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1. Introduction

Ginsenoside-Rgl synergized with voluntary
running exercise protects against glial activation
and dysregulation of neuronal plasticity in
depressiony

Wenjing Wang,? Lihong Wang,? Liyan Wang,® Ye Li,? Tian Lan,® Changmin Wang,?
Xiao Chen,? Shihong Chen*© and Shuyan Yu (2 24

Depression is a common psychological disease accompanied by mental disorders and somatic symptoms.
However, the underlying mechanisms regarding the pathogenesis of depression are still not clear.
Neuronal damage resulting from inflammation is considered to be one of the important risk factors for
depression. Ginsenoside-Rgl, a sterol extract extracted from ginseng herbs, has been shown to have neu-
roprotective effects against neurodegenerative diseases. Moreover, running exercise, a simple behavioral
therapy, has been recently shown to have antidepressant effects. However, whether these two synergized
strategies are more efficient in depression treatment, especially the neural mechanisms underlying this
practical and interesting treatment is unknown. In this study, we have shown that ginsenoside-Rgl syner-
gized with voluntary running exercise exerts more efficiency on suppressing neuroinflammation, up-regu-
lating expression of neurotrophic factors, and synaptic-related proteins, ameliorating neuronal structural
damages than that of ginsenoside-Rgl or voluntary exercise alone, suggesting its better neuroprotective
effects. More importantly, the antidepressant-like effect of this synergistic treatment was also significantly
better than either of these two treatments. These results suggest that ginsenoside-Rgl, synergized with
voluntary running, may have higher efficacy in the treatment of depression through anti-inflammation and
the improvement of neuroplasticity. These findings may provide a new perspective for the development
of a therapeutic strategy for depression.

brain regions, such as the amygdala, hippocampus, and pre-
frontal cortex.”* Recent evidence has suggested that depression

Major depressive disorder (MDD) is a very prevalent mental
illness that severely impairs patients’ psychosocial perform-
ance and lowers the overall quality of their lives." However, the
fundamental mechanisms that are involved in the pathophy-
siology of depression are still unknown. Depression is associ-
ated with structural and functional abnormalities in certain
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is accompanied by volume reduction and dysfunction of the
frontal cortex and hippocampal area.” Neuroinflammation is
considered to contribute to a range of neurological disorders as
the major risk factor for neuronal damage.®’” Impairments in
neuronal structure and function can be caused by enhanced
neuroinflammatory response, which can then lead to neuroplas-
ticity deficiencies.® In the brain, microglial dysregulation or glia
activation plays key roles in neuroprotection,”® neuroinflam-
mation, and induction of depression-like behavior.'""?
According to the findings of earlier studies, patients who suffer
from major depressive disorder have been shown to have elev-
ated levels of certain pro-inflammatory factors, including inter-
leukin-1 (IL-1), tumor necrosis factor-a (TNF-a), interleukin-6
(IL-6), and reactive oxygen species (ROS)."*> These findings
suggested the possibility of inflammatory response in the devel-
opment of depressive disorders.'* Therefore, investigating the
molecular mechanisms driving these inflammatory processes in
the depressed phenotype is required for the development of tar-
geted treatment in MDD.

This journal is © The Royal Society of Chemistry 2023
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Ginsenoside-Rg1l is a natural steroidal saponin extracted
from the herb Panax ginseng, which is shown to have a wide
range of neurotrophic and neuroprotective effects with little
toxicity.">'® We previously reported that ginsenoside-Rgl
could prevent depression-like behavior in rats by suppressing
oxidative stress, neuroinflammation, synaptic deficits, and
neuronal apoptosis.””?° In addition, ginsenoside-Rgl was
found to prevent depression-like behavior in rats by modulat-
ing neuronal structural plasticity.>'*> Physical activity is cur-
rently reported to exert antidepressant effects, which suggests
its potential to be a useful addition to pharmacotherapy and
psychotherapy in depression.>*>> Running exercise, as a
simple behavioral therapy, has been widely demonstrated to
have antidepressant effects.>® It has been reported that
running exercise may increase the level of brain-derived neuro-
trophic factor (BDNF),>® enhance hippocampal neurogenesis,””
and reduce inflammatory damage.>® However, whether ginse-
noside-Rg1 synergized with exercise could exhibit more
efficiency in depression treatment is mainly unknown.

Therefore, in the present study, we investigated whether
this synergized strategy, which is practically carried out in life,
is more efficient in depression treatment. Based on this, we
utilized an LPS-induced depression animal model to explore
whether a combination of drug treatment and exercise could
better ameliorate depression-like behavior in rats and further
elucidate the underlying mechanism of its antidepressant
effects.

2. Materials and methods

2.1. Animals

The Experimental Animal Centre at Shandong University sup-
plied male Wistar rats weighing 160-180 g (about six weeks).
Only male rats were utilized in this study to rule out the influ-
ence of sex differences on depression. All experimental pro-
cedures were approved by the Ethics Committee of Shandong
University (ECSBMSSDU2020-2-017) and strictly adhered to the
International Guidelines for Animal Research established by
the Council of International Medical Organizations. Rats lived
in each cage setting with controlled temperature (22-24 °C)
and light (12 h light/dark cycle) for one week before the experi-
ment began. During the investigation, every effort was made to
minimize animal distress and the number of animals used.

2.2. Depression animal model

As previously described, LPS (0.5 mg kg™", Sigma, L-2880) was
dissolved in sterile 0.9% saline (NaCl, 0.9%). Wistar rats were
intraperitoneally injected daily with LPS for two weeks to
induce depressive-like behavior.?® This dose was used to stimu-
late subclinical infection without inducing overt inflammation
and other overt damage in the animals. Ginsenoside-Rgl
(National Institute for Drug and Biological Control (Beijing,
China)) with >99% purity was dissolved in normal saline at a
concentration of 10 mg mL™" for experiments."®' In all
experiments, saline, LPS, or ginsenoside Rgl was injected
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intraperitoneally at a constant volume. Normal saline or ginse-
nosides were injected 30 min before LPS injection. All drugs
were administered between 09:00 and 12:00 hours daily for
two weeks. The control group was injected with an equal
volume of saline. The running wheel was used for the volun-
tary running exercise in the experimental group for 1 h per
day.

2.3. Experimental design

Rats were randomly divided into five groups (N = 20 per
group): (1) non-LPS injection control group, (2) intraperitoneal
LPS injection group, (3) running treatment group, followed by
LPS injection, (4) ginsenoside Rgl treatment group (40 mg
kg ™), followed by LPS injection, (5) running exercise and gin-
senoside co-treatment group, followed by LPS injection. After
the last LPS injection, behavioral tests were performed.
Twenty-four hours following behavioral testing, hippocampal
and ventromedial prefrontal cortex tissues were obtained for
further investigations.

2.4 Behavioral tests

On the second day of the last LPS injection, the following be-
havioral tests were performed by an observer who was blind to
the treatment protocol. All behavioral tests were performed
during the dark circadian period (19:00-24:00 for rats).

2.4.1 Sucrose preference test. As reported previously, the
sucrose preference test (SPT) was used to examine the anhedo-
nia symptoms.>"*° Rats were caged individually during the
adaption phase. They had access to 2 bottles of 1% sucrose
solution for 24 h; then, one was replaced with tap water. In the
test phase, rats were given free access to 100 mL of sucrose
solution (1%, w/v) and 100 mL of tap water for 3 h following
24 h of food and water deprivation. Sucrose preference was
defined as sucrose consumption/[water consumption + sucrose
consumption] 100%.

2.4.2 Forced swimming test. The forced swim test (FST)
was used to measure behavioral despair in rats.***> On the
first day, the rat was put in an 80 cm x 30 cm glass cylinder
filled with 40 cm of 25 °C water for 15 min. After 24 h, each rat
was placed in the cylinder for 5 min to record immobility and
swimming time. Floating with only the head exposed was con-
sidered immobility time.

2.4.3 Open field test. The open field test (OFT) was per-
formed to evaluate the exploratory activity and anxiety-like be-
havior in rats as previously described.**”** The open-field test
consists of a wooden box (95 x 95 x 95 cm) with a black
bottom and walls, and the bottom is divided equally into 25
blocks. Rats were placed individually in the center of the arena
and allowed to explore for 5 min freely. A camera was on the
apparatus to record the activity of the rats. Time spent in the
central area and the total movement distance were analyzed
using a video tracking system (SMARTv2.5, Spain). After each
rat was tested, the arena surface was cleaned with 75%
ethanol.

2.4.4 Elevated plus maze test. The elevated plus maze test
(EPT) test was performed as previously described to assess
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exploration of the novel environment and fear of cantilever
opening, which represent anxiety-like behavior.>**® The device
is formed by two opposing open arms (30 cm length x 15 cm
height) and two closed arms surrounding a central platform
(5 cm x 5 cm) with four arms horizontally 50 cm above the
ground. Rats were placed individually on a robust platform
with their head facing open arms and free to explore the maze
for 5 min. A camera was on the apparatus to record the activity
of the rats. The time and number of entries into the open
arms for each rat were conveyed by a video tracking system
(SMARTV2.5, Spain) analysis.

2.4.5 Mortris water maze. The Morris water maze (MWM)
test was performed as previously described to evaluate spatial
memory and learning ability in an aqueous environment.**?”
The procedure of this test consisted of placing the rats indivi-
dually in a glass cylinder (height: 80 cm, diameter: 30 cm)
filled with 40 cm of water (25 °C) for 15 min on day 1. After
24 h, the rats were again individually placed in the cylinder for
5 min, and the immobility and swimming times of each rat
were recorded. Immobility time was defined as only exposing
the head above the water surface while floating.

2.5 Transmission electron microscopy (TEM)

Twenty-four hours after behavioral tests, six rats were anesthe-
tized with phenobarbital (30 mg kg™'), and the brains were
removed by decapitation. Then, the DG tissues (1 x 1 x 1 mm)
were isolated from the brain on an ice plate. To minimize the
number of rats in this study, the rest of the brain tissue was
collected for western blot and PCR analysis. The samples were
soaked in the 2.5% glutaraldehyde at 4 °C for 12 h.Tissue was
fixed with 1% OsO4 in 0.1 M PBS (pH 7.4) for 1 h, then de-
hydrated with ethanol and infiltrated with acetone overnight.
Tissues were implanted in resin, sliced into ultrathin slices
(70 nm), and stained with 4% uranyl acetate and 0.5% lead
citrate. Sections were TEM-analyzed (Philips Tecnai 20
U-Twin). At least 20 micrographs from each rat were evaluated
using Image J. (NIH, Scion Corporation, Frederick, MD).
Synapses per unit volume and presynaptic vesicles were
matched as specified.*®*°

2.6 Western blot

Twenty-four hours after behavioral tests, four rats were decapi-
tated after anesthetized with phenobarbital (30 mg kg™'), and
the brain was collected on an ice plate to prepare tissue hom-
ogenate. The hippocampus and ventromedial prefrontal cortex
tissue were homogenized with protease and phosphatase
inhibitors extracted protein. After centrifugation (20 min,
12 000 rpm, 4 °C), protein-rich lysates were gathered. The BCA
assay kit measured protein concentrations (Beyotime).
Electrophoretic ally resolved proteins (30 g) from each sample
were repositioned to PVDF membranes. Membranes were
treated with 5% non-fat milk at room temperature for 1 h and
primary antibodies overnight at 4 °C. Primary antibodies were
anti-IL-18 (catalog: ab254360; Abcam); anti-BDN (catalog:
ab6201, Abcam); anti-CD45 (catalog: ab10558; Abcam); anti-
CD11b (catalog: ab133357;Abcam); anti-PSD-95 (catalog: 3450;
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Cell Signaling Technologies); anti-SYT1 (catalog: 4558; Cell
Signaling Technologies); anti-p-CREB (catalog: 9198; Cell
Signaling Technologies); anti-p-actin (catalog: 4970; Cell
Signaling Technologies); anti-GAPDH (catalog: 10494-1-AP;
both Pro-teintech Group); The secondary antibodies were
Peroxidase-conjugated goat anti-rabbit 1gG (catalog: ZB-2301,
Zhongshan Golden Bridge Biotechnology) and Peroxidase-con-
jugated goat anti-mouse (catalog: ZB-2305, Zhongshan Golden
Bridge Biotechnology). Bands on the membranes were
detected using the Enhanced Chemiluminescence kit (ECL,
Thermo Fisher) and quantified using Image-J software. Intra-
run normalization against the internal p-actin or antibody
GAPDH control was performed for each sample.

2.7 Quantitative real-time PCR

Twenty-four hours after behavioral tests, six rats were decapi-
tated after being anesthetized with phenobarbital (30 mg
kg™"). The hippocampus and ventromedial prefrontal cortex
tissue were isolated on ice, and total RNA was extracted using a
kit (Aidlab Biotechnologies, Beijing, China). Nano Drop
ND-1000 spectrophotometer was utilized to measure RNA
purity and concentration (Nano Drop Thermo, Wilmington,
DE). The All-in-OneTM miRNA First-Strand ¢cDNA Synthesis Kit
was used to reverse-transcribe RNA into ¢cDNA (GeneCopoeia,
Guangzhou, China). After reverse-transcribing into cDNA, PCR
amplified total RNA using specified primers (ESI Table 17).
Bio-Rad IQ5 Real-Time PCR was utilized for quantitative PCR.
2Ct was used to define miRNA fold change. Each group was
loaded with GAPDH.

2.8 Immunofluorescent staining and confocal microscopy

Twenty-four hours after behavioral tests, eight rats were
anesthetized with phenobarbital (30 mg kg™") and perfused
with 4% paraformaldehyde (PFA). Brains were fixed in 4% PFA
overnight and then in 30% sucrose for two days. 30 pm frozen
coronal hippocampus and ventromedial prefrontal cortex
slices were preserved at 20 °C. Primary antibodies were incu-
bated overnight at 4 °C. Primary antibodies used were anti-
BDNF (catalog: sc-546, Santa Cruz Biotechnology Inc.); anti-
PSD-95 (catalog 3450; Cell Signaling Technologies); anti-SYT1
(catalog: 14558; Cell Signaling Technologies); anti-p-CREB
(catalog: 9198; Cell Signaling Technologies); anti-ion-Iba-1
(catalog: 019-19741, Wako Pure Chemical Inc), anti-GFAP
(catalog: 16825-1-AP, Proteintech) Secondary antibodies were
alexa-405 (Abcam) and alexa-568 (Invitrogen). The slices were
washed in PBS and counterstained with DAPI (C0060,
Solarbio) for 5 min. Images were captured by laser scanning
confocal microscope (LSM780, Carl Zeiss). Image-Pro Plus 6.0
program analyzed 4 to 6 photos per rat (Media Cybernetics).
Image] was used to analyze fluorescence intensity. Using
Image J, researchers counted Ibal and GFAP-positive cells per
1 mm?®. All experiments were blinded and stereological.

2.9 Golgi staining

After behavioral testing, six rats were anesthetized with
sodium phenobarbital (30 mg kg™") and then decapitated to

This journal is © The Royal Society of Chemistry 2023
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collect the brains. Golgi staining was applied to examine
alterations in neuronal dendritic spines. The brains were
immersed in an impregnation solution (4/B = 1:1, 15 mL per
rat) for two weeks. The coronal slides (100 pm) were trans-
ferred to gelatin-coated microscope slides and air-dried at
room temperature. The slides were stained as directed and
covered with Rahman gum for light microscopy. Neuronal
apical dendrites were analyzed morphologically. From each
group, 4 to 6 dendritic segments per neuron and five pyrami-
dal neurons per rat were randomly picked and then counted
the spines with Image-Pro Plus 6.0.

2.10 Statistics

GraphPad Prism version 8.0.1. (GraphPad Software, Inc., San
Diego, CA) was used for statistical analyses. All data were
expressed as the Means + SEMs. To determine whether or not
there was a statistically significant difference between the
groups, a Student’s ¢-test and one-way or two-way analysis of
variance (ANOVA) followed by Tukey’s multiple-comparison
test was applied. We have chosen a value of P < 0.05 to denote
statistical significance.

2.11 Study approval

All  experimental procedures approved by the
Shandong University Animal Care and Use Committee
(ECSBMSSDU-2018-2-056) and conform to the NIH Guide for
the Care and Use of Laboratory Animals (National Academies
Press, 2011).

were

3. Result

3.1 Ginsenoside-Rg1 synergistic voluntary wheel running
treatment alleviated LPS-induced depressive-like behavior

The sucrose preference test showed that the percentage of
sucrose consumption by each of the five groups was signifi-
cantly different [F(4, 55 = 290.1, P < 0.0001] (Fig. 1B). Post hoc
analysis showed that a two-week treatment with LPS resulted
in a significant reduction in the percent of sucrose consump-
tion in rats when compared to that of the control group (P <
0.0001). These kinds of reactions suggested that the rats, who
had been induced by LPS, were suffering from anhedonia, a
basic sign of depression. However, chronic pretreatment of
voluntary exercise or ginsenoside-Rgl for rats significantly
increased the percentage of sucrose consumption in LPS-
induced rats (P < 0.0001). More importantly, ginsenoside-Rg1
synergized by voluntary exercise induced higher sucrose con-
sumption compared to that of voluntary exercise or ginseno-
side-Rg1 treatment solely.

Results of the forced swim test showed that there were sig-
nificant differences among the five groups with regard to both
immobility [F(4, 55 = 362.1, P < 0.0001] (Fig. 1C). Post hoc ana-
lysis showed that LPS-rats have considerably longer immobility
periods than the normal control rats (P < 0.0001). Similarly,
ginsenoside-Rg1l synergized with voluntary exercise signifi-

This journal is © The Royal Society of Chemistry 2023
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cantly decreased the immobility times in rats than that of
voluntary exercise or ginsenoside-Rg1-treated rats (P < 0.001).

The elevated plus maze (EPM) test was used to investigate
the anxiety behavior of rats. The results revealed a statistically
significant difference between open arm entry (OE) number
[Fl4, 55) = 5.484, P < 0.001] and open arm times (OT) [F(4, 55) =
21.00, P < 0.0001] (Fig. 1D-F). Post hoc analysis indicated that
LPS treatment for 2 weeks significantly reduced the number of
open arm entries (OE) and open arm times (OT) compared to
non-LPS controls (P < 0.0001). In contrast, rats pretreated with
ginsenoside-Rg1 synergized by voluntary exercise had a statisti-
cal increase in open arm entry (OE) (P < 0.0001) and open arm
times (OT) compared with rats pretreated with voluntary exer-
cise (P < 0.0001) or ginsenoside-Rg1 (P < 0.05) solely.

The open field test (OFT) is used to detect loco-motor
activity and exploratory behavior of rats. The results showed
that there was not a statistically significant difference in the
total distance moved in the open field [F4, 55 = 0.01041, P >
0.1], but there was a statistically significant difference in the
residence time in the central region of the open field [Fy4, 55 =
11.35, P < 0.0001] (Fig. 1G-I). LPS treatment for 2 weeks signifi-
cantly reduced the central zone residence time compared to
non-LPS controls (P < 0.0001). In contrast, rats that received
pretreatment with ginsenoside-Rg1l synergized with exercise
(P < 0.05) had a statistically significant increase in the central
region residence time in the open field.

The Morris water maze (MWM) test were conducted to
evaluate cognitive function, learning, and memory abilities
(ESI Fig. 1A%). In the MWM test, there was no difference in the
average swimming speed in the place navigation test from days
1 to 5 among each group [F(m, 275) = 1.612, P > 0.05, ESI
Fig. 1Bf], but the escape latency was significantly changed
among the five groups [F(16, 275) = 2.390, P < 0.01, ESI Fig. 1Ct].
Results showed that LPS rats significantly increased the escape
latency as compared with that of the control group (P <
0.0001). However, the escape latency of rats that received syner-
gistic treatment was significantly shortened (P < 0.0001). In the
spatial probe test on day 6, the times and the number of cross-
ings in the platform also changed significantly among the five
groups [Fu, 44y = 98.56, P < 0.0001 and Fy, 44) = 17.15, P <
0.0001, ESI Fig. 1D and Ef]. The number of times the LPS-
induced rats crossed the platform was less than that of the
control group (P < 0.0001), while rats receiving synergistic treat-
ment significantly increased the number of times than that of
rats subjected to running (P < 0.0001) or ginsenoside-Rg1 (P <
0.0001) solely. These findings demonstrated that the synergis-
tic treatment markedly protected learning and memory loss in
the LPS-induced rats.

3.2 Ginsenoside-Rg1 synergistic voluntary wheel running
treatment reduced LPS-induced glial activation within the
hippocampus and ventromedial prefrontal cortex (vmPFC)

The activation of glial cells was employed to evaluate the
potential involvement of neuroinflammatory responses in
animal depression models. The number of GFAP-positive
astroglia in the hippocampus (Fig. 2A) and vmPFC area varied

Food Funct., 2023,14, 7222-7239 | 7225


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo00496a

Open Access Article. Published on 29 June 2023. Downloaded on 1/16/2026 9:20:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Food & Function
A —_—
D1-7 D8-22 D23-37 D38
Adaptation Groups Behavioral test Sacrifice
Control Sucrose preference test(SPT) Wester blot
LPS(i.p. 0.5mg/kg) Forced swimming test(FST) Real-time quantitative PCR
Running(1h) + LPS(i.p. 0.5mg/kg) Open field test (OPT) Immunofiuorescence assay
G-Rg1(40mg/kg)+ LPS(i.p. 0.5mg/kg) Elevated plus maze test (EPT) Golgi staining. Golgi staining
Running(1h)+G-Rg1(40mg/kg)+ LPS(i.p. 0.5mg/kg) Morris water maze (MWM) test Electron microscopic analysis.
B ssss c
e « Control ssss « Control
Taass | LPS i LPS
- e Run+LPS 300 Lrvrra e Run+LPS
] assa . G-Rg1+LPS G-Rg1 +LPS
s o © Run+G-Rg1+LPS __ 250 g + Run+G-Rg1+LPS
< 0 .
8 . b4 b
5 i 220 [
% ! 2 150
a 3 8
40 P
3 £ 100 i
14 E
@ 50
o
D —
OFF
£ A
5 ON i () o ] ][ I 1
OFF % m
Control LPS Run +LPS G-Rg1+LPS Run + G-Rg1+LPS
E $$8S. F
100 b « Control 100 « Control
—
aass LPs LPS
2 80 8888 . e Run+LPS s 80 e Run+LPS
z Te 8888 ot G-Rg1+LPS b s G-Rg1+LPS
S 60 I + Run+GRgl+LPS £ 60 iad + Run+GRgl+LPS
s =7 |
G 40 s 40{ rt
S o
@ -3 t 888&
s o i
20 204 |82
0 <l I
G

Control

LPS

Run +LPS

G-Rg1 + LPS

Run + G-Rg1+ LPS

Run +LPS

Run + G-Rg1+LPS

! il « Control
%0 s pe
z %« Run+lPS
£ 60 ° * « G-Rgl+LPS
© i * Run+G-Rg1+LPS
2
8 40
2 'y &
£ * "
@ 20 .
£
[= +

Fig. 1 Ginsenoside-Rgl synergized with voluntary running treatment ameliorated LPS-induced depressive-like behavior. (A) Experimental design:
schematic figure of the treatment protocol. (B) The synergistic treatment prevented the decrease in sucrose consumption in LPS-rats in the SPT. (C)
The synergistic treatment reversed the increase in immobility times in LPS-rats in the FST. (D—F) The synergistic treatment ameliorated the reduced
open arm entry (OE) times and the reduced entrance number in open arm time (OT) in LPS-rats. (G-I) The synergistic treatment increased the
central zone residence time and the total distance in the open field in LPS-rats. All values are presented as means + SEM. N = 12 per group. A one-
way analysis of variance (ANOVA) with the Tukey post-hoc correction is used for analysis.

significantly between the five groups (Fig. 3A). Results showed
that the LPS induced an extraordinary activation of astroglia
cell responses within the hippocampus (Fig. 2C and D) (P <
0.0001 for both) and vmPFC (Fig. 3C and D) (P < 0.0001 for
both) of rats; moreover, cellular protuberance extension and
hypertrophy were also observed in the hippocampus (ESI
Fig. 2AT) and vmPFC regions (ESI Fig. 3Af). Howerever, these
changes were significantly attenuated by ginsenoside-Rgl
synergized with running treatment. These results indicate that

7226 | Food Funct,, 2023,14, 7222-7239

the synergistic treatment can more significantly inhibit astro-
glia activation.

Microglial activation is vital for neuroinflammatory responses.
Here, ANOVA exhibited that the numeral of Iba-1positive microglia
within the hippocampus (Fig. 2B) and vmPFC (Fig. 3B) signifi-
cantly increased among the five groups. Results showed that LPS
significantly raised the number of activated microglia within the
hippocampus (Fig. 2C and D) (P < 0.0001 for both) and vmPFC
(Fig. 3C and D) (P < 0.0001 for both). Moreover, 2-week treatment

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Ginsenoside-Rgl synergistic voluntary wheel running treatment reduced LPS-induced glial activation. (A) Immunofluorescence shows GFAP-
positive astrocytes within the hippocampus. Nuclei (blue) are stained with DAPI. Scale bar is 50 um. (B) Immunofluorescence shows Iba-1-positive
microglial cells within the hippocampus. Nuclei (blue) are stained with DAPI. Scale bar is 50 um. (C) Bar graph illustrating the mean number of glial
cells within the hippocampus of rats. (D) Bar graph illustrating the mean fluorescence intensity of glial cells within the hippocampus. All values are
presented as means + SEM. N = 8 per group. A one-way analysis of variance (ANOVA) with the Tukey post-hoc correction used for analysis.

with LPS caused ramified process retraction and soma augmenta-
tion of microglia in the hippocampus (ESI Fig. 2Bf) and vmPFC
(ESI Fig. 3Bf). These alterations in microglia cell number and
morphology were reduced by treatment with ginsenoside-Rg1 or
voluntary wheel running. However, the synergistic treatment
reversed these changes considerably (P < 0.01).

This journal is © The Royal Society of Chemistry 2023

3.3 Ginsenoside-Rg1 synergistic voluntary wheel running
treatment reduced LPS-induced inflammatory cytokine
expression within the hippocampus and vimPFC

Neuroinflammation is regarded as a crucial risk factor in the
etiology of depression. Two weeks of treatment with LPS
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Fig. 3 Ginsenoside-Rgl synergistic voluntary wheel running treatment reduced LPS-induced glial activation. (A) Immunofluorescence shows GFAP-
positive astrocytes within the vmPFC region of rats. Nuclei (blue) are stained with DAPI. Scale bar is 50 pm. (B) Immunofluorescence shows Iba-1-
positive microglial cells within the vmPFC region of rats. Nuclei (blue) are stained with DAPI. Scale bar is 50 pm. (C) Bar graph illustrating the mean
number of glial cells within the vmPFC region of rats. (D) Bar graph illustrating the fluorescence intensity of glial cells within the vmPFC region of
rats. All values are presented as means + SEM. N = 8 per group. A one-way analysis of variance (ANOVA) with the Tukey post-hoc correction was
used for analysis.

caused overexpression of CD11b (P < 0.05), CD45(P < 0.05), and  effects which were reduced by treatment with ginsenoside-Rg1
IL-18 (P < 0.001) proteins within the hippocampus (Fig. 4A) synergized by voluntary running more significantly. In
and vmPFC (Fig. 4B) as compared with the control group, addition, mRNA expressions of several essential pro-inflamma-
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Fig. 4 Ginsenoside-Rgl synergistic voluntary wheel running treatment reduced LPS-induced inflammatory cytokine expression. (A and B) Western
blot analysis shows protein levels of CD45, CD11b, and IL-1p within the hippocampus and vmPFC regions of rats. Normalized intensity bands are pre-
sented as the means + SEM. N = 4 per group. (C and D) PCR assays of mMRNA expression levels of IL-1f, IL-6, and IFN-y within each group. N = 6 per
group. A one-way analysis of variance (ANOVA) with the Tukey post-hoc correction was used for analysis.

tory cytokines, including IL-1f, IL-6, and IFN-y were all ment also reduced the overexpression of these cytokines more
increased within the hippocampus (Fig. 4C) and ventromedial obviously than pretreatment with ginsenoside-Rglor running
prefrontal cortex (Fig. 4D). Consistently, the synergistic treat- solely.
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3.4 Ginsenoside-Rg1 synergistic voluntary wheel running
treatment up-regulated the production of BDNF protein in the
hippocampus and vimPFC

To determine the potential role of neurotrophic factors in the
antidepressant effects of ginsenoside-Rgl or voluntary wheel
running, the phosphorylation levels of CREB were first measured.
Immunofluorescence analysis revealed that the LPS-induced
reduction of CREB phosphorylation levels in the hippocampus
(Fig. 5A and C) (P < 0.0001) and vmPFC regions (Fig. 6A and C) (P
< 0.0001). The western blot study provided additional support for
these findings within the hippocampus (Fig. 5D) and vmPFC
(Fig. 6D). However, the synergized treatment significantly
improved the CREB signaling pathway than pretreatment with
ginsenoside-Rg1 or running solely (P < 0.0001).

In addition, LPS also decreased the BDNF expression within
the hippocampus (Fig. 5B and C) (P < 0.0001) and vmPFC
(Fig. 6B and C) (P < 0.0001). Moreover, western blot assays of
BDNF protein levels also supported the above findings (Fig. 5D
and 6D) (P < 0.01), while the synergized treatment recreates
more significant effects on the BDNF expression than either
ginsenoside Rg1 or voluntary running treatment.

3.5 Ginsenoside-Rg1 synergized voluntary wheel running
treatment up-regulates synaptic-related proteins in the
hippocampus and vmPFC

Synaptic-related proteins were considered involved in neuronal
synaptogenesis. The immunofluorescence assays indicated
that synaptophysin and PSD-95 levels were all significantly
reduced in the hippocampus (Fig. 7A and B) (P < 0.0001) and
vmPFC (Fig. 8A and B) (P < 0.0001) after 2-week treatment with
LPS. In contrast, the synergized treatment up-regulated
synapse-related proteins significantly compared to the ginse-
noside-Rg1 or voluntary running treatment solely (Fig. 7C and
Fig. 8C). Western blot assays showed a similar tendency of
PSD-95 and synaptophysin expression (Fig. 7D and Fig. 8D) (p
< 0.05). These findings further confirm the synergistic treat-
ment could improve the LPS-induced reduction in synapse-
related protein expression more significantly.

3.6 Ginsenoside-Rg1 synergized voluntary wheel running
treatment ameliorated LPS-induced alterations in
hippocampal synaptic structure

Next, we investigated the synaptic ultrastructure of hippocam-
pal neurons utilizing transmission electron microscopy.
ANOVA analysis revealed a significant change among the five
groups in the synaptic density and the vesicle number per unit
volume within the hippocampal neurons (Fig. 9A and B). As
demonstrated in Fig. 9A, a 2-week LPS treatment significantly
decreased the number of hippocampus synapses and vesicles
(P < 0.0001), while the regular synergized treatment extensively
ameliorated this synaptic loss (Fig. 9C and D) (P < 0.05).

In addition, we also used the Golgi staining assay to evalu-
ate dendritic spine densities. Results demonstrated that the
thickness of dendritic spines was significantly distinct among
the five groups (Fig. 9E and F). LPS treatment resulted in a
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decline in the density of dendritic spines compared to that of
the control group (P < 0.0001), which was improved by the
synergized treatment more significantly (P < 0.0001). These
morphological outcomes indicate that the neuroprotective
capability of this synergized treatment on the hippocampal
neuronal structure may be one of the essential automatic
bases for its antidepressant-like impact.

4. Discussion

Depression is a multifaceted and complex illness with a high
morbidity and mortality rate, as well as a significant prob-
ability of recurrence and repercussions.’®*! However, classic
antidepressants have many side effects, and 40% of people do
not respond to them.*” In this study, we demonstrated that
LPS could elicit depression-like behavior in animals and that
ginsenoside-Rg1 or voluntary wheel running have antidepress-
ant effects in rat models of depression. More importantly, we
found that the synergistic treatment with ginsenoside-Rg1 and
voluntary running demonstrate a better antidepressant-like
effect than either of them alone. This synergistic treatment
exerts antidepressant-like effects by inhibiting the activation of
glial cells, suppressing the production of inflammatory factors,
increasing the level of p-CREB and BDNF expression, and ame-
liorating the structural impairment on dendritic spines and
synapses. In conclusion, our study suggests that neuroinflam-
mation and structural damage of neurons may play a critical
role in the development of depression-like behavior, while the
synergistic treatment could ameliorate these neuronal changes
through its stronger neuroprotective potential, showing a more
potent antidepressant-like effect.

In the present study, LPS treatment in rats dramatically
increased immobility durations in the FST and decreased the
percentage of sucrose consumption in the SPT, two major
markers of behavioral despair and anhedonia, which are core
symptoms of depression.*® In addition, our experimental find-
ings revealed that LPS-treated rats had significantly reduced
central area residence time in the OFT, as well as significantly
reduced time spent in the open arm of EPM and number of
entries into the open arm, which indicated that the rats
showed anxiety-like behavior. Morris water maze®”"** was used
to evaluate spatial learning and memory and cognitive func-
tion in rats. The results demonstrated that the learning and
memory capacities of rats treated with LPS were considerably
impaired. More meaningfully, our results showed that
although treatment with ginsenoside-Rg1 or voluntary running
may alleviate these depressive-like behavior in rats, the syner-
gized treatment showed more significant effects than either of
them alone. Therefore, these results provided evidence that
synergized treatment is more significant for depression
treatment.

Neuroinflammation is considered crucial to the pathophy-
siology of depression, similar to numerous neurological
diseases.”>™*” Microglia are immune cells that permanently
dwell in the brain usually respond to a wide variety of neuro-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Ginsenoside-Rgl synergistic voluntary wheel running treatment up-regulated the expression of brain-derived neurotrophic factor. (A and B)
Immunofluorescence shows phosphorylated-CREB and BDNF within the hippocampus. (C) Histogram shows the fluorescence intensities in the hip-
pocampus neurons of each group. Nuclei (blue) are stained with DAPI. Scale bars are 5 pm and 10 pm. N = 8 per group. (D) Western blot analysis of
phosphorylation levels of p-CREB and protein expression levels of BDNF within the hippocampus. (E) Normalized intensity bands are presented as
means + SEM. N = 4 per group. A one-way analysis of variance (ANOVA) with the Tukey post-hoc correction was used for analysis.

pathological stimuli, such as anxiety, physical trauma, and
infectious diseases.’® Microglial density and morphological
changes multiply fast once they have been activated, followed
by the release of pro-inflammatory cytokines such as IL-1f,
IL-6, tumor necrosis factor-a, and interferon-y.*>>° The inflam-

This journal is © The Royal Society of Chemistry 2023

matory cytokines could cause neuronal damage in the brain
and might be therapeutic targets for depression
treatment.*®>">? In addition, the activation of astrocytes could
result in the production of other neurotoxic substances,
including cytokines. For this reason, suppressing neuroinflam-
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mation is becoming increasingly important in developing
therapeutic therapies for brain injury.>> Our previous study
showed that inhibiting COX2/PGE2 mediated neuroinflamma-
tory pathway by celecoxib ameliorates depression-like behavior

7232 | Food Funct, 2023, 14, 7222-7239

via suppressing glial activation and neuronal deterioration in
rats.>® In the present study, our findings demonstrate that the
presence of depressive-like symptoms is related to enhanced
microglial and astrocyte activation throughout the hippo-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Ginsenoside-Rgl synergized voluntary wheel running treatment up-regulates synaptic-related proteins expression. (A and B)

Immunofluorescence shows SYT1 and PSD-95 within the hippocampus. (C) Histogram shows the fluorescence intensities in the hippocampus
neurons of each group. Nuclei (blue) are stained with DAPI. Scale bar is 30 pm. N = 8 per group. (D) Western blot analysis of protein levels of SYT1
and PSD-95 within the hippocampus. (E) Normalized intensity bands are presented as means + SEM. N = 4 per group. A one-way analysis of variance
(ANOVA) with the Tukey post-hoc correction was used for analysis.

campus and the vmPFC. However, ginsenoside-Rg1 treatment
inhibited inflammatory cytokine levels and glial activation,
similar to our previous reports.'”'%*!

reported that physical activity and exercise reduce neuroin-
flammation and exert neuroprotective effects in neurological
It has been previously diseases.’*™>® In this report, we also found that voluntary
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Fig. 8 Ginsenoside-Rgl synergized voluntary wheel

running treatment up-regulates synaptic-related protein expression.

(A and B)

Immunofluorescence shows SYT1 and PSD-95 within the hippocampus. (C) Histogram shows the fluorescence intensities in the hippocampus
neurons of each group. Nuclei (blue) are stained with DAPI. Scale bar is 30 pym. N = 8 per group. (D) Western blot analysis of SYT1 and PSD-95 levels
within the hippocampus. (E) Normalized intensity bands are presented as the means + SEM. A one-way analysis of variance (ANOVA) with the Tukey

post-hoc correction was used for analysis.

wheel running reduced the LPS-induced inflammation in the
hippocampus and vmPFC region. More importantly, in the
current study, we first demonstrated that ginsenoside-Rgl
synergized with voluntary running treatment showed better

7234 | Food Funct, 2023, 14, 7222-7239

effects on attenuating glial activation. These results proved
that this synergized treatment exerts a more significant anti-
depressant effect via neuroinflammatory
responses.

suppressing

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Ginsenoside-Rgl synergized voluntary wheel running treatment attenuated LPS-induced changes in synaptic structure. (A) Representative
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Neuroinflammation usually results in structural and func-
tional injury and thus impairs the synaptic transmission. We
then evaluated the levels of synaptic plasticity-related proteins,
p-CREB and BDNF, within the hippocampus and vmPFC in
order to discover whether modulation of neuroplasticity is
involved in the antidepressant-like effects of this synergized
treatment. Although our previous study has shown that ginse-
noside-Rg1 can rescue the decrease of BDNF and p-CREB
protein levels induced by LPS treatment,"”*® and other studies
showed that exercise could increase p-CREB and BDNF
expression.’®*”*® The present study showed that the syner-
gized treatment improved BDNF and p-CREB protein
expression more significantly in LPS-rats than either ginseno-
side-Rgl or voluntary wheel running, indicating that this
synergized treatment exerts more significant therapeutic
effects through its neuroprotective capacity based on the
p-CREB/BDNF signaling pathways.

In addition, accumulating research indicates that altera-
tions in synaptic function are frequently regulated with a
variety of structurally related proteins within the synapse.’®®°
Synaptophysin is the principal presynaptic synaptic vesicle
protein involved in vesicle fusion and synaptic transmission.>®
PSD-95, a primary scaffold protein in excitatory postsynaptic
density, is an essential element involved in synaptic plasticity.
Therefore, reduced synaptic proteins may cause ultrastructural
alterations, such as decreased synaptic density in the LPS-
induced depression model. Most significantly, present results
showed that the synergized treatment prevented the decrease
in synaptophysin and PSD-95 expression, thereby improving
structural and functional plasticity changes associated with
depression-like behavior.

Previous studies showed that aberrant neuronal structure
could produce synaptic transmission anomalies and behavior-
al changes.®"®* In the present study, terminal spine density
assessment by Golgi staining assay showed that LPS induced
insufficient terminal dendrite spine within hippocampal
neurons and a failure of synapses. The synergistic treatment
improved the LPS-induced ultrastructural alterations in hippo-
campal neurons, including increased synapses, PSD thickness,
and surface density. Moreover, the synergistic treatment more
significantly ameliorated depressive-like behavior in these rats.
In summary, it is reasonable to suggest that the underlying
antidepressant mechanism of this synergized treatment may
be attributed to its neuroprotective capacity to modulate
neuronal structural plasticity and demonstrate better thera-
peutic effects.

5. Conclusion

In conclusion, these results of the study suggest that synergis-
tic pretreatment with ginsenoside-Rg1l and voluntary running
can more effectively improve LPS-induced depression-like be-
havior via better neuroprotective effects than either of the
treatments alone. In light of these findings, the therapeutic
modality of pharmacological synergistic exercise has the poten-
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tial to become a new therapeutic modality for the treatment of
depression.
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