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Asiaticoside produces an antidepressant-like effect in a chronic
unpredictable mild stress model of depression in mice,
involving reversion of inflammation and the
PKA/pCREB/BDNF signaling pathway
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Abstract. Asiaticoside is one of the triterpenoid components
found in Centella asiatica that has promising neuroprotec-
tive properties. The present study aimed to evaluate the
antidepressant-like properties of asiaticoside and to investigate
the possible mechanisms underlying its mode of action using
a mouse model of chronic unpredictable mild stress (CMS).
Behavioral tests, including sucrose preference test, forced
swimming test and tail suspension test, were performed
to evaluate symptoms of depression. The expression levels
of neurotransmitters, 5-hydroxytryptamine (5-HT) and
norepinephrine (NE), in the hippocampus were measured
by high-performance liquid chromatography. ELISA and
western blotting were used to detect protein expression. It
was demonstrated that asiaticoside treatment (20 and 40
mg/kg; intragastric) significantly reversed the decrease in
sucrose consumption, and reduced the immobility time in tail
suspension tests and forced swimming tests in CMS mice.
Furthermore, asiaticoside treatment upregulated the expres-
sion of 5-HT and NE in the CMS mouse model. Asiaticoside
administration also downregulated the levels of interleukin
(IL)-1B, IL-6 and tumor necrosis factor-a in the hippocampus,
and reduced the phosphorylation of nuclear factor (NF)-xBp65
and the expression of nod-like receptor protein 3 (NLRP3), thus
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decreasing the expression of mature caspase-1. Furthermore,
asiaticoside significantly increased the levels of cAMP and
protein kinase A (PKA), and enhanced phosphorylation of the
cAMP-related specific marker vasodilator-stimulated phos-
phoprotein at serine 157. Therefore, asiaticoside may activate
the cAMP/PKA signaling pathway to inhibit NF-«B- and
NLRP3-related inflammation. Moreover, phosphorylation of
the cAMP-responsive element-binding protein at serine 133
and the expression of brain-derived neurotrophic factor were
increased after asiaticoside administration. Collectively, the
present results suggested that asiaticoside may play a vital role
as an antidepressant and anti-inflammatory agent in the CMS
mouse model by regulating the cAMP/PK A signaling pathway.

Introduction

Depression is speculated to be a stress-related mental disorder
caused by mental and social burdens (1). While the precise
mechanisms underlying depression remain unknown, these
will most likely involve molecular and cellular abnormalities
that interact with genetic and environmental factors, such
as abnormal metabolism of monoamine neurotransmit-
ters, neurogenesis and hypothalamic-pituitary-adrenal axis
dysfunction (2,3). Although depression is characterized by
multiple systemic manifestations, inflammation is the key
event associated with these disturbances in the brain (4,5). It
has been shown that sustained stress leads to the activation of
inflammatory signaling and increases neuronal susceptibility
to damage (6,7). Moreover, inflammatory cytokines impair
neurogenesis, activity of neurotrophic factors and neuronal
plasticity (8,9). Inflammatory cytokines have been proposed
to regulate monoamine neurotransmitter metabolism by inhib-
iting neurotransmitter synthesis and promoting monoamine
neurotransmitter hydrolysis (10,11). Therefore, inhibiting
inflammation may be a potential therapeutic strategy for
depression (12,13).

Nuclear factor (NF)-kB and nod-like receptor protein 3
(NLRP3) inflammasome are two archetypal molecular drivers
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of the inflammatory response (14). NF-«xB is a critical tran-
scription factor that induces the expression of inflammatory
mediators, such as interleukin (IL)-1f3, IL-6 and tumor necrosis
factor o (TNF-a), and upregulates NLRP3 synthesis (14).
Dysregulated NF-kB signaling has been reported to be associated
with numerous inflammatory, autoimmune and nervous system
diseases (14). The NLRP3 inflammasome consists of a NLRP3
pattern recognition receptor, an apoptosis-associated speck-like
protein (ASC) adaptor and the effector protein caspase-1. Once
activated, NLRP3 interacts with the ASC adaptor protein and
cleaves pro-caspase-1 to produce mature caspase-1, which
activates the processing of IL-1f to engage the immune defense
mechanism (15). Furthermore, NF-«B- and NLRP3-induced
inflammation may play an important role in depression,
Alzheimer's disease, Parkinson's disease and diabetes (16,17).

Although NF-«B and NLRP3 signaling have been
reported to contribute to inflammation, pathways such as the
cAMP/protein kinase A (PKA) signaling pathway may also
play important roles in regulating NF-kB and NLRP3-related
inflammatory responses (18-22). Previous studies have
revealed the anti-inflammatory role of cAMP, a prototypical
second messenger, which interferes with the immune response
at multiple levels (18-22). Furthermore, binding of cAMP to
the NLRP3 NOD-binding domain has been previously identi-
fied (22). In addition, the prototypical cAMP effector kinase
PKA, a serine/threonine kinase, regulates several pathways
involved in controlling inflammation by modulating gene
transcription and post-translational modification of effector
proteins, including NF-kB and NLRP3 (22). Moreover,
PKA upregulation may also increase the phosphorylation of
cAMP-responsive element-binding protein (CREB), which is
an important transcription factor involved in several critical
functions in depression (23). Suppressing CREB signaling in
the hippocampus has been reported to induce depressive-like
behavior by interfering with the expression of CRE-regulated
genes, such as brain-derived neurotrophic factor (BDNF),
which plays an important role in depression (24).

Asiaticoside is one of the triterpenoid components found in
Centella asiatica (L.) (25-28). It has been reported that asiati-
coside exhibits anti-inflammatory, antioxidative, wound-healing,
hepatoprotective and antitumor properties (25). Asiaticoside has
also been shown to exert a strong anti-inflammatory effect in
animal models of osteoarthritis, spinal cord injury and perito-
nitis (26). Moreover, asiaticoside may exert beneficial effects in
central nervous system (CNS) disorders, including Parkinson's
disease and dementia (27). It has been reported that the antide-
pressant properties of asiaticoside are mediated via activation
of the BDNF/tropomyosin receptor kinase B (TrkB) signaling
pathway in the chronic unpredictable mild stress (CMS)
mouse model (28). However, the mechanism underlying
asiaticoside-mediated alterations in BDNF signaling is yet to be
elucidated. A previous study showed the neuroprotective effect
of asiaticoside on Neuro-2a cells, which was related to eleva-
tion of the cAMP/CREB signal (29). In line with these previous
results, it was hypothesized that the antidepressant-like proper-
ties and anti-inflammatory effects of asiaticoside may be, at least
partly, via activation of the cAMP/PKA signaling pathway. The
present study aimed to investigate whether asiaticoside inhibits
inflammation in a mouse model of depression, and to identify
the underlying mechanisms regulating the cAMP/PK A pathway.
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Materials and methods

Drugs and reagents. Asiaticoside (purity >98%) was purchased
from Nanjing Zelang Medical Technology Co., Ltd. Fluoxetine
(FLX) hydrochloride was purchased from Changzhou Siyao
Pharmaceuticals Co., Ltd. All other chemicals and reagents
used were of analytical grade.

Animals. In total, 60 male ICR mice (age, 2 months old; weight,
18-22 g) were purchased from The Experimental Animal
Center in Jiangsu Province. Animals were randomly divided
into five treatment groups (n=12 mice/group) and housed in
cages at room temperature (22+2°C) under a 12-h light/dark
cycle (lights on at 8:00 a.m.), with ad libitum access to food and
water. The mice were allowed to acclimate for 1 week before
the experiment commenced. The groups were as follows:
i) Normal control group; ii) CMS model group; iii) CMS +
FLX (20 mg/kg, i.g) group; iv) CMS + asiaticoside (20 mg/kg,
i.g) group; and v) CMS + asiaticoside (40 mg/kg, i.g) group.
Asiaticoside and FLX were prepared in double-distilled water.
Mice were exposed to the CMS stimuli for 4 weeks (weeks
1-4), followed by 4 weeks (weeks 5-8) of asiaticoside or FLX
treatment during which CMS stimulation continued. For the
control and CMS model groups, mice were given an equal
volume of double-distilled water. Asiaticoside doses were
selected based on a previous study (28). All experiments were
conducted as per the Guidelines of the Institutional Animal
Care and Use Committee of China and the present study
was approved by Experimental Animal Ethics Committee of
Xuzhou Medical University (Lianyungang, China).

Behavioral tests were performed after the last administration
of asiaticoside or FLX (Fig. 1). CMS was introduced as previ-
ously described (17,30) with minor modifications (the order of
stressors was random). The normal control group animals were
left undisturbed in their cages in a separate room throughout the
8 weeks of treatment. The other four groups were individually
housed and subjected to a variety of stresses for 8 weeks: i) Soiled
cage (200 ml water in 100 g sawdust bedding; ii) foreign object
exposure; iii) light/dark perversion; iv) physical restraint for 2 h;
v) food deprivation for 24 h; vi) water deprivation for 24 h; vii)
overnight illumination; viii) cage tilt (45°) for 10 h; ix) white
noise; x) 3-min oscillation; and xi) 1-min tail pinch (1 cm from
the root of the tail). All the stressors were applied randomly to
ensure the unpredictability of the experiment.

Sucrose preference test. Sucrose preference test was conducted
every week during the experimental period (17). Mice were
first deprived of water and food for 10 h before the test, and
were then allowed to freely choose between two bottles (one
with tap water, and another with 1% sucrose solution) for 10 h.
To prevent possible effects of side preference on drinking
behavior, the positions of the bottles were switched after
5 h. The consumption of the sucrose solution and tap water
was estimated by weighing the bottles. Sucrose preference
was calculated as sucrose preference (%) = sucrose intake
(g)/[sucrose intake (g) + water intake (g)] x100.

Tail suspension test (TST). TST was performed as described
previously (17). Individual mice were acoustically and visually
isolated, and suspended ~50 cm above the floor by placing adhe-
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Behavior test

________________________________________ —_—
SPT, TST, FST
Adaption Sacrifice
0 week 4 weeks 8 weeks
Group | Non-CMS | Non-CMS \
Group Il | CMS |
Group Ill | CMS+ FLX (10 mg/kg) |
CMs

Group IV | cMs+ Asiaticoside (20 mg/kg) ]
Group V | CMS+ Asiaticoside (40 mg/kg) |

Figure 1. Schematic representation of the experimental procedure for CMS and treatments in mice. SPT, sucrose preference test; TST, tail suspension test; FST,

forced swimming test; CMS, chronic unpredictable mild stress; FLX, fluoxetine.

sive tape ~1 cm from the tail tip. Mice were considered immobile
when they were passively suspended and remained completely
motionless. Each animal was suspended for 6 min, and total
immobility was recorded during the last 4 min of the test.

Forced swimming test (FST). FST was carried out as described
previously on the day after TST (17). Mice were forced to
swim in a cylinder (20 cm height x 14 cm diameter) containing
fresh water (25+1°C) to a height of 10 cm. The immobility time
was recorded as the time the mice spent floating in the water
without struggling or only making movements necessary to
keep their heads above the water. Each animal was forced
to swim for 6 min, and total immobility time was recorded
during the last 4 min of the test.

Collection of tissue samples. Mice were sacrificed after the
final behavioral tests were concluded. Ketamine and xylazine
(100 and 10 mg/kg, respectively) were intraperitoneally injected
to anesthetize the mice and the mice were then sacrificed by
decapitation. The whole hippocampus was rapidly dissected
on an iced-plate and weighed. The hippocampus was identified
as described in Paxinos and Watson's Atlas (30).

Determination of 5-hydroxytryptamine (5-HT) and norepi-
nephrine (NE) levels. The levels of 5-HT and NE in the mouse
hippocampus were determined by high-performance liquid
chromatography (HPLC). The hippocampus was homog-
enized in extract solution, which consisted of 0.1 mM EDTA
and 0.1 M HCIO, buffer, and the mixture was centrifuged
at a speed of 20,000 x g for 30 min at 4°C. Then, 50 ul of
the resulting supernatant was injected into the liquid chro-
matography system equipped with a reversed phase CI18
column (2.2 ym, 120 A, 2.1x100 mm; Dionex; Thermo Fisher
Scientific, Inc.). The mobile phase was composed of solutions
A (0.1% formic acid, v/v) and B (acetonitrile), with a gradient
elution as follows: 0-6 min, 90-65% A; 6-8 min, 65-0% A;
8-10 min, 0% A. The flow rate was maintained at 0.4 ml/min,
and the column temperatures were maintained at 30°C, and was

detected by ESA Coulochem® III Electrochemical Detector
(Dionex; Thermo Fisher Scientific, Inc.). The detector was
set at 350 mV. The identification and purity were evaluated
by the chromatographic peaks as well as their quantitative
evaluation, which was measured by comparing their retention
times and peak areas with those of standard solutions. 5-HT
(cat. no. H9523) and NE (cat. no. N-069-1ML) standards were
purchased from Sigma-Aldrich (Merck KGaA).

Determination of IL-13, IL-6, TNF-o. and cAMP levels in
the hippocampus. Cytokine and cAMP concentrations in the
mouse hippocampus were measured by ELISA, according
to the manufacturer's instructions. The following kits were
used: Mouse IL-1p ELISA kit (cat. no. 1210122); mouse IL-6
ELISA kit (cat. no. 1210602); mouse TNF-a ELISA kit (cat.
no. 1217202; all purchased from Dakewei Biotechnology
Co., Ltd.); and mouse cyclic adenosine monophosphate,
cAMP GENLISA™ ELISA kit (cat. no. KLMO0071; Krishgen
BioSystems). The concentrations were measured using a
microplate reader (450 nm absorbance). The results were
reported in picograms per milliliter (pg/ml).

Protein extraction and western blotting. Protein extracts were
obtained by homogenizing hippocampal tissue in lysis buffer
[S0 mM Tris HCI (pH 7.2) containing 1% sodium deoxycho-
late, 1% NP-40, 0.15 mM NaCl and 0.1% SDS; Roche Applied
Science). A bicinchoninic acid assay was used to determine
protein concentrations (Sigma-Aldrich; Merck KGaA). Equal
amounts of protein (30 ug/ul) were separated by SDS-PAGE
on 10% gels and were then transferred to PVDF membranes
(0.2 um; EMD Millipore). The membranes were blocked for 2 h
with 5% non-fat dry milk at room temperature, then incubated at
4°C overnight with the following antibodies: Rabbit anti-phos-
phorylated (p)NF-xBp65553¢ (1:1,000; cat. no. orb501609;
Biorbyt Ltd.), rabbit anti-NF-kBp65 (1:1,000; cat. no. orb453023;
Biorbyt Ltd.), rabbit anti-NLRP3 (1:1,000; cat. no. orb101128;
Biorbyt Ltd.), rabbit anti-caspase-1 (1:1,000; cat. no. ab179515;
Abcam), rabbit anti-PKA (1:1,000; cat. no. ab75991; Abcam),


https://www.spandidos-publications.com/10.3892/mmr.2020.11305

WANG et al: ASIATICOSIDE PRODUCES AN ANTIDEPRESSANT-LIKE EFFECT

2367

A 150 -
B 2504
& 32001 i
@ - £l 2]
g 100 - r g
5 i : £ 1501
® 4
a £
m 5 100‘ e e
w - [=]
g 50 £ - L
S E
@ = 501
0 ’ y ' 0 ; < v o
5 Q X 32 32 S 2 3 82 =38
S 3 T 25 8o © S s g2 29
& 8 E S E e 8 8
= ¥8 B9 3 =8 =8
— 0 - O B @
8] 7] 0 < <
< < + +
+ + 5] W
w w
2 2 = =
3 3 o o
C 601
il
5
& 404
@
£
3\ Eil T
%
g 207 e
E S——
0 . ' i 3
= w > [ =] @@
Q o = T =<
o s T ) F D
+ Q 1= Q £
w ‘Qc 'QO
= g g
5 T ,gw
<< <
I T
w) w
= =
(8] [&]

Figure 2. Effect of asiaticoside on sucrose preference. (A) Sucrose preference test was performed 24 h after food- and water-deprivation. Immobility time in
the (B) TST and (C) FST in mice with or without CMS. Intragastric administration of the drug or vehicle was performed once a day for 4 weeks, starting from
the 4th week of CMS stimulation. Immobility duration was measured in the last 4 min of the TST or FST. Data are presented as the mean + SEM. #P<0.01,
###P<0.001 vs. Con group. ‘P<0.05, “P<0.01, ""P<0.001 vs. CMS-induced mice. TST, tail suspension test; FST, forced swimming test; CMS, chronic unpredict-

able mild stress; FLX, fluoxetine; Con, control.

rabbit anti-p-VASP*"% (1:1,000; cat. no. ab47268; Abcam) and
rabbit anti-VASP (1:1,000; cat. no. ab205952; Abcam), rabbit
anti-pCREB®"% (1:1,000; cat. no. ab32096; Abcam), rabbit
anti-CREB (1:1,000; cat. no. ab32515; Abcam), rabbit anti-BDNF
(1:1,000; cat. no. ab108319; Abcam) and rabbit anti-B-actin
(1:1,000; cat. no. ab8227; Abcam). After three washes in
TBS-Triton X-100 (1%) buffer, the membranes were incubated
for 1 h at 24°C, with horseradish peroxidase-labeled anti-rabbit
IgG (1:5,000; cat. no. BS13271; Bioworld Technology, Inc.).
Densitometric measurements were performed using the ECL
Western detection system (EMD Millipore) and the Quantity
One imaging program (v7.1; Bio-Rad Laboratories, Inc.).

Statistical analyses. Experiments were repeated three times.
Data are presented as the mean + SEM. Statistical significance
was assessed by one-way ANOVA followed by Tukey's test.
All statistical analyses were performed using GraphPad Prism
8 software (GraphPad Software, Inc.). P<0.05 was considered
to indicate a statistically significant difference.

Results

Effects of asiaticoside on sucrose preference, TST and FST.
Sucrose preference in mice is considered a measure of anhe-
donia (17). It was revealed that the CMS model mice exhibited
significantly reduced sucrose consumption compared with
the control group (P<0.01; Fig. 2A). Moreover, asiaticoside
(20 and 40 mg/kg) or FLX (10 mg/kg) administration signifi-
cantly reversed the decreased sucrose consumption in the
CMS model group (P<0.05, P<0.01, respectively). It was also
demonstrated that CMS significantly increased the immobility
time during TST (P<0.001; Fig. 2B) and FST (P<0.01; Fig. 2C).
Asiaticoside (20 and 40 mg/kg) or FLX (10 mg/kg) treatment
significantly reversed the increase in the immobility time in
both TST (P<0.01, P<0.001, respectively; Fig. 2B) and FST
(P<0.01; Fig. 2C).

Effects of asiaticoside on neurotransmitters in the hippo-
campus. The present study also examined the levels of
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Figure 3. Effects of asiaticoside treatment on 5-HT and NE in the hippocampus of the CMS-induced mice. The hippocampus was dissected out immediately
after the behavioral tests and levels of (A) 5-HT and (B) NE were measured. Data are presented as the mean + SEM. #P<0.01 vs. Con group; “P<0.01 vs.
CMS-induced mice. CMS, chronic unpredictable mild stress; FLX, fluoxetine; Con, control; 5-HT, 5-hydroxytryptamine; NE, norepinephrine.
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Figure 4. Effects of asiaticoside treatment on IL-1f, IL-6 and TNF-a levels. (A) IL-1f, (B) IL-6 and (C) TNF-a were detected using ELISA and measured
using a microplate reader at 450 nm absorbance. Data are presented as the mean + SEM. #P<0.01, #P<0.001 vs. Con group; "P<0.05, “P<0.01, ““P<0.001 vs.
CMS-induced mice. CMS, chronic unpredictable mild stress; FLX, fluoxetine; Con, control; IL, interleukin; TNF-a, tumor necrosis factor a.

neurotransmitters in the hippocampus. Fig. 3 shows the
effect of asiaticoside on the hippocampal levels of 5-HT and
NE. The present results suggested that CMS significantly
decreased the levels of 5-HT and NE in the hippocampus
(P<0.01), whereas asiaticoside or FLX administration signifi-
cantly alleviated the levels of both 5-HT (P<0.01; Fig. 3A)
and NE (P<0.01; Fig. 3B) in the hippocampus of CMS model
mice.

Effects of asiaticoside on IL-1B, IL-6 and TNF-a levels.
The anti-inflammatory effect of asiaticoside in CMS mice
was identified in the present study (Fig. 4). It was found
that treatment with asiaticoside (20 and 40 mg/kg) or FLX
(10 mg/kg) significantly decreased the levels of IL-1f in
CMS mice (P<0.01, P<0.001, respectively; Fig. 4A). In the
hippocampus of the CMS mice, IL-6 and TNF-a levels
were significantly higher compared with the control group
mice (P<0.01, P<0.001, respectively). Asiaticoside (20 and
40 mg/kg) or FLX (10 mg/kg) administration significantly

attenuated the increase in IL-6 (P<0.05, P<0.01, respectively;
Fig. 4B) and TNF-a (P<0.01, P<0.001; respectively; Fig. 4C)
levels in these mice.

Effects of asiaticoside on pNF-xBp65, NLRP3 and caspase-1
protein expression levels. The present study measured the
protein expression levels of pNF-kBp65 and NLRP3 inflam-
masome complex in the mice hippocampus. It was identified
that the protein expression of pNF-kBp65 was significantly
elevated (P<0.01) in the CMS mice (Fig. 5A). Furthermore,
asiaticoside (20 and 40 mg/kg) or FLX administration signifi-
cantly reduced the expression of pNF-xBp65 (P<0.05, P<0.01,
respectively) in these mice. In addition, the protein expression
levels of NLRP3 and mature caspase-1 (Fig. 5B) were signifi-
cantly increased in the hippocampus of CMS mice (P<0.01).
The present results also indicated that asiaticoside (20 and
40 mg/kg) or FLX (10 mg/kg) treatment significantly reduced
the expression levels of NLRP3 and mature caspase-1 in mice
(P<0.05, P<0.01, respectively).
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Figure 5. Effects of asiaticoside treatment on pNF-xBp65 and NLRP3 protein expression levels in the hippocampus of CMS-induced mice. The hippocampus
was dissected out immediately after the behavioral tests and homogenized for western blot analysis. Expression of (A) pNF-kBp65 and (B) NLRP3 were
measured. Data are presented as the mean + SEM. #P<0.01 vs. Con group; "P<0.05, “P<0.01 vs. CMS-induced mice. CMS, chronic unpredictable mild stress;
FLX, fluoxetine; Con, control; p, phosphorylated; NLRP3, nod-like receptor protein 3.
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Figure 6. Effects of asiaticoside treatment on cAMP, PKA and pVASPser157 in the hippocampus of the CMS-induced mice. The hippocampus was dissected
out immediately after the behavioral tests and homogenized for western blot analysis. Expression of (A) cAMP, (B) PKA and (C) pVASPser157 were measured.
Data are presented as the mean + SEM. 7/P<0.01 vs. Con group; “P<0.05, “P<0.01 vs. CMS-induced mice. CMS, chronic unpredictable mild stress; FLX,
fluoxetine; Con, control; p, phosphorylated; PKA, protein kinase A; VASP, vasodilator-stimulated phosphoprotein

Effects of asiaticoside on cAMP, PKA and p-vasodilator-stim-
ulated phosphoprotein (VASP)**"*7. The protein expression
levels of cAMP, PKA and pVASP*"7 were significantly
decreased in the CMS mice (Fig. 6) compared with the control
group (P<0.01). Moreover, treatment with asiaticoside (20 and
40 mg/kg) or FLX (10 mg/kg) reversed the CMS-induced
decrease in the expression levels of cAMP (P<0.01; Fig. 6A),
PKA (P<0.05, P<0.01, respectively; Fig. 6B) and pvVASP*">
(P<0.05, P<0.01, respectively; Fig. 6C). Therefore, the present

results suggested that cCAMP/PK A signaling may be involved
in asiaticoside-mediated inhibition of neuroinflammation.

Effects of asiaticoside on pCREBS'% and BDNF expres-
sion levels. It has been reported that the antidepressant-like
effect of asiaticoside is mediated via the activation of BDNF
signaling (29). However, the mechanism underlying asiatico-
side-mediated alterations in BDNF levels is yet to be elucidated.
cAMP/PKA activation has been reported to increase CREB
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Figure 7. Effects of asiaticoside treatment on pCREB and BDNF in the hippocampus of the CMS-induced mice. The hippocampus was dissected out imme-
diately after the behavioral tests and homogenized for western blot analysis. Expression of (A) pCREB and (B) BDNF were measured. Data are presented as
the mean + SEM. #P<0.01 vs. Con group; "P<0.05, “P<0.01 vs. CMS-induced mice. CMS, chronic unpredictable mild stress; FLX, fluoxetine; Con, control; p,
phosphorylated; CREB, cAMP-responsive element-binding protein; BDNF, brain-derived neurotrophic factor.

phosphorylation and induce the expression of CRE-regulated
genes, such as BDNF (24). Therefore, the present study exam-
ined the protein expression levels of pPCREB®'** and BDNF in
CMS mice (Fig. 7). It was found that the ratio of pCREBS*"'** to
CREB was significantly decreased in the hippocampus of CMS
mice (P<0.01), which was reversed by asiaticoside or FLX treat-
ments (P<0.05, P<0.01, respectively; Fig. 7A). Furthermore,
BDNF expression was significantly lower in the hippocampus
of the CMS mice compared with the control mice (P<0.01).
However, this effect was completely reversed upon asiaticoside
or FLX treatment (P<0.01, P<0.05, respectively; Fig. 7B), thus
supporting the role of asiaticoside in activating the cAMP/PKA
signaling pathway.

Discussion

The present results suggested that asiaticoside administration
can reverse depressive-like behavior, increase the levels of
monoamine neurotransmitters, inhibit hippocampal inflamma-
tion, and ameliorate pNF-xBp65 and NLRP3 inflammasome
levels in the CMS mouse model. Moreover, it was speculated
that the antidepressant-like effect of asiaticoside may occur via
modulation of the cAMP/PKA/NF-«xB/NLRP3/CREB/BDNF
signaling pathway.

The CMS mouse model is a validated animal model of
depression. CMS results in complex behavioral alterations, as
well as biochemical and cellular cascades, such as neurotrans-
mitter, endocrine, neurotrophic factors and inflammation,
which are similar to those observed in patients with major
depression (13). The present mouse model demonstrated
decreased sucrose preference index in the sucrose prefer-
ence test, and increased immobility time during TST and
FST. Moreover, the present results are in line with those of

previous studies using CMS mice (17,31,32). It has been shown
that abnormal levels of monoamine neurotransmitters are a
typical feature of depression and stress in animals, and have
been proposed as the principal pathogenic factor involved
in this condition (10). The present results indicated that the
levels of neurotransmitters, 5-HT and NE, decreased signifi-
cantly after CMS exposure, which is consistent with previous
studies (3,32). Moreover, it was demonstrated that asiaticoside
administration significantly reversed the decrease in 5-HT
and NE levels in a mouse model of CMS-induced depression.
In addition, it was found that CMS-induced neurobehavioral
and biochemical changes could be restored by FLX, which
was the positive control, and asiaticoside administration, thus
indicating that asiaticoside had antidepressant effects in this
model.

Previous studies revealed that inflammatory cytokines
are an important risk factor in the development of depression
in patients and animal models, and inhibiting inflammatory
processes could ameliorate depressive symptoms (2,31,32).
In particular, the degradation pathways of the monoamine
neurotransmitter precursors have been reported to be activated
by inflammatory factors, which may lead to an increase in the
levels of these neurotransmitters (10). A previous study also
showed that asiaticoside exhibited a strong anti-inflammatory
effect in animal models of cognitive deficits, spinal cord
injury and cerebral ischemia-reperfusion injury (27,33,34).
In the present study, it was demonstrated that CMS increased
hippocampal IL-1B, IL-6 and TNF-a levels, which were
alleviated by asiaticoside administration, thus indicating that
the antidepressant effect of asiaticoside may be due to its
anti-inflammatory properties.

CMS has previously been reported to induce activation
of NF-xB and the NLRP3 inflammasome, which in turn
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increased the levels of IL-1f3, IL-6 and TNF-a in the hippo-
campus of animal models of depression (16). Consistent with
this previous study (16), the present results suggested that
the expression levels of pNF-kBp65 and the NLRP3 inflam-
masome, which constitutes NLRP3 and caspase-1, were
significantly increased in the CMS group compared with the
control group. Furthermore, it was demonstrated that asiati-
coside inhibited the activation of pNF-kBp65, NLRP3 and
caspase-1, leading to a reduction in the levels of inflamma-
tory cytokines and subsequent inflammatory response. It has
also been reported that asiaticoside may attenuate inflam-
mation by downregulating pNF-kBp65 and the levels of
inflammatory cytokines, such as IL-1f, IL-6 and TNF-a, in
a rat model of 3-amyloid-induced Alzheimer's disease (27).

The role of the cAMP/PKA signaling pathway in depres-
sion and motor activity disturbances has been previously
identified (24). Moreover, studies have shown a prominent role
of the cAMP/PKA signaling pathway in regulating NF-xB-
and NLRP3-related inflammation (18-22). NF-«xB is a nuclear
transcription factor, which is regulated by cAMP via PKA. In
the dimeric form, NF-kB regulates the expression of genes
involved in immune and inflammatory responses (18-21).
Furthermore, the direct binding of cAMP to NLRP3 has
also been revealed (22). Therefore, it was speculated that
the cAMP/PKA signaling pathway may have an important
role in suppressing inflammatory responses. Moreover, it
has been shown that chronic stress inhibited cAMP/PKA
signaling in animal models of depression (35-37). Consistent
with previous studies, the present results indicated that CMS
downregulated the expression levels of cAMP and PKA in
the mouse hippocampus, whereas asiaticoside administration
ameliorated these changes (35-37). In addition, phosphoryla-
tion of VASP157, a marker of PKA activation, was increased
in the asiaticoside-treated mice. Therefore, the present results
suggested that the antidepressant and anti-inflammatory activi-
ties of asiaticoside in the CMS mouse model may be mediated
via cAMP/PKA signaling.

Exposure to chronic stress may induce depressive-like
behavior in animal models, inducing some of the main
features of depression, such as reduced levels of pPCREB and
BDNF (24). Moreover, increased PKA activation has been
reported to enhance CREB phosphorylation, which regulates
the transcription of several genes, including BDNF, which
is involved in several critical functions of the CNS such
as learning and emotional responses (24). While previous
studies using senescence-accelerated mice or depression
mouse models have identified the involvement of CREB or
BDNF/TrkB signaling in regulating asiaticoside-mediated
improvements in behavioral response (28,38), relatively few
studies have evaluated the potential role of cAMP/PKA
signaling in this process. The present results suggested that
CMS caused a significant reduction in pCREB and BDNF
levels in the hippocampus. Furthermore, it was found that
asiaticoside treatment increased pCREB and BDNF levels,
and cAMP/PKA signaling in a CMS model. Based on these
results, it was speculated that activation of the cAMP/PKA
signaling pathway by asiaticoside may play an important role
in its antidepressant effect.

In conclusion, the present results indicated that asiati-
coside may have an antidepressant-like effect in the CMS
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mouse model. It was revealed that asiaticoside treatment
increased the levels of monoamine neurotransmitters, and
reversed the increase in inflammatory cytokines induced by
CMS. Moreover, the antidepressant and anti-inflammatory
mechanism of action of asiaticoside may be via regulation of
the cAMP/PKA signaling pathway. The present study may
facilitate the development of asiaticoside as a novel therapeutic
for the treatment of depression. However, further studies are
required to further identify the mechanism of asiaticoside in
the activation of PKA signalling in depression, and to assess
its clinical effectiveness in patients with depression or similar
disorders. Future studies will use neurons or glial cells, astro-
cytes or microglia, in vivo and in vitro to further support the
conclusion. Collectively, the present results suggested that
administration of asiaticoside may be a useful natural adjuvant
in antidepressant therapy.
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