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of central nervous system, but the persistence of inflam-
matory states may lead to neuronal toxicity and ultimately 
to cognitive impairment [4, 5]. Growing evidence suggests 
that neuroinflammation is considered a critical driver in the 
pathogenesis and progression of neurodegenerative disor-
ders, and that anti-inflammation treatment can alleviate cog-
nitive impairment [6, 7]. Lipopolysaccharide (LPS), a major 
component of gram-negative bacteria, has been proved to 
stimulate neuroinflammation and cognitive dysfunction, 
and is generally used to prepare animal models to explore 
neuroinflammation-induced cognitive dysfunction [8, 9].

The hippocampus is a key part of the brain that is involved 
in many cognitive functions, including the formation and 
optimization of learning and memory, and the consolida-
tion of declarative memory [10]. Microglia are resident 
immune cells in the hippocampus and play a key physio-
logical function in the regulation of inflammatory responses 
[11]. Microglia are essential for maintaining homeostasis in 
the hippocampus, but overactivated microglia may release 

Introduction

Cognitive impairment is a common feature of most neu-
rodegenerative disorders, including Alzheimer’s disease 
(AD), Parkinson’s disease (PD), Huntington’s disease (HD) 
and perioperative neurocognitive disorders (PND), and is 
characterized by a decline in learning, memory, problem 
solving, reasoning, or language [1–3]. Neuroinflamma-
tion is an important protective and defensive mechanism 
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Abstract
Neuroinflammation is a critical driver in the pathogenesis and progression of neurodegenerative disorders. Dammarane 
sapogenins (DS), a deglycosylated product of ginsenoside, possess a variety of potent biological activities. The present 
study aimed to explore the neuroprotective effects of DS in a rat model of neuroinflammation induced by intracerebroven-
tricular injection of lipopolysaccharide (LPS). Our study revealed that DS pretreatment effectively improved LPS-induced 
associative learning and memory impairments in the active avoidance response test and spatial learning and memory in 
Morris water maze test. DS also remarkably inhibited LPS-induced neuroinflammation by suppressing microglia overac-
tivation, pro-inflammatory cytok ine release (TNF‐α and IL‐1β) and reducing neuronal loss in the CA1 and DG regions 
of the hippocampus. Importantly, pretreatment with DS reversed LPS-induced upregulation of HMGB1 and TLR4 and 
inhibited their downstream NF-κB signaling activation, as evidenced by increased IκBα and decreased p-NF‐κB p65 
levels. Furthermore, DS ameliorated LPS-induced synaptic dysfunction by decreasing MMP-9 and increasing NMDAR1 
expression in the hippocampus. Taken together, this study suggests that DS could be a promising treatment for preventing 
cognitive impairments caused by neuroinflammation.
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various inflammatory mediators that cause neuronal loss 
and neurotoxicity, leading to neuroinflammation and neuro-
degenerative disorders [12, 13].

High mobility group protein box 1 (HMGB1) is a nuclear 
nonhistone DNA-binding protein that mainly exists in the 
nucleus and cytoplasm of cells [14]. As a family of damage-
associated molecular pattern (DAMP), HMGB1 can control 
inflammatory responses to mediate neurodegenerative dis-
orders such as AD and PD [15, 16]. During neuroinflam-
matory conditions, HMGB1 is actively released by neurons 
and microglia following inflammasome activation [17]. 
Once released into the extracellular space, HMGB1 initi-
ates inflammatory process by binding to Toll-like receptor 
4 (TLR4) and leads to nuclear factor-κB (NF-κB) activa-
tion, thereby promoting the expression of proinflammatory 
cytokines, such as interleukin 1β (IL-1β) and tumor necro-
sis factor-α (TNF-α) [14, 18]. Therefore, reducing neuroin-
flammation by modulating HMGB1/TLR4/NF-κB signaling 
pathway may be an effective strategy to treat neurodegen-
erative disorders.

Synaptic plasticity in the hippocampus is the cytological 
and electrophysiological basis of cognitive function [19]. 
It is widely recognized that alteration of synaptic function 
is a leading cause of several neurodegenerative diseases, 
including AD [20]. At the morphological level, AD brains 
are characterized by progressive atrophy, which is caused 
by neuronal loss and reduced synaptic dendritic arborization 
[21]. Moreover, recent reports have shown that neuroin-
flammation is strongly associated with synaptic dysfunction 
in neurodegenerative diseases. For example, in the aging 
brain, increased activation of microglia and proinflamma-
tory cytokines will lead to reduced synaptic plasticity and 
compromised learning and memory [22].

Ginseng is a traditional medicine with various pharmaco-
logical effects, such as anticancer, anti-inflammation, anti-
oxidant, immunomodulatory and neuroprotective effects 
[23]. Ginsenosides are the most widely studied ingredients 
of ginseng and are considered to be the key active ingredi-
ents for improving cognitive performance [24]. At present, 
more than 100 ginsenosides have been identified and can be 
classified into three types: dammarane, oleanolic acid, and 
ocotillol types [25]. Among them, the dammarane are the 
most active, accounting for more than 90% of the total sapo-
nins in raw ginseng, which can be further divided into two 
major types: the 20(S)-protopanaxadiol (PPD) and 20(S)-
protopanaxatriol (PPT) [26, 27]. Dammarane sapogenins 
(DS), the deglycosylated products of ginsenoside formed 
by intestinal bacterial metabolism, are more easily absorbed 
and exhibit stronger biological activity than their glyco-
sides [28]. Our previous study has elucidated the ameliora-
tive effect of DS on depression-like behaviors [29], but the 

ability of DS to prevent neuroinflammation-induced cogni-
tive impairment remains unclear.

In the present study, we investigated the protective effects 
of DS on LPS-induced cognitive impairments, neuroin-
flammation and synaptic dysfunction in rats. We examined 
whether DS improved cognitive behavior and hippocampal 
neuronal morphology in a rat model of neuroinflammation 
established by intracerebroventricular (ICV) administra-
tion of LPS. To investigate the underlying mechanisms, the 
microglia activation, proinflammatory cytokines release, 
HMGB1 dependent NF-κB signaling pathway changes and 
synaptic plasticity-associated proteins were also examined 
in the hippocampus.

Materials and Methods

Reagents

DS was provided by Panagin Pharmaceuticals Inc. (USA 
Patent No. US patent 6,888,014 B2, 2005). DS was a hydro-
lyzed alkaline product of ginsenosides derived from the 
stem and leaf of Panax ginseng, and contained 33% 20(S)-
PPT and 16% 20(S)-PPD as determined by HPLC [28]. 
LPS (E. coli 055: B5) was purchased from Sigma-Aldrich 
(St. Louis, USA). Enzyme linked immunosorbent assay 
(ELISA) kits for TNF-α and IL-1β were purchased from 
eBioscience, Inc (San Diego, USA). Primary antibodies 
were from several companies: anti-ionized calcium bind-
ing adapter molecule 1 (Iba1), anti-HMGB1, anti-inhibitor 
of NF-κBα (IκBα), anti-NF-κB p65, anti-matrix metallo-
protein-9 (MMP-9), anti-N-methyl-D-aspartate receptor 1 
(NMDAR1) and anti-β-actin from Cell Signaling Technol-
ogy, Inc (MA, USA); anti-TLR4 from Santa Cruz Biotech-
nology, Inc (Heidelberg, Germany); anti-p-NF-κB p65 from 
Abcam (Cambridge, UK).

Animals

Sixty male Wistar rats (weighing 190–210  g) were pur-
chased from the Vital River Laboratory (Beijing, China). 
Rats were housed in controlled laboratory conditions: room 
temperature (25 ± 2  °C), humidity (55 ± 10%), and light 
(12 h light/dark cycle) with free access to food and water. 
This study was performed in line with the guidelines for the 
Animal Care and Use Committee of the Institute of Medical 
Plant Development, Chinese Academy of Medical Sciences, 
and Peking Union Medical College.
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Experimental Protocols

Rats were randomly assigned to six groups (n = 10 per 
group): (1) control group (vehicle treatment only), (2) sham 
group (vehicle treatment plus saline ICV injection), (3) LPS 
group (vehicle treatment plus LPS ICV injection), (4) DS 
(25 mg/kg) group (25 mg/kg DS treatment plus LPS ICV 
injection), (5) DS (50  mg/kg) group (50  mg/kg DS treat-
ment plus LPS ICV injection), (6) DS (100 mg/kg) group 
(100 mg/kg DS treatment plus LPS ICV injection). After 3 
days of acclimatization, rats were given either vehicle (dis-
tilled water) or DS (25 mg/kg, 50 mg/kg and 100 mg/kg) 
continuously by gavage 10 days before surgery and there-
after continued until the end of the experiment. The doses 
of DS were determined by our preliminary experiments [28, 
29]. Experimental design was carried out according to the 
timeline shown in Fig. 1a.

LPS Intracerebroventricular Injections

Rats were anesthetized with sodium pentobarbital (40 mg/
kg, i.p) and secured in a stereotaxic apparatus (Fig.  1b). 
A burr hole was drilled in the parietal bone posterior to 
bregma on left side of the midline (coordinates: 1.0  mm 
posterior, 1.5 mm left lateral relative to bregma and 3.8 mm 
below dura) for needle insertion. Prior to the formal surgical 
operation, we injected non-toxic blue ink into the left lateral 
ventricle to indicate the injection location (Fig. 1c and d). 
LPS (75 µg/5µl) was dissolved in normal saline and injected 
into left lateral ventricle of the LPS and DS groups, while 
the sham group injected with 5ul normal saline. Behavioral 
tests were assessed 3 days after the surgical operation and 
body weight was recorded every 3 days (9:00–10:00 a.m.) 
during the experiment.

Behavioral Tests

Open Field test (OFT)

The open field test was performed to evaluate locomotor 
activity as previously described [30]. The apparatus was a 
circular metal pool (100 cm in diameter and 50 cm in height) 
from which a camera and a 120 lx light source are hung. A 
computer-aided image analysis system was used for real-
time detection and recording the locomotion of rats. Each 
rat was initially located in the center of the box and freely 
explored the environment for 3  min, and then tested for 
locomotor activity for 10 min. The total distance, average 
speed and exercise time of rats were recorded and analyzed.

Active Avoidance Response (AAR) test

An automated shuttle-box apparatus was used to assess the 
AAR as previously described in the literature with slight 
modifications [30]. The apparatus consists of two identi-
cal compartments (30  cm ×35  cm ×70  cm) separated by 
a black partition with a small door (10 cm ×10 cm) and a 
camera fixed in the center of the ceiling to monitor the ani-
mal’s behavior. Blue light was used as conditioned stimulus 
(CS) and an electric foot shock (0.4 mA) was applied as 
unconditioned stimulus (US). The " Random Delay Mode " 
was selected in the system, and each trial period consisted 
of 3–8  s CS, followed immediately by3-8  s US, and then 
3–8 s interval, for a total experiment time of 20 min. The 
rats were familiarized with the apparatus for 2 min prior to 
the formal testing. The training session was performed for 5 
consecutive days. For animal behavior, crossing to another 
compartment during CS and US period was considered as 
active avoidance and passive avoidance, respectively. The 
numbers of active avoidance, passive avoidance and total 
time to avoid electric shock were recorded and analyzed.

Fig. 1  The experimental timeline 
and left intraventricular injection. 
(a)The experimental timeline 
for the study. OFT, open field 
test; AAR test, active avoidance 
response test; MWM test, Morris 
water maze test. (b) Rat received 
left lateral intraventricular injec-
tion. (c) The arrow points to the 
brain injection site. (d) The left 
lateral ventricle was injected with 
non-toxic blue ink to indicate the 
injection location, and 30 min 
after the injection, the blue ink 
filled the entire cerebral ventricle, 
as indicated by the arrow
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Hematoxylin and Eosin (HE) and 
Immunohistochemistry (IHC) Staining

After sacrificed, brain tissue from rats was collected, embed-
ded in paraffin and sectioned, then dewaxed and rehydrated, 
and incubated with 3% hydrogen peroxide. HE staining was 
performed according to the standard procedure. For IHC 
staining, brain samples were blocked with 3% bovine serum 
albumin and incubated with primary antibody (anti-Iba1) 
overnight at 4 °C, then incubated with secondary antibody 
for 1  h and detected with 3,3′-diaminobenzidine (DAB). 
Images were obtained by a light microscope (Olympus, 
Tokyo, Japan) and analyzed by Image-Pro Plus software 
(Media Cybernetics, USA).

Measurements of Inflammatory Cytokines

The hippocampus samples were homogenized in ice-cold 
extraction buffer and centrifuged at 12,000×g for 15 min at 
4  °C. The levels of TNF-α and IL-1β were quantified by 
ELISA kits according to the manufacturer’s instruction.

Morris Water maze (MWM) test

MWM test was performed to evaluate the spatial learning 
and memory in rats [31]. A black cylindrical stainless steel 
pool (100 cm in diameter and 40 cm in height) was filled 
with water and non-toxic black ink was added to make the 
water opaque. The pool was divided into four equal quad-
rants, one of which placed the escape platform (6 cm diam-
eter) 1.5 cm below the water surface. The test consisted of 
a five consecutive days of acquisition phase and one day 
of probe phase. During the acquisition phase, each rat was 
placed on the escape platform for 10  s to memorize the 
platform and then placed in the water to explore the hidden 
platform. If the rat could not approach the platform within 
90 s, it was guided to the platform for an additional 10 s. The 
software system automatically recorded the total swimming 
distance, escape latency, and average swimming speed for 
finding the platform. During the probe phase, the platform 
was removed and rats were allowed to swim freely for 90 s. 
The number of crossings the platform and the time spent in 
the target quadrant were recorded.

Fig. 2  Effects of DS on body weight and locomotor activity in LPS-treated rats. (a) Changes in body weight of rats after LPS injection. (b-d) Total 
distance, average speed and exercise time of rats in OFT. Data are presented as mean ± SEM. ##p<0.05, as compared with sham group
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(Bio-Rad). Relative expression levels of proteins were nor-
malized to β-actin.

Statistical Analysis

Statistical analysis was performed using SPSS software 
26.0 (SPSS, Inc., Chicago, IL, USA), and all data were pre-
sented as mean ± standard error of mean (SEM). Data from 
the AAR test and acquisition phase of MWM test were ana-
lyzed using a two-way repeated measures ANOVA followed 
by Tukey’s post-hoc test. All other data were analyzed by 
one-way ANOVA followed by Tukey’s post-hoc test analy-
sis for multiple comparisons. P < 0.05 was considered statis-
tically significant.

Western Blotting Analysis

The hippocampus samples were homogenized in ice-cold 
extraction buffer and centrifuged at 12,000×g for 15 min at 
4 °C. Protein concentrations were determined by BCA pro-
tein assay kit (Beyotime Biotechnology, Nanjing, China). 
Proteins were loaded and separated in SDS-polyacryl-
amide gel electrophoresis and then transferred to polyvi-
nylidene fluoride membrane. After blocked with 5% skim 
milk for 1 h, the membranes were incubated overnight at 
4  °C with respective primary antibodies to HMGB1(1:1 
000), TLR4(1:2 000), IκBα(1:1 000), NF-κB p65(1:1 000), 
p-NF-κB p65(1:1 000), MMP-9(1:1 000), NMDAR1(1:1 
000) and β-actin (1:1 000). After three washes with TBST 
(5 min each), the membranes were incubated with second-
ary antibody for 2 h at room temperature and then washed 
again. Immunoreactive bands were scanned and analyzed 
by the Quantity One automatic imaging analysis system 

Fig. 3  DS improves LPS-induced associative learning and memory 
impairments. (a) Number of active avoidances to escape electric shock 
(US) when the blue light on (CS). (b) Number of passive avoidances 

after electric foot shock (US). (c) Total time to avoid electric foot 
shock. Data are presented as mean ± SEM. #p<0.05, as compared with 
sham group; *p<0.05, **p<0.01, as compared with LPS group
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DS Improves LPS-induced Associative Learning and 
Memory Impairments in AAR test

A shuttle box apparatus was used to test improvement of DS 
on LPS-induced associative learning and memory impair-
ments. During the test, blue light (CS) was used as an indi-
cator before the electric shock stimulation (US). Rats were 
supposed to learn the connection between different stimula-
tion and avoid the electric shock when the blue light was on 
[32]. As seen in Fig. 3a and c, LPS-exposed rats showed a 
significant decrease in the number of active avoidance on 
day 2 and 4 compared with sham group (P<0.05; P<0.05), 
the total time to avoid electric shock also showed a decreas-
ing trend. DS (50  mg/kg and 100  mg/kg) significantly 
increased the number of active avoidance from day 2 to day 
4 (P<0.05 or P<0.01) and increased the total time to avoid 
electric shock on day 4 and 5 (P<0.05; P<0.05). Figure 3b 
showed that the number of passive avoidance was signifi-
cantly higher in LPS group than in the sham group on day 

Results

Effects of DS on body Weight and Locomotor 
Activity

As shown in Fig. 2a, rats injected with LPS experienced sig-
nificant weight loss from day 3 to day 9 compared with the 
sham group (P<0.001), while DS treatment did not result 
in weight improvement. To further investigate whether the 
locomotor activity of rats changed, the OFT was performed. 
The results of OFT showed no significant differences in 
total distance (P = 0.21; Fig. 1b), average speed (P = 0.21; 
Fig. 1c) and exercise time (P = 0.91; Fig. 1d) between the 
different groups. Despite the weight loss caused by LPS 
injection, the rats maintained the corresponding motor 
capacity, suggesting that LPS exposure and DS treatment 
did not affect the locomotor activity of the rats.

Fig. 4  DS improves LPS-induced 
spatial learning and memory 
impairments. (a-c) Total swim-
ming distance, escape latency 
and average swimming speed to 
find the hidden platform in the 
acquisition phase. (d) Represen-
tative search strategy of rats on 
fifth day in the acquisition phase. 
(e) Number of crossings over the 
former platform location in the 
probe phase. (f) The percentage 
of time spent in target quadrant 
where the platform was once 
placed in the probe phase. Data 
are presented as mean ± SEM. 
#p<0.05, as compared with sham 
group; *p<0.05, **p<0.01, as 
compared with LPS group
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DS Improves LPS-induced Spatial Learning and 
Memory Impairments in MWM test

MWM test was performed to evaluate the improvement of 
DS on LPS-induced spatial learning and memory impair-
ments. The spatial learning capacity of rats was evaluated 

2 and 4 (P<0.05; P<0.05), while DS (50 mg/kg or 100 mg/
kg) significantly reduced this change on day 1–2 and day 
4–5 (P<0.05 or P<0.01). The AAR test results showed DS 
treatment significantly improved the damages of associative 
learning and memory in rats caused by LPS exposure.

Fig. 6  DS inhibits LPS-induced microglia overactivation in the hippo-
campus. (a) The representative immunohistochemical staining images 
and (b) mean intensity of Iba1 positive cells in the hippocampus of rats 

(×400 magnification; n = 3 per group). The arrow points to hippocam-
pal region. Data are presented as mean ± SEM. ##p<0.01, as compared 
with sham group; **p<0.01, as compared with LPS group

 

Fig. 5  DS ameliorates LPS-
induced neuronal damage in the 
hippocampus. (a) The represen-
tative HE staining images and 
(b–d) number of neuron cells in 
the CA1, CA3, and DG regions 
of hippocampus (×400 magni-
fication; n = 3 per group). Data 
are presented as mean ± SEM. 
#p<0.05, ##p<0.01, as compared 
with sham group; *p<0.05, 
**p<0.01, as compared with LPS 
group
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treatment groups showed the tendency to seek the platform 
more directly, however, LPS group showed a longer search 
strategy.

During the probe phase, the platform was removed and 
the degree of spatial memory consolidation was evaluated. 
As shown in Fig. 4e and f, compared with the sham group, 
there was a decreasing trend in the number of crossing the 
platform and the percentage of time spent in target quad-
rant in LPS group, but there were no significant differences. 
Compared to the LPS group, DS (50 mg/kg and 100 mg/kg) 
significantly increased the number of crossing the platform 
(P<0.01; P<0.05), and DS (50  mg/kg) treated rats spent 
more time in the target quadrant (P<0.05). Results revealed 
that DS treatment partially ameliorated LPS-induced spatial 
learning and memory impairments.

during the acquisition phase, as shown in Fig. 4a and b, rats 
exposed to LPS spent longer total swimming distance and 
escape latency on day 3 and 4 than in sham-operated rats 
(P<0.05; P<0.05). DS (50 mg/kg and 100 mg/kg) signifi-
cantly decreased the total swimming distance and escape 
latency on day 2 and 4 (P<0.05 or P<0.01). However, on 
day 5, there were no significant differences in the total 
swimming distance and escape latency between groups, 
suggesting that although neuroinflammation impaired the 
spatial learning ability of the rats, it was not completely 
lost. There was no significant difference in the swimming 
speed between groups, suggesting that LPS injection and 
DS treatment did not affect motor activity in MWM test 
(Fig. 4c). Figure 4d showed the search strategy of rats on 
the last day of the acquisition phase. Rats in different DS 

Fig. 8  Effects of DS on LPS-induced synaptic-associated proteins in 
the hippocampus. (a) Representative western blots and (b, c) quan-
titative analysis of MMP-9 and NMDAR1 protein expression in the 

hippocampus (n = 3 per group). β-actin was used as a loading control. 
Data are presented as mean ± SEM. ##p<0.01, as compared with sham 
group; *p<0.05, **p<0.01, as compared with LPS group

 

Fig. 7  Effects of DS on LPS-
induced HMGB1/TLR4/NF-κB 
signaling pathway and inflam-
matory cytokines release in the 
hippocampus. (a) Representative 
western blots and (b-f) quan-
titative analysis of HMGB1, 
TLR4, IκBα, p-NF-κB p65 and 
NF-κB p65 protein expression 
in the hippocampus (n = 3 per 
group). β-actin was used as a 
loading control. (g, h) The levels 
of TNF-α and IL-1β in the hip-
pocampus (n = 6 per group). Data 
are presented as mean ± SEM. 
##p<0.01, as compared with sham 
group; *p<0.05, **p<0.01, as 
compared with LPS group
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significant difference in NF-κB p65 expression (p>0.05). 
These results implicated LPS exposure activated the NF-κB 
signaling by inducing the nuclear translocation of the p65 
subunit [33]. Different doses of DS treatment significantly 
blocked LPS-induced NF-κB p65 signaling activation 
by increasing IκBα expression (p < 0.01) and decreasing 
p-NF-κB p65 phosphorylation (p < 0.01).

To investigate inflammatory alterations triggered by 
LPS stimulation, we further detected the levels of TNF-α 
and IL-1β in the hippocampus. ELISA results showed that 
TNF-α and IL-1β levels were notably increased in the 
LPS group compared with sham-operated group (p < 0.01; 
p < 0.01; Fig.  7g h). And DS (50  mg/kg or 100  mg/kg) 
administration significantly decreased the elevated expres-
sion of TNF-α and IL-1β in the hippocampus (p < 0.05 or 
p < 0.01). These findings suggest that the inhibitory effect of 
DS on LPS-induced neuroinflammation may be correlated 
with HMGB1-mediated NF-κB signaling pathway.

Effects of DS on LPS-induced synaptic-associated 
Proteins in the hippocampus

Western blotting analysis detected the synaptic-associated 
proteins expression of MMP-9 and NMDAR1 in the hip-
pocampus (Fig.  8a and c). Compared with sham group, 
LPS injection induced synaptic dysfunction by signifi-
cantly increasing the expression of MMP-9 (p < 0.01) and 
decreasing the expression of NMDAR1 (p < 0.01), while 
DS treatment effectively reversed these changes (p < 0.05 
or p < 0.01).

Discussion

The present study found that DS pretreatment effectively 
prevented cognitive impairments caused by neuroinflam-
mation in LPS-treated rats. DS pretreatment effectively 
improved LPS-induced associative learning and memory 
impairments in active AAR test as well as spatial learning 
and memory in MWM test. The neuroprotective effects of 
DS were associated with suppression of microglia over-
activation, proinflammatory cytokine expression, likely 
mediated by inhibiting activated HMGB1/TLR4/NF-κB 
signaling pathway, thereby reducing hippocampal neuronal 
loss and synaptic dysfunction (Fig. 9). These findings pro-
vide a new understanding of the function of DS in LPS-
induced cognitive impairment, neuroinflammation, and 
synaptic dysfunction.

The AAR test and MWM test were used to investigate 
the improvement of DS on cognitive impairments in LPS-
exposed rats. The AAR test is a complex conditioned reflex 
task and widely used to study associative learning and 

DS Ameliorates LPS-induced Neuronal Damages in 
the hippocampus

HE staining was performed to observe the neuronal dam-
ages of hippocampus. As shown in Fig. 5a, in the control and 
sham groups, the neurons were compact and tidy, with many 
layers, and there were more nerve cells with clear staining. 
In the LPS group, images showed sparse neurons with large 
gaps, and many nerve cells vacuole were also observed, 
especially in the CA1 and DG regions of the hippocampus. 
Figure 5b and d showed that, the number of normal neurons 
in CA1 and DG regions of rats exposed to LPS was signifi-
cantly decreased (p<0.05; p<0.01). And supplementation 
with different doses of DS significantly increased the num-
ber of normal neuron cells in the CA1 and DG regions of the 
hippocampus (p<0.05 or p<0.01). However, there were no 
obvious neuronal changes in the hippocampal CA3 region 
(Fig. 5a and c). Overall, DS could ameliorate LPS‑induced 
neuronal damages in the hippocampus.

DS Inhibits LPS-induced Microglia Overactivation 
and Release of Inflammatory Cytokines in the 
hippocampus

Activation of hippocampal microglia simulated by LPS 
injection was evaluated by IHC staining of Iba1 (a microglia 
marker). Figure 6a showed that more microglia were acti-
vated in LPS group than in the sham group, and the activated 
microglia were characterized by obviously big or swelling 
cell body. Contrarily, different doses of DS treatment inhib-
ited microglia activation and more resting microglia with 
small round or thin cell bodies were detected. The qualita-
tive analysis of microglia activation was further confirmed 
by the mean intensity of total Iba1-marked area (Fig. 6b). 
The mean intensity of Iba1-marked area was significantly 
increased in the LPS group compared with sham group 
(p < 0.01), while treatment with DS significantly reversed 
microglia activation (p < 0.01).

Effects of DS on LPS-induced HMGB1/TLR4/NF-κB 
Signaling Pathway in the hippocampus

As shown in Fig. 7a-c, western blotting analysis revealed 
that LPS injection significantly elevated protein expres-
sion of HMGB1 and its adaptor protein TLR4 (p < 0.01; 
p < 0.01), which were significantly suppressed by DS treat-
ment (p < 0.01 or p < 0.05). It has been reported that the 
HMGB1/TLR4 is a key inflammatory regulator leading to 
NF-κB activation [14]. Figure  7d and f showed that LPS 
exposure decreased the level of IκBα (p < 0.01) and sig-
nificantly increased phosphorylated p-NF-κB p65 level 
(p < 0.01) compared with sham group, while there was no 
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Iba1-marked microglia were significantly increased in the 
hippocampus of LPS-treated rats. DS administration inhib-
ited LPS-induced inflammatory responses by suppressing 
microglia overactivation.

Sustained neuroinflammatory response were detrimen-
tal to neuronal survival and ultimately leads to cognitive 
deficits [37]. Although the hippocampus is one of the most 
vulnerable brain regions to various neurobiological injuries, 
the effects of damage vary from region to region [38]. For 
example, CA1 region has been found to be the most vul-
nerable region of the hippocampus to hypoxic injury, while 
neurons in the DG region are more sensitive to stress but 
resistant to ischemia and hypoxia [39–41]. In this experi-
ment, we found LPS exposure significantly damaged the 
neurons in the hippocampal CA1 and DG regions, but no 
significant changes were observed in the CA3 region. DS 
pretreatment could effectively restore LPS-induced neuron 
injury in the CA1 and DG regions.

HMGB1 selectively binds to several receptors, includ-
ing RAGE, TLR2 and TLR4, of which TLR4 is widely 
expressed in neuron and microglia of the central nervous 
system [42]. Similar to previous findings [43, 44], our 
results confirmed a significant increase in HMGB1 and 
TLR4 expression after LPS injection, and administration 

memory [34]. Our results showed that DS treatment sig-
nificantly enhanced active avoidance as well as decreased 
passive avoidance to escape electric shock compared with 
LPS-exposed rats. We further conducted the MWM test to 
determine the neuroprotective effect of DS, which reflect-
ing hippocampal dependent spatial learning and memory 
capacity [35]. The results showed that rats received DS 
treatment significantly improved LPS-induced spatial learn-
ing capacity damages by reducing total swimming distance 
and escape latency to search for invisible platform during 
the acquisition phase, and enhanced spatial memory con-
solidation by increasing search activities in target quadrant 
during the probe phase. In addition, although body weight 
was significantly decreased after LPS injection, OFT results 
showed that DS and LPS treatment did not affect locomotor 
activity of the rats. Overall, these suggest that DS may have 
potential to improve cognitive impairments induced by LPS 
injection.

It has been broadly established that neuroinflamma-
tion plays a key role in the process of neurodegeneration. 
Microglia are the main source of proinflammatory media-
tors in the brain, and uncontrolled activation of microglia 
leads to the release of large amount of proinflammatory 
cytokines [36]. The results of present study showed that the 

Fig. 9  Schematic illustration of the possible neuroprotective mechanism of DS administration in LPS-induced cognitive impairment, neuroinflam-
mation and synaptic dysfunction
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Conclusions

The present study demonstrates that DS pretreatment can 
prevent cognitive impairments induced by ICV injection of 
LPS in rats. The neuroprotective effects of DS are mainly 
through the inhibition of microglia overactivation, reduc-
tion of proinflammatory cytokines release, suppression of 
the HMGB1/TLR4/NF-κB signaling pathway and modula-
tion of synaptic-associated proteins, thus reducing hippo-
campal neuronal damage and synaptic dysfunction. Overall, 
our findings suggest that DS is a promising candidate ther-
apy for neuroinflammation related cognitive impairments.
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