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Depression and anxiety are serious psychiatric disorders with significant physical
and mental health impacts, necessitating the development of safe and effective
treatments. This study aimed to evaluate the efficacy of Jiangshi oligosaccharide
(JSO), a type of inulin-based oligosaccharide, in alleviating anxiety and depression
and to investigate the underlying molecular mechanisms. Using a mouse model
of chronic restraint stress (CRS), JSO was administered orally at doses of 50, 100,
and 200 mg/kg for 21 days. Behavioral tests, including the novelty-suppressed
feeding test (NSFT), open field test (OFT), elevated plus maze test (EPMT), tail
suspension test (TST), and forced swimming test (FST), demonstrated that JSO
significantly improved anxiety- and depressive-like behaviors (P< 0.05). Notably,
JSO reduced feeding latency in the NSFT, increased time spent in the center in
the OFT, enhanced time and entries into open arms in the EPMT, and decreased
immobility time in the TST and FST (P< 0.01). Histological and molecular analyses
revealed that JSO treatment attenuated neuronal loss in the hippocampus (Hip)
andmedial prefrontal cortex (mPFC) and reduced the expression of inflammatory
markers such as Iba-1 and GFAP in these regions. JSO significantly
downregulated the mRNA and protein expression of pro-inflammatory factors
(IL-1β, TNF-α, IL-6) while increasing anti-inflammatorymarkers (IL-10, TGF-β) (P<
0.05). Furthermore, JSO inhibited the c-GAS-STING-NLRP3 axis and apoptosis-
related proteins (Bax/Bcl-2, Caspase-3/8/9) while promoting the expression of
brain-derived neurotrophic factor (BDNF), PSD-95, and synaptophysin (SYP),
indicating improved neuronal survival and synaptic plasticity (P< 0.01). These
findings suggest that JSO exerts potent anti-anxiety and antidepressant effects by
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modulating neuroinflammation, synaptic function, and neuronal apoptosis in the
Hip and mPFC of CRS mice. This study highlighted JSO as a potential therapeutic
agent for stress-induced anxiety and depression.

KEYWORDS

Cichorium intybus L., inulin-type oligosaccharides(JSO), depression, anxiety, chronic
restraint stress, molecular alterations

1 Introduction

Anxiety and depression are common psychiatric disorders that
can lead to multiple adverse symptoms, such as suicidal tendencies,
sleep disorders, anhedonia, and cognitive dysfunction (Wang et al.,
2018; Morel et al., 2022; Chen et al., 2023; Fu et al., 2023). Presently,
most available clinical drugs only focus on anti-anxiety or anti-
depression; drugs to improve depression/anxiety comorbidity are
lacking (Chen et al., 2023). In addition, medications commonly used
for improving anxiety/depression have serious side effects, such as
nausea and vomiting (Shen et al., 2021). Conventional anti-
depression/anxiety treatments have shown extreme limitations,
including a delay in the onset and low efficacy in over 30% of
patients (Li Y. et al., 2023). Thus, more efficacious medicines with
fewer side effects are urgently needed.

Oligosaccharides, including inulin-type variants, have been
extensively studied for their prebiotic effects, primarily influencing
the gut microbiota and promoting gut-brain axis interactions. These
interactions have been suggested to impactmood regulation, cognitive
function, and stress resilience through modulation of gut bacteria and
the production of short-chain fatty acids (SCFAs), which may exert
neuroprotective effects (Arioz et al., 2019; Crowley et al., 2006).
Inulin-type oligosaccharides function not only as prebiotics, but
also potentially exhibit anti-inflammatory and antioxidant
properties, which may contribute to their neuroprotective effects
(Chen et al., 2023). Oligosaccharides are widely distributed across
different plant species, including Cichorium intybus L. and
Smallanthus sonchifolius, while their composition and biological
activity can vary. For instance, inulin-type oligosaccharides isolated
from S. sonchifolius (yacon) are shorter in chain length compared with
those from C. intybus L., which may affect their bioactivity (An et al.,
2016). Such differences in oligosaccharide composition can influence
their potential therapeutic effects, warranting further comparison
across plant sources. Inulin-type oligosaccharides were extracted
from C. intybus L. using a standardized extraction method,
involving hot-water extraction, followed by ethanol precipitation,
as previously described (Sun et al., 2019). This standardized
method ensures consistency in the yield and composition of
oligosaccharides, minimizing variability in experimental outcomes.

Cichorium intybus L., a plant in the Asteraceae family, has
attracted increasing attention due to its health-promoting
properties and is an abundant source of oligosaccharides
(Lightowler et al., 2018; Perović et al., 2021). Research has shown
that the inulin-type oligosaccharides (molecule, GFn, n = 5–11)
isolated from the plant S. sonchifolius may have anti-depressant
effects in an acute experimental model (An et al., 2016). However,
the potential therapeutic effects of inulin-type oligosaccharides on
stress-induced behavioral deficits have not been reported.
Considering these findings, we hypothesized that the inulin-type

oligosaccharides (molecule, GFn, n = 4–20) (JSO) isolated from the
plant Cichorium intybus L.may have potential benefits in a model of
stress-induced behavioral deficits.

Chronic restraint stress (CRS) is a recognized model of
psychosocial stress that symbolizes the development of relatively
mild, predictable, yet inevitable chronic stress, and simulates chronic
stress exposure in stressful work and limited living spaces (Wang
et al., 2020; Kwatra et al., 2021). Studies have indicated that CRS can
induce behavioral deficits similar to those observed in anxiety and
depression (MacDowell et al., 2021; Zhou et al., 2021). Furthermore,
CRS can induce neuronal loss and neuroplastic defects, microglial
and astrocyte activation, inflammatory responses, and apoptosis in
the brain, similar to the clinical symptoms of anxiety/depression
(Liu et al., 2020; Song et al., 2020; Fan et al., 2023; Ma et al., 2023).

Although inulin-type oligosaccharides from various sources have
been investigated for their health-promoting effects, evidence regarding
their specific role in alleviating stress-induced behavioral deficits is still
emerging. Previous studies, such as those conducted by Huo et al.
(2017), have demonstrated promising results in related stress models,
while more research is needed to confirm these effects and explore the
underlyingmolecularmechanisms. Therefore, using themousemodel of
CRS, this study aimed to evaluate the efficacy of JSO in ameliorating
stress-induced behavioral deficits and to explore the associated
molecular changes. The use of a standardized extraction method and
dose range is critical to ensure reproducibility and comparability with
previous studies. The oligosaccharides used in this study were prepared
following a rigorous protocol to ensure the purity and consistency of the
extracted compounds. The doses selected for this study were based on
prior research exploring dose-dependent effects of similar
oligosaccharides in stress models (Sun et al., 2019; Huo et al., 2017).
Despite the growing evidence of the neuropsychiatric benefits of
oligosaccharides, their therapeutic potential in ameliorating stress-
induced anxiety and depression comorbidities remains unexplored.
This study is the first to investigate the effects of JSO on CRS-
induced behavioral deficits, positioning JSO as a novel candidate for
addressing neuropsychiatric disorders. Furthermore, by examining the
associated molecular changes, such as neuroinflammation, synaptic
plasticity, and apoptosis, this research provided new insights into the
mechanisms underlying the potential therapeutic benefits of JSO. The
findings could pave the way for developing a more effective and safer
treatment for anxiety and depression comorbidity.

2 Materials and methods

2.1 Animals

Male C57BL/6N mice, aged 7–8 weeks, were obtained from the
Vital River Co., Ltd. (qualified no. SCXK 2021–0006, Beijing,
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China). In this study, mice were housed in groups of 4-5 per cage.
This group size was chosen based on standard animal care guidelines
to ensure social enrichment while minimizing stress and aggression.
Mice were housed in cages at random under a 12-h light/dark cycle
(lights on at 8:30 a.m., light off at 8:30 p.m.), with 55% ± 10% relative
comfortable humidity and a pleasant temperature at 24°C ± 2°C. In
this period, water and food were freely accessed. After 1 week of
adaptation, the experiment began. All experimental stages were
carried out in accordance with the Animal Ethics Committee of
the Institute of Medicinal Plant Development, Peking Union
Medical College (Approval No. SYXK 2023–0049).

2.2 Agents

Citalopram (Cit) is a well-known selective serotonin reuptake
inhibitor (SSRI) used to treat depression and anxiety. The chosen
dose of 10 mg/kg for citalopram in mice is supported by several
studies that have demonstrated its efficacy in ameliorating anxiety
and depression-like behaviors induced by chronic stress. For
instance, Crowley et al. (2005) used a dose of 10 mg/kg
citalopram in mice and observed significant antidepressant-like
effects in the forced swim test, a commonly used assay for
evaluating antidepressant activity. Burstein et al. (2014) also
utilized 10 mg/kg citalopram in mice and reported a reduction in
depressive-like behaviors in the tail suspension test. These studies
indicated that 10 mg/kg is an effective dose for modulating mood-
related behaviors in rodent models. Cit was obtained from Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China).

Inulin-type oligosaccharides (JSO) have been investigated for
their potential therapeutic effects, particularly for their prebiotic
properties and influence on gut-brain axis interactions. The selected
doses of 50, 100, and 200 mg/kg are based on previous research that
explored the dose-dependent effects of similar oligosaccharides and

their impact on behavioral and physiological parameters. For
instance, Burokas et al. (2017) administered different doses of
fructooligosaccharides, a related compound, and found significant
improvements in stress-induced behavioral deficits at doses ranging
from 50 to 200 mg/kg. Sun et al. (2019) reported that administration
of 100 mg/kg of a similar oligosaccharide in mice led to improved
cognitive function and reduced anxiety-like behaviors. JSO could be
extracted from C. intybus L. It was obtained from the Qingdao
Tuolin Medicine Science Technology Co., Ltd. (Figure 1).

2.3 Grouping

Male C57BL/6N mice were randomized into six groups: control
group (water treatment) (n = 12), CRS group (water treatment) (n =
12), Cit (10 mg/kg) + CRS group (n = 12), and JSO (50 mg/kg,
100 mg/kg, and 200 mg/kg, respectively) (n = 12 per group) + CRS
group. The animals were orally administered with Cit, JSO, or water
by gavage daily at 8. a.m. until completion of the behavioral tests. To
minimize potential bias, animals were randomly assigned to each
experimental group. The randomization process was conducted
using a computer-generated randomization tool to ensure
unbiased distribution across the control and treatment groups. In
addition, all behavioral assessments and data analyses were
performed by experimenters blinded to the group assignments.
This double-blind approach ensured that subjective influences
did not affect the outcomes of the behavioral tests, enhancing the
reliability of the results. The sample size of 12 mice per group was
based on power analysis and prior studies in similar models of CRS
and behavioral assessments. Previous research has shown that a
group size of 10–12 animals was sufficient to detect statistically
significant differences in anxiety- and depression-like behaviors in
rodent models, considering the variability inherent in behavioral
tests (Crowley et al., 2005; Huo et al., 2017). This sample size

FIGURE 1
Cichorium intybus L. and the chemical structures of inulin-type oligosaccharides (JSO). (A) Cichorium intybus L. (B) Structural formula of JSO.
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FIGURE 2
Cit and JSO can reverse anxiety/depression-like behaviors in the chronic restraint stress (CRS) mice. (A)Graphical representation of the procedures
and drug therapeutic effects. (B) NSFT findings (ANOVA followed by Dunnett’s T3 post hoc test).(C) OFT. (D, E) OFT results—total distance and time
travelled (ANOVA, no significant differences). (F, G) OFT results—distance and time in center zone (ANOVA followed by Dunnett’s T3 post hoc test). (H)
EPMT. (I, J) EPMT results—open time percentage (OT%) and open entries percentage (OE%) (ANOVA followed by Dunnett’s T3 post hoc test). (K) TST
results (ANOVA followed by Dunnett’s T3 post hoc test). (L) FST results (ANOVA followed by Dunnett’s T3 post hoc test). All results were presented as
mean ± SEM (n = 8–12). ###p < 0.001, ##p < 0.01, and #p < 0.05, significantly different from the control group; **p < 0.01 and *p < 0.05, significantly
different from the CRS group.
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balances the need for statistical power with ethical considerations
regarding the use of animals, adhering to the principle of reduction
in animal research.

2.4 CRS model

Chronic stress is a reliable method for inducing anxiety-like and
depression-like behaviors in rodents, which can simulate the influence
of chronic stress on human pathophysiology (Wang H. et al., 2022).
The CRS model is described previously (Naert et al., 2011; Jung et al.,
2013). In brief, animals were restrained in about 10 cm centrifuge tube
with some small holes for 6 h every day (9:00–15:00) for
21 consecutive days. Animals were able to breathe normally but
could not move around casually. During the 6 h, the animals were
deprived of all food andwater. The open field test (OFT), elevated plus
maze test (EPMT), forced swimming test (FST), novelty-suppressed
feeding test (NSFT), and tail suspension test (TST) were subsequently
performed. These detailed experimental programs of the behavioral
tests are shown in Figure 2A.

The oral gavage method was employed for drug administration
based on its advantages in ensuring precise dosing and mimicking
the oral route used in human administration. Oral gavage is a widely
accepted method for administering compounds in rodent studies, as
it allows for accurate control of the dose and timing of
administration (Turner et al., 2011). Previous studies utilizing
citalopram and oligosaccharides in rodent models have
successfully employed oral gavage to achieve reliable and
reproducible results (Crowley et al., 2005; Sun et al., 2019).

2.5 Behavioral tests

2.5.1 NSFT
The NSFT is a well-established behavioral assay used to assess

anxiety-like behaviors and the efficacy of potential antidepressant
compounds. It measures the latency of an animal to eat in a novel,
anxiety-inducing environment. Longer latencies are interpreted as
increased anxiety or reduced antidepressant efficacy (Ran et al.,
2018). Mice were food-deprived for 24 h before the test. The next
day, the animal was moved to the NSFT room for at least 30 min.
Then, the animal was placed in an open arena with food in the
center. These animals were allowed to probe the novel environment
for 5 min. The latency to eat, i.e., the first bite of the food, was
recorded. The test arena measured 40 cm × 40 cm with 40 cm high
walls. The room was illuminated with a light intensity of 50 lux. The
main outcome was the discrimination index, calculated as the time
spent exploring the novel object divided by the total exploration time
(expressed as a percentage). Exploration times were recorded using
an overhead video camera and analyzed manually with a stopwatch.
Data were normalized to total exploration time and presented as
mean ± standard error of the mean (SEM). Statistical analysis was
performed using a paired t-test, and results are shown as bar graphs.

2.5.2 OFT
TheOFT is commonly used to evaluate general locomotor activity

and anxiety-like behaviors in rodents. It assesses the willingness of an
animal to explore the central, more exposed area of the open field,

with reduced exploration interpreted as increased anxiety (Prut and
Belzung, 2003). An open-field apparatus was used to assess locomotor
activity and anxiety-like behavior. The OFT device included four
white plastic tanks with a camera fixed at the top. The mice were
adapted to the OFT area for <30 min before the OFT. Then, the
animals were put in the center of the open field and allowed to move
freely for 5 min. A reduction in the time spent and distance to the
center region of the open space indicated a higher level of anxiety
(Huo et al., 2017; Yoshizaki et al., 2020). The open field arena
measured 50 cm × 50 cm with 40 cm high walls. The arena was
illuminated with a light intensity of 100 lux at the center and 50 lux at
the periphery. The main outcomes were the total distance traveled (in
meters) and the time spent in the center versus the periphery (in
seconds). Movements were tracked using an overhead video camera
and analyzed with EthoVision XT software. Distance and time
parameters were automatically calculated by the software. Data
were log-transformed to normalize distribution and presented as
mean ± SEM. Statistical analysis was done using ANOVA, and
results are shown as line graphs with error bars. CRS has been
demonstrated to decrease the exploration of the center of the open
field, further supporting its anxiogenic effects (Kumar et al., 2015).

2.5.3 EPMT
The EPMT was designed to assess anxiety-related behaviors in

rodents. It measures the preference of an animal for closed, protected
arms over open, exposed arms, with reduced time spent in the open
arms indicating increased anxiety (Walf and Frye, 2007). The EPMT
apparatus was composed of two opposite open arms and two opposite
closed arms, and a center cross-platform.When testing, the animal was
put at the central area of themaze toward the open arm andwas allowed
to probe the apparatus freely for a 5-min period. Finally, open/total
arms time percentage (OT%) and open/total arm entries percentage
(OE%) were calculated (Chiba et al., 2012). The maze consists of two
open arms (30 cm × 5 cm) and two enclosed arms (30 cm × 5 cm ×
15 cm) elevated 50 cm above the floor. The roomwas illuminatedwith a
dim light of approximately 60 lux, evenly distributed across the maze.
Themain outcomesmeasuredwere the time spent in the open arms and
the number of entries into the open arms. These parameters were
recorded in seconds and counts, respectively. Data were recorded using
an overhead video camera and analyzed using EthoVision XT software.
Parameters were automatically assessed by the software. Data were
normalized to the total exploration time and presented as mean ± SEM.
Statistical analysis was performed using ANOVA, and results are shown
as bar graphs. Previous studies have shown that CRS leads to a
significant reduction in the time spent in the open arms, indicating
increased anxiety-like behavior (Kim and Han, 2006; Buynitsky and
Mostofsky, 2009).

2.5.4 FST
The FST is widely utilized for evaluating depressive-like

behaviors in rodents. Increased immobility time, where the
animal ceases to struggle, is interpreted as a sign of behavioral
despair, which is indicative of a depressive-like state. The FST is a
standard assay in preclinical research for identifying potential
antidepressant drugs due to its reliability and predictive validity
(Cryan et al., 2002). The FST apparatus contained four plastic
cylinders and with a video camera weighted at the top. The
animal was forced to swim freely in an acrylic cylinder filled with
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four-fifths water at a temperature of 24°C ± 0.5°C for 6 min. Animals
were removed 2 min before the FST, and the 4 min immobility time
in the 6 min observation period was recorded (Song et al., 2020). The
transparent cylinder was 20 cm in diameter and 25 cm in height,
filled with water to a height of 15 cm. The room was uniformly lit
with an intensity of 70 lux. The main outcome was the duration of
immobility, recorded in seconds during the final 4 min of the test.
Immobility time was manually assessed using a stopwatch. Data
were log-transformed for normalization and presented as mean ±
SEM. Statistical analysis was done using ANOVA, and results are
displayed as bar graphs.

2.5.5 TST
The TST is a standard assay for assessing depressive-like

behaviors. Increased immobility, after an initial period of struggle,
is taken as a measure of behavioral despair, and reduced immobility
suggests an antidepressant-like effect. This test is based on the
principle that when mice are suspended by their tails, they will
initially struggle to escape, followed by a period of immobility. The
duration of immobility is considered an indicator of a depressive-like
state, with reduced immobility suggesting an antidepressant-like
effect. The TST is a standard assay in preclinical research for
identifying potential antidepressant drugs due to its high sensitivity
to clinically effective antidepressants and its predictive validity (Steru
et al., 1985). The TST was completed as previously described (Si et al.,
2021). The mouse was suspended upside down by adhesive tape,
approximately 1 cm from the tail tip and 15 cm above the ground to
ensure that the animal could not climb. The animal was considered
immobile when entirely motionless. The experiment continued for
6 min, and the immobility time was recorded and tested during the
last 4 min. Mice were suspended using adhesive tape placed
approximately 1 cm from the tip of the tail, with a suspension
height of 50 cm. The room was lit with an intensity of 80 lux. The
main outcome was the duration of immobility, recorded in seconds
during the 6-min test. Immobility time was manually recorded with a
stopwatch. Data were normalized to the total test time and presented
as mean ± SEM. Statistical analysis was conducted using ANOVA,
and results are presented as bar graphs.

2.6 Brain sample preparation

Following completion of the behavioral tests, five animals per
group were anaesthetized with 10% ethyl carbamate with 0.1 M
phosphate-buffered saline (PBS; pH 7.4) and containing 4%
paraformaldehyde, then brain tissue samples were collected,
which were fixed with 4% paraformaldehyde solution until tissue
sections were obtained. The remaining mice in each group were
decapitated and the brain tissue sample was immediately removed
and placed in an ice bath; the medial prefrontal cortex (mPFC) and
hippocampal (Hip) region were dissected and stored at −80°C.

2.7 Real-time quantitative polymerase chain
reaction PCR (RT-qPCR)

The purity and quality of the extracted RNA were determined
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher

Scientific). The A260/A280 ratio was measured to assess protein
contamination, with acceptable values ranging from 1.8 to 2.1.
Additionally, the integrity of RNA samples was verified using an
Agilent 2100 Bioanalyzer (Agilent Technologies), which provides an
RNA integrity number (RIN). Samples with a RIN value above
7 were deemed suitable for further analysis. TRIzol (CW0580A;
CWBIO, Beijing, China) was used to extract the total RNA from the
mPFC and Hip following the instructions of the manufacturer.
cDNA was synthesized using the All-in-One First-Stand cDNA
Synthesis Kit (AT341-01, TransGen Biotech, Beijing, China),
using 2 μg of RNA. The RT-qPCR reaction system included the
TransStart Top Green qPCR SuperMix Kit at 20 mL volume and a
CFX96™ Real-Time System (Bio-Rad, Beijing, China). The PCR
protocol was as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 60 s. To ensure high-quality RNA and
protein samples, we followed stringent criteria before proceeding
with further analyses. RNA samples were considered of acceptable
quality if they met the following criteria: A260/A280 ratio between
1.8 and 2.1; RIN value above 7. Protein samples were evaluated using
the Bradford assay to quantify protein concentration, ensuring
consistent sample loading for subsequent analyses. Quantitative
mRNA expression was performed using Bio-Rad CFX Manager
2.1. Finally, the relative mRNA expression levels were normalized to
Gapdh between the samples and the comparative Ct method was
used for data analysis (2-△△Ct). The qPCR primers are shown in
Table 1 (Sango Biotech, Beijing, China).

2.8 Western blotting (WB)

WB was performed as previously described (Yao et al., 2023).
Hip and mPFC tissues were homogenized with RIPA buffer
(KeyGEN, China) to lyse the tissues and extract the protein.
Total proteins extracted were quantified using the BCA protein
concentration assay kit. Samples were loaded onto 8%–10% SDS-
PAGE, separated using electrophoresis, and electroblotted onto
nitrocellulose (NC) membranes. The NC membrane was
incubated with 5% nonfat milk in TBST (Tris-buffered saline
with 0.1% Tween-20) for 1.5 h at 24°C, followed by incubation
overnight at 4°C with the following antibodies: c-GAS (31659S, 1:
1000, Cell Signaling Technology), STING (AB288157, 1:1000,
ABclone), GFAP (ab68428, 1:1000, Abcam), Iba-1 (ab178846, 1:
1000, Abcam), Caspase-9 (9095S, 1:1000, Cell Signaling
Technology), Caspase-8 (ab138485, 1:1000, Abcam), Bax
(ab32503, 1:1000, Abcam), Bcl-2 (ab194583, 1:1000, Abcam), SYP
(ab32127, 1:1000, Abcam), BDNF (A18129, 1:1000, ABclonal),
Caspase-3 (ab49822, 1:1000, Abcam), NLRP3 (ab263889, 1:1000,
Abcam), Caspase-1 (ab207802, 1:1000, Abcam), PSD-95 (ab18258,
1:1000, Abcam), and ASC (ab180799, 1:1000, Abcam). The next day,
the NC membrane was washed three times for 10 min with TBST
and incubated with HRP-labelled secondary antibodies for 1.5 h and
washed thrice. The NC membranes were visualized with BeyoECL
moon A and moon B (Beyotime, P0018FM), and ImageJ software
was utilized to analyze bands. Images obtained were quantified using
ImageJ software (NIH). Quantification was performed
quantitatively by setting consistent parameters across all samples
to ensure comparability. Specifically, the following steps were taken:
Images were converted to 8-bit grayscale; Background subtraction
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was performed uniformly using the “Subtract Background” function
with a rolling ball radius of 50 pixels; Regions of interest (ROIs) were
defined manually for each band or stained area. The mean pixel
intensity within each ROI was measured and normalized to the
corresponding loading control or reference area.

2.9 Immunofluorescence assay

Immunofluorescence staining was completed as previously
described (Machado et al., 2020; Rao et al., 2021). In brief, the
whole brain tissue was placed in 4% paraformaldehyde for at least
24 h, followed by dehydration in 30% sucrose solution at 4°C. The
tissue was subsequently embedded in OCT and sectioned on a
freezing microtome at 30-μm-thick slices. After blocking, the slice
was incubated with primary antibodies: rabbit anti-Iba1 (1:800) and
rabbit anti-GFAP (1:200) at 4°C for 24 h. The sections were washed
with 0.1 MPBS (5 min x 3) and before incubating for 1 h with
secondary antibodies. Mounting medium solution containing DAPI
was applied to mark the nuclei. Finally, the mPFC and Hip stained
sections were assessed using a confocal microscope (Olympus).
Images obtained were quantified using ImageJ software (NIH).
Quantification was performed quantitatively by setting consistent
parameters across all samples to ensure comparability. Specifically,
the following steps were taken: Images were converted to 8-bit
grayscale; Background subtraction was performed uniformly using
the “Subtract Background” function with a rolling ball radius of
50 pixels; Regions of interest (ROIs) were defined manually for each
band or stained area. The mean pixel intensity within each ROI was
measured and normalized to the corresponding loading control or
reference area.

2.10 Nissl staining

Nissl staining was performed as previously reported (Gao A. X.
et al., 2023). Coronal cryosections of the fixed tissues were sectioned
at 10-μm-thick and stained by a Nissl dye. The sections were washed
with distilled water, soaked in 95% ethyl alcohol for 5 min, followed
by dehydration. Finally, they were sealed with neutral balsam. Five
slides were completed from every group. Nissl staining of the
neurons was examined under an optical microscope
at ×400 magnification. The value integrated optical density (IOD)
of the DG region, CA1 region, and CA3 region in the Hip andmPFC
were measured by ImageJ software.

2.11 Statistical analysis

Statistical analysis was conducted using SPSS 21.0 (IBM,
Armonk, NY, USA), ImageJ, and GraphPad Prism 9.5 (GraphPad
Software Inc., San Diego, CA, USA) software. All experimental
results were presented as mean ± standard error of the mean
(SEM). Data were analyzed using one-way analysis of variance
(ANOVA), with the “model” group serving as the comparison
group. The Dunnett’s T3 post hoc test was applied for multiple
comparisons, justified due to unequal variances between groups.
Outliers were identified and excluded using the Grubbs’ test,
ensuring that they did not significantly influence the results.
Assumptions of normality (assessed using the Shapiro-Wilk test)
and homogeneity of variances (evaluated using Levene’s test) were
confirmed before conducting ANOVA. A p-value of less than
0.05 was considered statistically significant.

3 Results

3.1 Effects of JSO on behavioral tests

To evaluate whether Cit (10 mg/kg) and JSO (50 mg/kg,
100 mg/kg, and 200 mg/kg) could alleviate CRS-induced anxiety/
depression-like behaviors, we performed various behavior tests,
including the NSFT, OFT, EPMT, FST, and TST (Figure 2A). The
NSFT experiment was completed on day 29. CRS mice showed a
significant increase in feeding latency (F(5,50) = 6.417, p < 0.01);
administration of Cit (10 mg/kg) and JSO (50, 100, and 200 mg/kg)
significantly improved the feeding latency compared with the CRS
group (p < 0.05, p < 0.001, p < 0.01, p < 0.05, respectively) (Figure 2B).

The OFT is a commonly used indicator of exploration behavior and
general activity in rodents, which is used to evaluate anxiety-like
behavior (Borbély et al., 2017; Dang et al., 2022). The total distance
travelled and time did not show a statistically significant difference
among the six groups (Figures 2D, E), indicating that CRS did not cause
hyper-or hypo-locomotion. Compared with the control group, CRS
markedly reduced the distance and time spent in the center zone (F
(5,46) = 2.807, p < 0.05; F (5,52) = 3.568, p < 0.001) (Figures 2F, G).
Notwithstanding, these decreases in the inner distances spent in the
center zone were notably reversed by Cit (10 mg/kg) (p < 0.01)
administration and JSO (100 and 200 mg/kg) administration (p <
0.05), and administration of Cit (10 mg/kg) (p < 0.05) and JSO
(200 mg/kg) (p < 0.05) could increase inner time, demonstrating that
Cit and JSO were highly effective in ameliorating CRS-induced anxiety.

TABLE 1 qRT-PCR primers: Il-1β, TNF-ɑ, Il-6, TGF-β, IL-10, and Gapdh (control).

Genes Forward Reverse

IL-1β AAAGCTCTCCACCTCAATGG CCCAAGGCCACAGGTATTT

TNF-ɑ TGTCTACTCCCAGGTTCTCTT GCAGAGAGGAGGTTGACTTTC

IL-6 CTTCCATCCAGTTGCCTTCT CTCCGACTTGTGAAGTGGTATAG

TGF-β GCTTCTCCCAAGTGTGTCAT GACTGCTGGTGGTGTATTCTT

IL-10 TTGAATTCCCTGGGTGAGAAG TCCACTGCCTTGCTCTTATTT

Gapdh AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT
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In the EPMT, the OT% and OE% were used to assess anxiety-
like behavior (Trujillo et al., 2021). Anxious mice were afraid to
probe and stood in the closed arm of the EPMT (Zhang et al., 2017;
Shanmugasundaram et al., 2020). In the EPMT, the OT% and OE%
were significantly reduced in the CRS group compared with the
control group (F(5,50) = 1.93, p < 0.05; F(5,52) = 2.177, p < 0.05). JSO
significantly increased the OE% (50, 100, and 200 mg/kg) (p < 0.05)
and OT% (50 and 200 mg/kg) (p < 0.05 and p < 0.01, respectively).

Finally, CRS was shown to induce depressive-like behaviors via
an increase in the immobile time in the TST and FST compared with
the control group (Figures 2K, L). CRS significantly increased
immobility time in both tests (FST: F(5,56) = 9.477, p < 0.05; TST:
F(5,61) = 1.798, p < 0.01). Cit (10 mg/kg) and each dose of JSO
significantly reduced immobility time in the TST (p < 0.05). In the
FST, JSO at 50 and 100 mg/kg significantly reduced immobility time
(p < 0.01, p < 0.05, respectively), while Cit (10 mg/kg) and JSO
(200 mg/kg) exhibited no significant effect.

The results of behavioral tests suggested that JSO significantly
alleviated anxiety- and depression-like behaviors induced by CRS.
The lack of changes in locomotion indicates that JSO’s effects on
behavior were specific to emotional regulation rather than general
motor activity. These findings highlight JSO’s potential as an
anxiolytic and antidepressant agent, particularly at higher doses.

3.2 Effects of JSO on the mRNA expression
of inflammatory factors

The histogram represents relative mRNA expression in microglial
activation markers in Hip and mPFC regions in different groups

(Figure 3). Compared with the sham group, significantly marked
decreases were observed in the relative mRNA expression levels of
TGF-β and IL-10 in the Hip (F(5, 30) = 1.296, p < 0.05; F(5, 32) = 3.556,
p < 0.05) and mPFC (F(5, 38) = 2.054, p < 0.05; F(5, 41) = 2.2662, p <
0.05) regions of CRS-mice, and significant increases were observed in
the relative mRNA expression levels of IL-1β, IL-6, and TNF-α in the
Hip (F(5, 37) = 2.710, p < 0.05; F(5, 32) = 3.200, p < 0.05; F(5, 34) = 2.135,
p < 0.05) and mPFC (F(5, 27) = 3.903, p < 0.05; F(5, 40) = 2.555, p < 0.05;
F(5, 40) = 3.241, p < 0.05) regions of CRS-mice. Nevertheless, compared
with the CRS group, Cit (10 mg/kg) and JSO (200 mg/kg)
administration significantly improved the mRNA expression level
of TGF-β in the Hip (p < 0.05), and Cit (10 mg/kg) and JSO (50 and
200mg/kg) administration significantly improved the gene expression
of IL-10 in the Hip (p < 0.05, p < 0.01, p < 0.05, respectively). Similarly,
in the mPFC region, JSO (50, 100, and 200 mg/kg) administration
markedly increased the mRNA expression level of TGF-β (p < 0.01,
p < 0.05, p < 0.05, respectively), and Cit (10 mg/kg) and JSO (50, 100,
and 200 mg/kg) administration markedly increased the mRNA
expression levels of IL-10 (p < 0.05, p < 0.05, p < 0.01, p < 0.05,
respectively). Meanwhile, Cit (10 mg/kg) and JSO (50, 100, and
200 mg/kg) administration decreased the mRNA expression level
of IL-1β (p < 0.05, p < 0.01, p < 0.05, p < 0.05, respectively), IL-6 (p <
0.01), and TNF-α (p < 0.05, p < 0.05, p < 0.05, p < 0.01, respectively) in
the Hip. Moreover, Cit (10 mg/kg) and JSO (50 and 200 mg/kg)
administrationmarkedly decreased themRNA expression levels of IL-
1β (p < 0.01, p < 0.05, p < 0.01, respectively) and TNF-α (p < 0.05, p <
0.05, p < 0.01, respectively). In addition, Cit (10 mg/kg) and JSO (50,
100, and 200 mg/kg) administration markedly decreased the mRNA
expression level of IL-6 (p < 0.05, p < 0.01, p < 0.05, p < 0.05,
respectively) in the mPFC.

FIGURE 3
JSO treatment modulates inflammatory factor mRNA expression in the hippocampal (Hip) and medial prefrontal cortex (mPFC) regions. The
histogram represents relative mRNA expression levels of inflammatory factors, including TGF-β, IL-10, IL-1β, IL-6, and TNF-α, in the Hip and mPFC
regions across different groups. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s T3 post hoc test. Data were presented as
mean fold change ±SEM (n = 6–8). ##p < 0.01 and #p < 0.05, statistically different from the control group; ***p < 0.001, **p < 0.01, and *p < 0.05,
statistically different from the CRS group.
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The modulation of expression levels of pro- and anti-
inflammatory cytokines in key brain regions further supports
JSO’s anti-inflammatory properties. This reduction in
neuroinflammation likely contributes to the behavioral
improvements observed, suggesting that JSO’s effects on anxiety
and depression may be mediated through its regulation of immune
responses in the brain.

3.3 JSO suppressed c-GAS-Sting-
NLRP3 axis-mediated inflammatory
activation in the hip and mPFC

The NLRP3 inflammasome pathway is a multi-protein complex
consisting of NLRP3, ASC, and Caspase-1, which is an important

component of the inflammasome. The cGAS-STING pathway is
required to activate NLRP3 in the inflammasome (Zhang et al.,
2022). We assessed effects of JSO on c-GAS-Sting-NLRP3 axis-
mediated inflammation in CRS-induced depression and anxiety by
WB. CRS markedly increased the protein expression levels of
NLRP3, Asc, Caspase-1, Sting, and c-GAS in the Hip (F(5,29) =
7.533, p < 0.05; F(5,14) = 3.301, p < 0.05; F(5,21) = 11.520, p < 0.05;
F(5,12) = 2.855, p < 0.05; F(5,22) = 6.399, p < 0.05) and in the mPFC
(F(5,25) = 5.418, p < 0.001; F(5,12) = 7.496, p < 0.01; F(5,12) = 4.109, p <
0.01; F(5,13) = 9.997, p < 0.05; F(5,12) = 9.049, p < 0.01) regions
(Figure 4). Notably, Cit (10 mg/kg) and JSO (100 and 200 mg/kg)
administration remarkedly downregulated protein expression levels
of c-GAS (p < 0.05, p < 0.01, p < 0.001,respectively) and Caspase-1
(p < 0.01, p < 0.001, p < 0.001,respectively); JSO (200mg/kg) reduced
Sting expression level (p < 0.05); JSO (100 and 200 mg/kg) reduced

FIGURE 4
JSO suppresses c-GAS-Sting-NLRP3 axis-mediated inflammasome activation in the Hip andmPFC. (A–E) Protein expression levels of c-GAS, Sting,
NLRP3, Caspase-1, and Asc in the Hip region. (F–J) Protein expression levels of c-GAS, Sting, NLRP3, Asc, and Caspase-1 in the mPFC region. Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s T3 post hoc test. Values were expressed as mean ± SEM. ###p < 0.001, ##p < 0.01,
and #p < 0.05 compared with the control group; **p < 0.01 and *p < 0.05 compared with the CRS group.
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FIGURE 5
Effects of JSO on Iba-1 andGFAP expression levels in theHip andmPFC regions. (A) Representative images of the GFAP and Iba-1 in the DG region of
the Hip (scale bars, 100 μm). (B, C) GFAP and Iba-1 protein expression levels in the Hip. (D) Representative images of GFAP and Iba-1in the mPFC (scale
bars, 100 μm). (E, F) GFAP and Iba-1 protein expression levels in the mPFC. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s T3 post hoc test. Data were presented as mean ± SEM (n = 5). ###p < 0.001, ##p < 0.01, and #p < 0.05, significantly different from the
control group; **p < 0.01 and *p < 0.05, significantly different from the CRS group.

Frontiers in Pharmacology frontiersin.org10

Yao et al. 10.3389/fphar.2024.1484337

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1484337


Asc expression level (p < 0.05, p < 0.01, respectively); and JSO (50,
100, and 200 mg/kg) administration dramatically decreased the
protein expression level of NLRP3 (p < 0.01, p < 0.001, p <
0.001, respectively) in the Hip region. In addition, Cit (10 mg/kg)
and JSO (100 and 200 mg/kg) administration decreased c-GAS
expression level (p < 0.01, p < 0.01, p < 0.001,respectively); JSO
(100 and 200 mg/kg) administration decreased the expression levels
of Sting (p < 0.05, p < 0.001, respectively) and NLRP3 (p < 0.01); JSO
(50, 100, and 200 mg/kg) administration reduced Asc expression
level (p < 0.05, p < 0.05, p < 0.001,respectively); and JSO (50 and
200 mg/kg) administration decreased Caspase-1 expression level
(p < 0.05, p < 0.01,respectively) in the mPFC region.

The downregulation of the c-GAS-STING-
NLRP3 inflammasome axis highlights JSO’s ability to target key
inflammatory pathways involved in CRS-induced anxiety and
depression. By suppressing this pathway, JSO may protect against
neuroinflammation, explaining its beneficial effects on mood and
emotional regulation.

3.4 Effects of JSO administration on GFAP
and Iba-1 levels in the hip and mPFC

To further confirm CRS-induced neuroinflammation, we
assessed Iba-1 and GFAP expression in the DG region of the Hip
and the mPFC using immunofluorescence and WB (Figure 5). CRS
increased the protein expression levels of Iba-1 and GFAP in the Hip
(F(5,18) = 17.506, p < 0.001; F(5,29) = 2.865, p < 0.05) and mPFC
(F(5,18) = 2.853, p < 0.05; F(5,29) = 16.046, p < 0.01); JSO (50, 100, and
200 mg/kg) significantly decreased the Iba-1 protein expression level
in the Hip (p < 0.001, p < 0.01, p < 0.001, respectively), and GFAP
expression level in the mPFC (p < 0.001, p < 0.05, p < 0.01,
respectively). Moreover, JSO (50 and 100 mg/kg) administration
significantly decreased Iba-1 expression level in themPFC (p < 0.05).
Similarly, Cit (10 mg/kg) and JSO (100 and 200 mg/kg)
administration significantly reduced GFAP expression level in the
mPFC (p < 0.05, p < 0.05, p < 0.01, respectively). The results further
supported the hypothesis that CRS-induced neuroinflammation in
the Hip and mPFC regions could be alleviated by JSO
administration.

The decreased expression levels of GFAP and Iba-1 in JSO-
treated mice suggests a reduction in neuroinflammation and glial
activation. This decrease in neuroinflammation may be a key
mechanism by which JSO ameliorates CRS-induced anxiety and
depression, highlighting its neuroprotective role.

3.5 Effects of JSO on apoptosis-related
protein expression levels in the hip and
mPFC region of CRS mice

Increased neuronal apoptosis has been found to be related to the
anxious and depressive phenotype of CRS mice (Wang et al., 2021;
Xu et al., 2023). Wemeasured the protein expression of Bax and Bcl-
2 by WB (Figure 6). Anti-apoptotic Bcl-2 expression level was
reduced, whereas pro-apoptotic Bax expression level was
markedly elevated in the Hip (F(5,18) = 6.385, p < 0.001) and
mPFC (F(5,18) = 4.118, p < 0.01) regions of CRS mice. Cit

(10 mg/kg) and JSO (50 and 200 mg/kg) administration
increased the ratio of Bax/Bcl-2 in CRS mice compared with the
control group in the Hip (p < 0.01, p < 0.05, p < 0.01, respectively),
and the ratio of Bax/Bcl-2 was notably escalated by JSO (100 and
200 mg/kg) administration in the mPFC region (p < 0.05, p < 0.01,
respectively). Additionally, to evaluate whether chronic stress causes
apoptosis through the Caspase family, the protein expression level of
Caspase-3/8/9 was analyzed in the Hip and mPFC. After exposure to
CRS, Caspase-3/8/9 expression levels increased dramatically in the
Hip (F(5,36) = 5.358, p < 0.01; F(5,42) = 7.643, p < 0.01; F(5,18) = 8.259,
p < 0.05) and mPFC (F(5,30) = 9.708, p < 0.01; F(5,14) = 6.502, p < 0.01;
F(5,21) = 6.221, p < 0.01). In contrast, in the Hip region, Cit
(10 mg/kg) and JSO (100 and 200 mg/kg) administration
substantially reduced Caspase-3 expression level (p < 0.05, p <
0.05, p < 0.001, respectively); Cit (10 mg/kg) and JSO (50, 100, and
200 mg/kg) markedly reduced the expression level of Caspase-8 (p <
0.01, p < 0.01, p < 0.001, p < 0.001, respectively); and JSO (100 and
200 mg/kg) administration reduced the expression level of Caspase-
9 (p < 0.01, p < 0.001, respectively). Furthermore, JSO (200 mg/kg)
administration significantly decreased the protein expression levels
of Caspase-3 (p < 0.05) and Caspase-8 (p < 0.01), and JSO (50 and
200 mg/kg) administration markedly reduced Caspase-9 expression
level (p < 0.01) in the mPFC.

The reduction in the expression levels of apoptosis-related
proteins, particularly the Bax/Bcl-2 ratio and Caspase activity,
indicated that JSO could mitigate stress-induced neuronal
apoptosis. This protective effect on neurons could play a crucial
role in its therapeutic effects on anxiety and depression.

3.6 JSO treatment significantly improved
neuronal injury in the hip and mPFC

Studies have shown that anxiety and depression are the result of
neuronal dysfunction in the Hip andmPFC (Li et al., 2022). BDNF, a
neurotrophic factor, is associated with the growth, differentiation,
and survival of neurons (Gao et al., 2018). Furthermore, the
expression of SYP and PSD-95, located on postsynaptic
membrane of synapses, is closely related to synaptic plasticity (Lu
et al., 2019). Therefore, we assessed the protein expression of BDNF,
PSD-95 and SYP in the Hip and mPFC by WB (Figure 7). In CRS
mice, the protein expression levels of BDNF, PSD-95, and SYP were
significantly reduced in the Hip (F(5,22) = 6.264, p < 0.01; F(5,36) =
7.118, p < 0.001; F(5,14) = 7.001, p < 0.001) and mPFC (F(5,18) = 3.029,
p < 0.05; F(5,26) = 5.202, p < 0.05; F(5,27) = 5.434, p < 0.05). However,
Cit (10 mg/kg) and JSO (50, 100, and 200 mg/kg) administration
significantly reversed the PSD-95 protein expression level in the Hip
(p < 0.05, p < 0.01, p < 0.01, p < 0.001, respectively), and JSO
(100 and 200 mg/kg) administration also markedly increased the
expression levels of SYP (p < 0.01) and BDNF (p < 0.01). Similarly, in
the mPFC, the expression levels of SYP (p < 0.05, p < 0.01, p < 0.05,
p < 0.05, respectively) and BDNF (p < 0.05, p < 0.01, p < 0.05, p <
0.05, respectively) were elevated by Cit (10 mg/kg) and JSO (50, 100,
and 200 mg/kg) administration. PSD-95 expression level (p < 0.05,
p < 0.001, p < 0.01, respectively) increased by Cit (10mg/kg) and JSO
(50 and 100 mg/kg) administration.

Next, Nissl staining of the brain tissues was used to assess the
morphological changes of the Hip and mPFC neurons. The neurons
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of the CA1, CA3, and DG regions of the Hip andmPFC regions were
arrayed regularly and closely, and clear Nissl bodies were observed in
the control group (Figure 7G). However, CRS promoted neuronal
injury; the neurons were irregular and sparsely distributed, and the
Nissl bodies were disintegrated. The number of Nissl-positive cells
was markedly decreased in the CRS group versus the control group
(F(5,23) = 6.954, p < 0.01; F(5,21) = 7.439, p < 0.01; F(5,22) = 2.213, p <
0.05; F(5,24) = 3.803, p < 0.01). Cit (10 mg/kg) and JSO (50 and

100 mg/kg) improved the number of Nissl-positive neurons and
neuronal injury in the Hip CA1 region (p < 0.05); Nissl-positive
neurons of the Hip CA3 region were dramatically alleviated by Cit
(10 mg/kg) and JSO (50, 100, and 200 mg/kg) treatment (p < 0.05,
p < 0.01, p < 0.01, p < 0.05, respectively); and Cit (10 mg/kg)
administration increased the Nissl-positive neurons in the Hip DG
(p < 0.05). In the mPFC region, Cit (10 mg/kg) and JSO (50, 100, and
200 mg/kg) significantly improved the disordered arrangement of

FIGURE 6
JSO administration modulates apoptosis-related proteins in the Hip and mPFC regions of CRS mice. (A–D) The relative protein expression levels of
Caspase-3/8/9 and Bax/Bcl-2 in theHip. (E–H) The relative protein expression levels of Caspase-3/8/9 and Bax/Bcl-2 in themPFC. Statistical analysis was
performed using one-way ANOVA followed by Dunnett’s T3 post hoc test. Data were presented as mean ± SEM (n = 5). ###p < 0.001, ##p < 0.01, and #p <
0.05 compared with the control group; **p < 0.01 and *p < 0.05 compared with the CRS group.
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FIGURE 7
JSO treatment improves neuronal integrity in the Hip and mPFC regions. (A–F) Western blotting and quantification of BDNF, PSD-95, and SYP
expression levels in the Hip andmPFC regions, respectively. (G)Nissl staining of neurons in the CA1, CA3, and DG regions of the Hip andmPFC. (H–K) The
relative integrated optical density (IOD) values of the Nissl bodies in the Hip region andmPFC subregion. Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s T3 post hoc test. Data were presented as mean ± SEM (n = 5). ###p < 0.001, ##p < 0.01, and #p < 0.05 compared with
the control group; **p < 0.01 and *p < 0.05 compared with the CRS group.
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neurons (p < 0.01, p < 0.05, p < 0.05, p < 0.05, respectively). These
results showed that JSO can alleviate neuronal injury in CRS mice
(Figures 7H–K).

The improvement in neuronal structure and increased
expression levels of synaptic proteins, such as BDNF, PSD-95,
and SYP indicated that JSO could promote neuronal health and
synaptic plasticity. These effects likely contribute to its ability to
reverse the detrimental impact of CRS on brain functions and
emotional behaviors.

4 Discussion

In this study, the effects of JSO on CRS-induced behavioral
deficits in mice were investigated, and related molecular alterations
were explored. The administration of JSO resulted in significant
behavioral improvements and changes in protein expression
associated with inflammation, apoptosis, and neuroplasticity.
However, it is noteworthy that while these molecular changes
were observed, no pharmacological or genetic blockade was
employed to confirm their causal role in the reversal of stress-
induced behavioral deficits. Therefore, the findings suggested
associations rather than direct causality. Future studies
employing such blockade techniques are necessary to
definitively establish the mechanisms by which JSO exerts its
therapeutic effects.

It has recently been reported that chronic stress can induce
neuroinflammation, which possibly conduces to the onset of anxiety
and depression symptoms (Zhao et al., 2016; Liu et al., 2021). There
is mounting evidence to suggest that chronic stress leads to the
release of pro-inflammatory factors and inhibits the production of
anti-inflammatory factors in themood-related brain areas, including
the Hip and mPFC regions (Huang et al., 2022; Li J. et al., 2023; Wei
et al., 2023). Consistent with previous reports, the mRNA and
protein expression levels of pro-inflammatory factors, including
Il-1β, TNF-ɑ, and Il-6, were markedly increased in the Hip and
mPFC of CRS mice. In contrast, anti-inflammatory factors,
including TGF-β and IL-10, were notably reduced. Treatment
with JSO significantly reversed these aforementioned changes.

Volumetric reductions in microglia and astrocytes in the Hip
and PFC are one of the most documented neurological
abnormalities following exposure to chronic stress (Wang Y.
et al., 2022). Immunofluorescence was used to detect cell
morphology in mPFC and Hip DG region. Iba-1 and GFAP are
essential microglial and astrocyte markers, respectively. In activated
microglia, the upregulation of Iba-1 can harm the surrounding
healthy neural tissue, resulting in neuronal loss. The upregulation
of GFAP is considered to be a general marker for astrogliosis (Liao
W. et al., 2021). In our study, CRS induced microglial and astrocyte
activation in the Hip and mPFC regions. A previous study, using an
animal model showed that suppression of activated microglia could
improve depressive behaviors (Zou et al., 2022). For example,
minocycline treatment of rodents could prevent CRS-induced
microglial expression and improve depression-like behavior
(Deng et al., 2021). Astrocytes are the most abundant glial cell in
the CNS and are an essential factor in the pathogenesis of
psychological disorders (Liu et al., 2016). The activities of
microglia and astrocytes were suppressed in the CRS mice, which

was found to be assisted by the reduction of GFAP and Iba-1
expression in mPFC and Hip regions. However, JSO
administration was found to significantly inhibit microglial and
astrocyte activation.

Antidepressant-like effects of JSO in this study could be linked to
its ability to modulate neuroinflammation, which is increasingly
recognized as a central mechanism in the pathology of depression.
Specifically, chronic stress-induced neuroinflammation,
characterized by elevated levels of pro-inflammatory cytokines,
such as IL-1β, IL-6, and TNF-α, can impair synaptic plasticity
and neurotransmission, contributing to depressive symptoms
(Zhang et al., 2022). JSO’s efficacy in reversing these
inflammatory markers suggests that it may exert its
antidepressant effects, at least in part, through mitigating
neuroinflammatory responses. Although the precise molecular
mechanisms underlying JSO’s antidepressant effects require
further investigation, its ability to significantly suppress the
c-GAS-STING-NLRP3 inflammasome pathway suggests that the
compound acts by disrupting key inflammatory cascades. This is
supported by the observed reduction in NLRP3 and Caspase-1
expression, both of which play a pivotal role in inflammasome
activation, a process linked to depressive behaviors (Zhang et al.,
2022). When comparing JSO to citalopram, a well-established SSRI,
JSO’s broader modulation of both inflammatory markers and
apoptosis-related proteins may point to a more complex
mechanism of action. While citalopram primarily enhances
serotonin availability, JSO appears to influence both
neuroinflammation and neuroplasticity, as indicated by its effects
on BDNF and synaptic proteins, such as PSD-95 and SYP, which are
crucial for synaptic health and resilience in stress-related disorders
(Gao et al., 2018). This broader impact on molecular targets could
explain its similar efficacy to citalopram in ameliorating depressive
symptoms despite acting through different pathways. The
inflammatory hypothesis of depression highlights that elevated
pro-inflammatory cytokines disrupt normal brain function and
impair neurogenesis, contributing to the onset and maintenance
of depressive disorders (Liu et al., 2021). JSO’s ability to significantly
reduce the expression levels of IL-1β, IL-6, and TNF-α, while
simultaneously elevating the levels of anti-inflammatory
cytokines, such as IL-10 and TGF-β, suggesting that it plays a
role in restoring the balance between pro- and anti-inflammatory
signals in key mood-related regions, such as the Hip and mPFC,
thereby alleviating depressive symptoms. Another important aspect
of depression pathology is the impairment of neuroplasticity, which
is critical for mood regulation and cognitive function (Lu et al.,
2019). JSO treatment not only alleviates inflammation, but also
significantly improves markers of neuroplasticity, such as BDNF,
PSD-95, and SYP, suggesting that its antidepressant effects are partly
due to enhancing synaptic connectivity and neuronal survival, a
process that could counteract the neuronal damage induced by
chronic stress.

In recent years, the cyclic GMP-AMP synthase (c-GAS)-
stimulator of interferon genes (STING) signaling pathway, has
been increasingly regarded as an important regulator in neuro-
immunological and neurodegenerative disease, in addition to neuro-
oncology. A recent study reported the activation of microglial
c-GAS-STING in traumatic brain injury and neurodegenerative
disease (Miyata et al., 2022; Zhang et al., 2022). Notably, in our
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study, we found a significant increase in the expression of c-GAS and
Sting in the Hip and mPFC region of CRS mice. In addition, a
previous study (Duan et al., 2022) also showed that the activated
STING-TBK1-IRF3 pathway may serve as a potential mechanism to
increase microglial phagocytosis by promoting the production of
inflammatory factors in mice subjected to CRS, thus improving
depression-like behavior (Duan et al., 2022). Previous results have
shown that activated NLRP3 is the essential factor in the
pathogenesis of depression and anxiety (Li S. et al., 2021).
Chronic stress was reported to lead to NLRP3 inflammasome
activation in the brain. Furthermore, animals showed anxiety and
depression-like behaviors (Arioz et al., 2019). Suppressing the
activation of the NLRP3 inflammasome exerted neuroprotective
influences and improved the aforementioned behavioral changes (Li
Y. et al., 2021). In our study, the protein expression of NLRP3, Asc,
and Caspase-1 were activated in the mPFC and Hip regions of CRS
mice, whereas JSO administration suppressed
NLRP3 inflammasome activation, indicating that the anti-anxiety
and anti-depressant outcome of treatment with JSO may be partly
mediated via inhibition of NLRP3 inflammasome activation.

Neuroinflammation causes disturbances in the control of
apoptosis; therefore, inflammatory factors are believed to be
critical in promoting apoptosis in nervous system disorders
(Ren et al., 2022; Xie et al., 2022). In our study, exposure to
CRS markedly increased the protein Bax/Bcl2 ratio in the Hip and
mPFC. Bax, as pro-apoptotic protein, can induce the production of
cytochrome c into the cytosol; however, Bcl-2, as anti-apoptotic
protein, can suppress the production of cytochrome c from
mitochondria. Therefore, alterations in intracellular Bcl-2 and
Bax expression ratios can affect mitochondrial cytochrome
production. An increase in the Bax/Bcl2 ratio can induce cell
apoptosis (Cheng et al., 2015; Dong et al., 2021). Pro-apoptotic
family parts take part in the regulation of apoptosis. Finally, the
Caspase pathways of cysteine proteases are activated, resulting in
an apoptotic protease cascade response and irreversible apoptosis
(Shal et al., 2019; Zhou et al., 2023) Thus, WB testing was used to
explore the expression levels of apoptosis markers. We found that
the protein expression of Caspase-3/8/9 in the Hip and mPFC of
the CRS group was markedly increased compared to the control
group. However, JSO treatment obviously improved CRS-induced
apoptosis in the brain. All in all, these data suggest that JSO plays
anti-anxiety and anti-depressive roles through the prevention of
neuronal apoptosis.

BDNF plays an essential role in protecting and regulating the
functional integrity of neurons (Li et al., 2019; Huang et al., 2023).
We found that CRS exposure remarkably reduced the BDNF
protein expression level in the Hip and mPFC, while treatment
with JSO improved this change in CRS mice. More interestingly,
the results showed that the decreased BDNF expression was
accompanied by a reduction in the expression of the synaptic
markers PSD-95 and SYP levels; the deficits of these synaptic
proteins induced by CRS were effectively improved by JSO
treatment. Nissl staining showed that the neurons in the Hip
and mPFC in the CRS group were loosely arranged or missing,
and Nissl bodies were lightly stained or even dissolved compared to
the other groups (Dang et al., 2022; Gao Z. et al., 2023), consistent
with our present results. Notably, these changes were reversed by
JSO administration.

While this study provided valuable insights into the therapeutic
potential of JSO in alleviating CRS-induced anxiety and depression,
several limitations must be acknowledged. Firstly, although
significant molecular alterations were observed, this study did not
use pharmacological or genetic interventions to directly block key
pathways, such as the c-GAS-STING-NLRP3 axis, to confirm their
causal roles in the observed behavioral improvements. Future
studies using specific inhibitors or genetic knockout models
would help determine whether these pathways are directly
responsible for the anti-anxiety and anti-depressant effects of
JSO. Secondly, the study focused on molecular changes in the
Hip and mPFC, while other brain regions implicated in stress-
related disorders, such as the amygdala or nucleus accumbens, were
not explored. Future research will expand the investigation to these
areas to provide a more comprehensive understanding of JSO’s
mechanisms of action across different brain regions. Finally, another
notable limitation is the lack of investigation into the prebiotic
activity of JSO and its potential effects on gut microbiota and the
gut-brain axis. Future studies should incorporate microbiota
analysis and explore how changes in gut microbiota may
influence the behavioral and molecular outcomes observed.
Additionally, future research will explore the long-term effects of
JSO treatment to determine its potential for sustained therapeutic
benefits and assess any possible side effects or toxicities over
extended periods.

5 Conclusion

The results indicated that JSO has potential therapeutic effects
on stress-induced behavioral deficits in a CRS mouse model, as
evidenced by behavioral improvements and associated molecular
changes. However, further research is needed to confirm the causal
mechanisms underlying these effects.
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