brain of neuro-
psychiatric patients such as schizophrenia, bipolar disorder, and Alz-
heimer's disease [31]. Fosl1A has been proved a target of
NMDAR-Wnt-catenin signaling pathway, which is the neural
activity-dependent gene transcription machinery [32]. Fosl1A level was
upregulated in cultured hippocampal neurons by glutamate treatment,
and in brain of rats following behavioral learning [32]. These data sug-
gested the potential role ZSS in relieving SD-induced neuropsychiatric
disorders through NMDAR-Wnt-catenin signaling pathway. PRKAG2B
and PRKCBA regulated the phosphorylation of core circadian clock
proteins such as PER and CRY, affecting the rhythmic
transcriptional-translational feedback loop and leading to behavioral
circadian rhythmicity [33]. CDC20, KLHL13 and UBE2D2L belong to
ubiquitin mediated proteolysis pathway, which have been reportedly
implicated in mammalian brain of fear learning and multiple neurolog-
ical conditions for their role in learning-induced synaptic plasticity and
long-term memory formation and storage [34]. CSNK1D is reportedly
related to the dopaminergic controlled anxiety-related behaviors,
manic-depressive states and mood disorders [35]. Taken together, these
data indicate the interference of circadian rhythm related genes in SD
zebrafish and ZSS affects circadian rhythm mainly through IEG tran-
scription factors.

It has been reported that the excitability of nerve synapses and effi-
cient release of neurotransmitters have the anti-anxiety effects [36].
According to previous study, higher levels of the neuroactive
ligand-receptor interaction genes can reduce anxiety-related behavior
[37]. The up-regulation of neuroactive ligand-receptor interaction genes
was also observed in this study after ZSS treatment (Table 3). Among
these striking up-regulated genes in M_T group, Lepa/b may exert anti-
depressant actions through the BDNF/TrkB signaling pathway [38].
CALCA promotes non-rapid eye movement sleep, possibly by exciting
sleep-promoting neurons in midbrain perioculomotor region [39].
Conversely, AGT transcript was up-regulated in M group whereas
down-regulated in M_T group. Beside its important role in regulating
blood pressure, AGT is also involved in the development of psychiatric
disorders, and angiotensin receptor blockers have promising clinical
value in the treatment of anxiety and depression [40]. In addition, the
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expression alteration of CHRM2B, CHRNA10A, GRIN3A, and HRH3
indicate ZSS exerts therapeutic effects by affecting synaptic transmission
and neurotransmitters release.

Inflammatory response is also associated with anxiety disorders [41,
42]. Chronic SD has been found to trigger low-grade neuroinflammation,
which can lead to anxiogenic response [43]. As expected, the expression
of inflammation-related genes, including IL2RGA, IL6 and IL17A/F1were
significantly up-regulated in SD fish (Table 3), which indicated the in-
flammatory response was activated in this group. Other DEGs also have
been reported to be involved in the pathogenesis of neuropsychiatric
disorders. For example, CREB3L3 is one of the core transcription factors
associated with depression induced by heavy metals [44], and the
up-regulation of CREB3L3 has been observed in patients with Parkinson's
disease related to depression [45]. RAG1 is proposed to regulate hippo-
campal function including learning and memory [46], and RAG1�/�

mice exhibit attenuated anxiety- and depression-like behavior [47].
HSP70 has neuroprotective effects, as the reduced HSP70 level in brain is
closely associated with cognitive dysfunction, anxiety and depression
under stress conditions [48]. Irisin has been reported to ameliorate
depression-like behavior in mice by reducing the expression of EGFR
[49]. In addition, glutathione is the brain's predominant free radical
scavenger, thus GCLC (regulate the synthesis of glutathione) is also
associated with psychiatric disorders [50,51]. Similar to the effect of
Curcumin, a FDA-approved natural product in treating depression, in-
crease of GCLC level after ZSS treatment indicate that ZSS can alleviate
SD-induced neuronal oxidative stress [18]. The expression changes of
abovementioned transcripts in this study are consistent with these pre-
vious reports, and indicate multiple metabolism pathways are involved in
the neuroprotective effects of ZSS on SD-induced anxiety condition.

The effect of ZSS extract for treatment of insomnia has been reported.
A previous study explored the potential pathways of ZSS against
insomnia using network pharmacology strategy, and they predicted that
neuroactive ligand-receptor interaction and cAMP signaling pathway
were the key pathways influenced by ZSS treatment [52]. Consistent with
their results, the neuroactive ligand-receptor interaction was also
enriched in our study. Bai et al. [53] identify the pharmacological
mechanisms of ZSS using UHPLC-Q-Exactive-MS/MS and qPCR, and they
concluded that ZSS treatment mainly modulated serotonin and
GABAergic synapse pathways through regulating the expression levels of
HTR1A, HTR2A, GABRA1 and GABRG2. The expression alterations of
these genes were also observed in this study, but the transcriptional
profiles revealed they were not the most significantly altered transcripts.
These discrepancies might result from different animal, different
methods to develop the sleep disorder models and to analyze the meta-
bolism alterations. For example, the p-chlorophenylalanine-induced
insomnia rat model was used in their study, whereas the SD zebrafish
model was applied in this study. Since p-chlorophenylalanine is a specific
depletor of brain serotonin in rats, it is easy to explain why serotonin
metabolism was the most significantly altered pathway affected in their
study.
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5. Conclusions

In conclusion, sleep is one of the regulating factors in the occurrence
and development of anxiety disorders. This study investigated the mo-
lecular mechanism of the ZSS in the treatment of anxiety disorders by
analyzing the transcriptome of the brain tissues of zebrafish SD model.
Results indicate the potential pharmacological effects of the ZSS are
closely related to regulated melatonin biosynthesis, circadian rhythm,
synaptic transmission of neurotransmitters, inflammatory response and
oxidative stress. Genes such as AANAT, ACMSD, AGT, CALCA, CREB3L3,
EGFR, EGR3, FOSL1A, GCLC, HSP70, IL17A/F1, LEPA/B, TDO2A and
UBE2D2L are possible targets of treatment by the ZSS. Additionally, ZSS
may primarily exert therapeutic effects through regulation of neural
activity-dependent gene transcription machinery, neuroactive ligand-
receptor interaction, NMDAR-Wnt-catenin signaling pathway and ubiq-
uitin mediated proteolysis pathway. Although the effects of ZSS inmental
have been reported, this is the first study to analyze its anti-anxiety ef-
fects and underlying mechanism from the perspective of transcriptomics.
Not only does it holistically analyze the possible mechanism of ZSS
treatment of anxiety disorder, these data also facilitate further in-depth
research and provide a theoretical basis for clinical application of ZSS.
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