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Abstract. Lipopolysaccharide (LPS) is a toxic component of 
cell walls of Gram‑negative bacteria that are widely present 
in gastrointestinal tracts. Increasing evidence showed that 
LPS plays important roles in the pathogeneses of neurodegen‑
erative disorders, such as Alzheimer's disease (AD). NADPH 
oxidase  s2 (NOX2) is a complex membrane protein that 
contributes to the production of reactive oxygen species (ROS) 
in several neurological diseases. The NLRP1 inflammasome 
can be activated in response to an accumulation of ROS in 
neurons. However, it is still unknown whether LPS exposure 
can deteriorate neuronal damage by activating NOX2‑NLRP1 
inflammasomes. Ginsenoside Rg1 (Rg1) has protective effects 
on neurons, although whether Rg1 alleviates LPS‑induced 
neuronal damage by inhibiting NOX2‑NLRP1 inflammasomes 
remains unclear. In the present study, the effect of concentra‑
tion gradients and different times of LPS exposure on neuronal 
damage was investigated in HT22 cells, and further observed 
the effect of Rg1 treatment on NOX2‑NLPR1 inflamma‑
some activation, ROS production and neuronal damage in 
LPS‑treated HT22 cells. The results demonstrated that LPS 
exposure significantly induced NOX2‑NLRP1 inflamma‑
some activation, excessive production of ROS, and neuronal 
damage in HT22 cells. It was also shown that Rg1 treatment 
significantly decreased NOX2‑NLRP1 inflammasome activa‑
tion and ROS production and alleviated neuronal damage in 
LPS‑induced HT22 cells. The present data suggested that 
Rg1 has protective effects on LPS‑induced neuronal damage 
by inhibiting NOX2‑NLRP1 inflammasomes in HT22 cells, 

and Rg1 may be a potential therapeutic approach for delaying 
neuronal damage in AD.

Introduction

Alzheimer's disease (AD) is an age‑associated neurode‑
generative disease, where the main symptoms include 
progressive decline in cognitive function, memory, spatial 
discrimination and language ability, potentially accompa‑
nied by other neurological symptoms (1). Although AD has 
been characterized by its pathological features, including 
extracellular amyloid β (Aβ) deposition, intracellular neuro‑
fibrillary tangles (NFTs) and neuronal loss (2), there may 
be other influencing factors involved in the progression of 
AD. In AD brains, it has been reported that lipopolysac‑
charide (LPS) levels and E. coli K99 were increased and 
co‑localized with Aβ1‑40/42 in amyloid plaques and around 
vessels (3). A clinical study also reported that LPS levels 
in the brains of patients with AD were two to three times 
higher compared with those found in healthy elderly indi‑
viduals  (4). Therefore, LPS may be involved in neuronal 
damage in the progression of AD.

LPS is a toxic component of cell walls of Gram‑negative 
bacteria, which are widely present in the gastrointestinal tracts 
of humans and animals. Increasing evidence shows that LPS 
plays important roles in the pathogeneses of neurodegenerative 
disorders, such as AD (5). As a pathogen‑associated molecular 
patterns, LPS can be recognized by the toll‑like receptor 4 
(TLR4)/MD2 complex on the surface of cells. Microglial TLR4 
is a key regulator of inflammation that may play an essential 
role in the complex pathophysiological process of AD (6). 
LPS‑induced hyperactive TLR4 has been seen to contribute 
to microglial over‑activation, followed by increased neuronal 
apoptosis in the cortex of APP/PS1 mice (6). Additionally, 
You et al  (7) reported that LPS‑induced hepcidin expres‑
sion in astrocytes induced the apoptosis of neurons through 
iron accumulation in rats. However, it is still not completely 
understood whether LPS exposure induces neuronal damage 
directly. A recent study showed that LPS could induce inflam‑
matory injury in a neuronal cell line, HT22, by downregulating 
microRNA‑132 (8). Thus, it is speculated that LPS exposure 
may induce neuronal damage directly, but the precise mecha‑
nisms have not been fully elucidated.
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Oxidative stress and neuroinflammation have been 
reported to play an important role in the progression of 
AD. Excessive generation of reactive oxygen species (ROS) 
induces a disturbance in the oxidant/anti‑oxidant balance and 
results in oxidative stress damage in cells (9). ROS‑induced 
oxidative stress has been considered to be the main cause of 
various neurological diseases, such as AD and Parkinson's 
disease (PD) (10). Nicotinamide adenine dinucleotide phos‑
phate oxidase (NADPH oxidase, NOX) is a major contributor 
to ROS generation in cells (11). NOX2 is extensively expressed 
in brain, especially in neurons, and is closely associated 
with the pathogeneses of several neurodegenerative diseases, 
such as AD and PD (12,13). Inflammasomes are macromo‑
lecular complexes that play an important role in regulating 
inflammation. Growing evidence shows that the NOD‑like 
receptor protein 1  (NLRP1) inflammasome is involved in 
the pathogenesis of various neurological diseases, such as 
AD (14). The NLRP1 inflammasome can regulate the secre‑
tion and maturation of pro‑inflammatory cytokines, such as 
pro‑interleukin(IL)‑1β into the bioactive form of IL‑1β, leading 
to an inflammatory response (15). Ma et al (16) reported that 
NOX2 plays an important role in regulating NLRP3 inflam‑
masome activation in the brain after traumatic brain injury. 
A previous study also indicated that NOX2‑mediated ROS 
generation was involved in NLRP1 inflammasome activation, 
resulting in age‑associated neuronal damage (17). Additionally, 
the latest study reported that LPS could increase the sensitivity 
of H9C2 cells to high glucose (HG) and hypoxia/reoxygenation 
and aggravate HG‑ and hypoxia/reoxygenation‑induced H9C2 
cell injury by increasing ROS accumulation and inducing 
NLRP3 inflammasome activation  (18). Therefore, it was 
hypothesized that LPS exposure may induce NOX2‑NLRP1 
inflammasome activation, resulting in neuronal damage.

Ginseng is a traditional Chinese medicine that has been 
used for over 2,000 years as a nourishing drug for improving 
health conditions and delaying senescence. Ginsenoside Rg1 
(Rg1), a monomer of a tetracyclic triterpenoid derivative, is 
mainly extracted and purified from the root of ginseng (19). It 
has been reported that Rg1 has anti‑oxidant, anti‑inflamma‑
tory, anti‑apoptotic and autophagic effects (20). A recent study 
showed that Rg1 could attenuate chronic, unpredictable, mild 
stress‑induced, depressive‑like effects in rats via the regulation 
of the nuclear factor (NF)‑κB/NLRP3 pathway (21). It was also 
seen that Rg1 could protect primary astrocyte cultures against 
oxygen‑glucose deprivation/reoxygenation (OGD/R)‑induced 
injury, by decreasing ROS generation (22). A recent study 
also showed that Rg1 could alleviate age‑associated neuronal 
damage by decreasing NOX2‑mediated ROS generation and 
inhibiting NLRP1 inflammasome activation in neurons (23). 
Additionally, recent research reported that Rg1 had protective 
effects against LPS‑induced cognitive deficits in rats  (24). 
Nevertheless, the precise mechanism of Rg1 on LPS‑induced 
neuronal damage has not been fully elucidated.

Tempol is a ROS scavenger that can promote the metabo‑
lism of ROS. Recently, studies reported that pretreatment with 
tempol significantly increased cell viability and anti‑oxidant 
activity, and decreased ROS production and cyclooxygenase‑2 
expression (25). Apocynin, a NOX inhibitor, can inhibit NOX 
activation by interfering with the intracellular translocation of 
two cytosolic components, p47phox and p67phox (26). Both 

tempol and apocynin have been reported to inhibit inflamma‑
tory responses in age‑associated kidney damage (27). In the 
present study, it was hypothesized that Rg1 could ameliorate 
LPS‑induced neuronal damage by inhibiting NOX2‑NLRP1 
inflammasome activation. In the present study, the effect of 
LPS exposure on neuronal damage in HT22 cells, depending 
on the LPS exposure times and concentration gradients, 
was examined. The effect of Rg1, tempol and apocynin 
on NOX2‑NLPR1 inflammasome activation and neuronal 
damage was also examined in HT22 cells.

Materials and methods

Cell culture and treatments. The HT22 cell line is a sub‑line 
derived from parent HT4 cells that were originally immortal‑
ized from mouse hippocampal neuron primary cultures (28). 
HT22 cells were cultured in Dulbecco's Modified Eagle 
Medium (DMEM; Hyclone; Cytiva), supplemented with 10% 
fetal bovine serum (FBS; Zhejiang Tianhang Biotechnology 
Co., Ltd.) and 1% penicillin‑streptomycin (Beyotime Institute 
of Biotechnology), in a 5% CO2 incubator (Thermo Fisher 
Scientific, Inc.) at 37˚C. The cells were cultured for 24 h before 
being treated with LPS (Sigma‑Aldrich; Merck KGaA), Rg1 
(content of Rg1 >98%; Chengdu Desite Biotechnology Co.), 
apocynin (Merck KGaA) or tempol (Merck KGaA). For explo‑
ration of the effect of LPS at different concentrations, HT22 
cells were randomly divided into 5 groups and treated for 
24 h, as follows: No‑LPS control, 5 mg/l LPS, 10 mg/l LPS, 
20 mg/l LPS, and 40 mg/l LPS. For exploration of the effect of 
different lengths of LPS exposure, HT22 cells were randomly 
divided into 6 groups: No‑LPS 12, 24 and 48 h control groups 
and LPS (10 mg/l)‑treated 12, 24 and 48 h groups. For investi‑
gation of the effect of Rg1, HT22 cells were randomly divided 
into 6 groups and treated for 24 h, as follows: No‑LPS control, 
10 mg/l LPS only, 10 mg/l LPS + Rg1 (1, 5 or 10 µM of Rg1), 
10 mg/l LPS + 50 µM tempol, 10 mg/l LPS + 50 µM apocynin. 
All experiments were repeated three times.

Measurement of lactate dehydrogenase (LDH). To observe the 
effect of Rg1 on LPS‑induced neuronal damage in HT22 cells, 
the activity of LDH released to the medium was detected using 
an LDH kit (Nanjing KeyGen Biotech Co., Ltd.), according 
to the manufacturer's protocol. The cells were seeded into 
96‑well plates (5x103 cells per well). When the cells reached 
~60‑70% confluence, they were treated with LPS or Rg1 
(1, 5 or 10 µM), tempol (50 µM) or apocynin (50 µM). Briefly, 
the supernatant was collected and reacted with nicotinamide 
adenine dinucleotide (NAD) and lactate solution at 37˚C 
for 5 min. The absorbance was detected at 490 nm with a 
Multiskan™ FC microplate reader (Thermo Fisher Scientific, 
Inc.) to calculate the activity of LDH.

Measurement of ROS production. ROS production was 
detected by a H2DCFDA‑Cellular ROS Assay kit (Nanjing 
KeyGen Biotech Co., Ltd.), according to the manufacturer's 
protocol. The cells were seeded into 24‑well plates (1x105 cells 
per well). When the cells reached ~60‑70% confluence, they 
were treated with LPS or Rg1 (1, 5 or 10 µM), tempol (50 µM) 
or apocynin (50  µM). For ROS detection, the H2DCFDA 
stock solution was diluted with serum‑free DMEM medium 
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at a ratio of 1:1,000, to prepare a 10‑µM working solution of 
H2DCFDA. Then, the H2DCFDA working solution was added 
to the medium and incubated at 37˚C for 30 min. After incuba‑
tion, the adherent cells were washed with PBS 3 times (5 min 
per wash) and the results were examined at 488/525 nm excita‑
tion/emission using fluorescence microscopy (Olympus IX71; 
Olympus Corporation). The mean fluorescence intensities 
from three wells and five random fields (magnification, x200) 
per well were obtained using Image Pro Plus  6.0 (Media 
Cybernetics, Inc.) automatic image analysis software to 
indicate the changes in ROS production.

Apoptosis assay. To confirm neuronal damage, cell apop‑
tosis was detected using the Annexin V‑FITC/PI Apoptosis 
Detection kit (Beyotime Institute of Biotechnology), according 
to the manufacturer's protocol. The cells were seeded into 
24‑well plates (1.0x105 cells per well). When the cells reached 
~60‑70% confluence, they were treated with LPS or Rg1 
(1, 5 or 10 µM), tempol (50 µM) or apocynin (50 µM). For 
Annexin V‑FITC/PI staining, the cells were washed twice 
with PBS (5  min per wash) then incubated with binding 
buffer for 15 min at room temperature. Next, the cells were 
incubated with Annexin V‑FITC (5 µl/well) and propidium 
iodide (PI; 10 µl/well) for 15 min at room temperature. The 
results were detected for Annexin V‑FITC (excitation/emis‑
sion, 488/530 nm) and PI (excitation/emission, 488/630 nm) 
by f luorescence microscopy (Olympus  IX71; Olympus 
Corporation). Positively stained areas were analyzed from 
three wells and five random fields (magnification, x200) per 
well by the Image‑Pro Plus 6.0 automatic image analysis 
software. The mean density of Annexin V‑FITC‑positive 
areas was examined to assess early apoptotic cells, and the 
mean density of PI‑positive areas was examined to assess late 
apoptotic cells.

Western blotting. Western blotting was performed to detect the 
levels of β‑galactosidase (β‑Gal), NLRP1, cleaved caspase‑1, 
IL‑1β, NF‑κB, phosphorylated (p)‑NF‑κB, p47phox, p22phox, 
NOX2, Bax, Bcl‑2 and cleaved caspase‑3 proteins. The cells 
were seeded into 6‑well plates (5.0x105 cells per well). When 
the cells reached ~60‑70%, they were treated with LPS or Rg1 
(1, 5 or 10 µM), tempol (50 µM) or apocynin (50 µM) for 24 h. 
The total protein was extracted by a mixture of RIPA lysis 
buffer (Beyotime Institute of Biotechnology) with phenylmeth‑
anesulfonyl fluoride (Beyotime Institute of Biotechnology) and 
phosphatase inhibitors (Beyotime Institute of Biotechnology) 
at 100:1:1. The protein concentration was determined using the 
BCA Protein Assay kit (Beyotime Institute of Biotechnology). 
Equal amounts of protein (30 µg) were separated by 12% 
SDS‑polyacrylamide gel electrophoresis and transferred 
onto polyvinylidene fluoride membranes (Merck KGaA). 
The membranes were blocked with 5% skimmed milk for 
1 h at room temperature. The membranes were then washed 
3  times (10 min per wash) using Tris‑buffered saline with 
0.05% (v/v) Tween‑20 (TBST) and incubated overnight at 
4˚C with the primary antibodies for β‑Gal (1:1,000; cat. 
no. WL03124; Wanleibio Co., Ltd.), NLRP1 (1:1,000; cat. 
no.  ab3683; Abcam), caspase‑1 (1:1,000; cat. no. AF0120; 
Affinity Biosciences), IL‑1β (1:1,000; cat. no. AF5130; Affinity 
Biosciences), NF‑κB (1:1,000; cat. no. AF5130; Wanleibio 

Co., Ltd.), p‑NF‑κB (1:1,000; cat. no.  GB11142‑1; Wuhan 
Servicebio Technology Co., Ltd.), p47phox (1:1,000; cat. 
no. BS4852; Bioworld Biotechnology, Inc.), p22phox (1:1,000; 
cat. no.  BS60290; Bioworld Biotechnology, Inc.), NOX2 
(1:1,000; cat. no. ab31092; Abcam), Bax (1:1,000; AF0120; 
Affinity Biosciences), Bcl‑2 (1:1,000; cat. no. AF6139; Affinity 
Biosciences), cleaved caspase‑3 (1:1,000; cat. no. BS7003; 
Bioworld Technology, Inc.) and β‑actin (1:1,000; cat. 
no. TA‑09; OriGene Technologies, Inc.). The membranes were 
then incubated for 1 h at 25˚C with either horseradish perox‑
idase‑conjugated goat anti‑rabbit (1:10,000; cat. no. ZB‑2301; 
OriGene Technologies, Inc.) or goat anti‑mouse (1:10,000; cat. 
no. ZB‑2305; OriGene Technologies, Inc.) secondary anti‑
bodies. The membranes were incubated with ECL substrate 
kit (Bio‑Rad Laboratories, Inc.) and the bands were visual‑
ized using a Bioshine Chemi Q4600 Mini Imaging System 
(Shanghai Bioshine Technology). ImageJ  1.46R software 
(National Institutes of Health) was used to detect the density 
of immunoreactive bands. The relative density of each target 
protein compared to the control was used to represent the 
changes in target protein expression levels.

Statistical analysis. Data are presented as the mean ± standard 
deviation (SD). The statistical analysis was performed using 
GraphPad Prism  6.0 software (GraphPad Software, Inc.). 
Differences among the experimental groups were evaluated 
using one‑way analysis of variance (ANOVA) followed by 
Tukey's multiple comparisons test to compare the differ‑
ences between groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of Rg1 on LPS‑induced LDH release and β‑Gal 
expression in HT22 cells. The effects of LPS exposure on 
LDH release from HT22 cells were firstly observed. The 
results showed that LDH release was significantly increased 
in LPS‑treated (5, 10, 20 or 40 mg/l) groups compared with 
the control group (Fig. 1A; P<0.01). LPS (10 mg/l) treatment 
for 12, 24 or 48 h also significantly increased the LDH release 
compared with the control group (Fig. 1B; P<0.01). The results 
suggested that LPS exposure significantly induced neuronal 
damage in HT22 cells.

The effects of Rg1 treatment on LPS‑induced LDH release 
in HT22 cells were further observed. The results showed that 
LPS (10 mg/l) treatment for 24 h significantly increased the 
LDH release in HT22 cells compared with the control group 
(Fig. 1C; P<0.01). Treatment with Rg1 (5 or 10 µM) signifi‑
cantly decreased the LDH release (Fig. 1C; P<0.01) compared 
with the LPS‑treated (10 mg/l) group. Meanwhile, treatment 
with tempol (50 µM) and apocynin (50 µM) also significantly 
decreased the LDH release from HT22 cells (Fig. 1C; P<0.01). 
The results indicated that Rg1 significantly decreased LDH 
release and protected against LPS‑induced neuronal damage 
in HT22 cells.

The accumulation of senescence‑associated β‑Gal is an 
important senescence marker (29). To observe the effect of 
Rg1 on LPS‑induced senescence in HT22 cells, the expression 
of senescence‑associated β‑Gal was detected by western blot‑
ting. The results showed that LPS (10 mg/l) exposure for 24 h 
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significantly increased β‑Gal expression compared with the 
control group in HT22 cells (Fig. 1D; P<0.01). Compared with 
the LPS‑treated (10 mg/l) group, the expression of β‑Gal was 
significantly decreased in Rg1 (1, 5 or 10 µM), tempol (50 µM) 
and apocynin (50 µM) groups (Fig. 1D; P<0.01 or P<0.05). 
The data suggested that Rg1 treatment delays LPS‑induced 
senescence of HT22 cells.

Effects of Rg1 on ROS generation in LPS‑induced HT22 cells. 
ROS‑mediated oxidative stress plays an important role in 
several neurodegenerative diseases. To identify the effects of 
LPS on ROS generation in HT22 cells, H2DCFDA fluorescence 
staining was performed to examine the levels of ROS. The 
results showed that the levels of ROS production were signifi‑
cantly increased in LPS‑treated (10, 20 or 40 mg/l) groups 
compared with the control group (Fig. 2A and B; P<0.01). 
Meanwhile, the results showed that the ROS production was 
increased in the control group and LPS‑treated groups when 
cultured for a prolonged period. However, compared with the 
control group, groups treated with LPS (10 mg/l) for 12, 24 
and 48 h showed significant increases in the ROS levels, espe‑
cially at 24 h (Fig. 2C and D; P<0.01). Although LPS exposure 
for 48 h further increased ROS production compared with 
exposure for 24 h, the relative ROS production was decreased 
due to the increase in ROS production in the control group. 
These results suggested that LPS exposure could significantly 
increase ROS generation in HT22 cells.

The effects of Rg1 treatment on ROS generation was further 
observed in LPS‑induced HT22 cells. The results showed 

that LPS (10 mg/l) treatment for 24 h significantly increased 
the levels of ROS production in HT22 cells compared with 
the control group (Fig. 2E and F; P<0.01). Compared with the 
LPS‑treated (10 mg/l) group, treatment with Rg1 (1, 5 or 10 µM) 
significantly decreased the levels of ROS (Fig.  2E  and  F; 
P<0.01). Meanwhile, treatment with tempol (50 µM) or apocynin 
(50 µM) also significantly decreased the levels of ROS in HT22 
cells (Fig. 2E and F; P<0.01). The data suggested that Rg1 could 
significantly decrease ROS generation and could protect against 
LPS‑induced oxidative stress damage in HT22 cells.

Effects of Rg1 on the expression of NOX2, p22phox and 
p47phox in LPS‑induced HT22 cells. To confirm whether Rg1 
could decrease ROS generation in LPS‑induced HT22 cells 
by inhibiting NOX2, the expression of NOX2, p22phox and 
p47phox levels were detected by western blotting. The results 
showed that the expression of NOX2, p22phox and p47phox 
were significantly increased in the LPS‑treated (10 mg/l) 
group compared with the control group (Fig. 3A‑D; P<0.05 
or P<0.01, respectively). Compared with the LPS‑treated 
(10 mg/l) group, treatment with Rg1 (1, 5 or 10 µM), tempol 
(50 µM) or apocynin (50 µM) significantly decreased the 
expression of NOX2 and p47phox (Fig. 3A and C; P<0.05 
and P<0.01, respectively). Meanwhile, treatment with Rg1 
(10 µM) or apocynin (50 µM) significantly decreased the 
expression of p22phox in LPS‑induced HT22 cells (Fig. 3B; 
P<0.05 and P<0.01, respectively). These data suggest that 
LPS exposure‑induced ROS generation might be associated 
with the activation of NOX2, and that Rg1 could significantly 

Figure 1. Effects of Rg1 on LDH release and β‑Gal expression in LPS‑induced HT22 cells. (A) The effects of LPS (5, 10, 20 and 40 mg/l) on LDH release in 
HT22 cells. (B) The effects of LPS (10 mg/l)‑treated HT22 cells (for 12, 24 and 48 h) on LDH release. (C) The effects of Rg1 treatment on LDH release in 
LPS‑induced HT22 cells. LDH release was determined using an LDH kit. (D) The effects of Rg1 on β‑Gal expression in LPS‑treated HT22 cells determined 
by western blotting. Results are expressed as mean ± SD, n=3. **P<0.01 vs. control group. #P<0.05; ##P<0.01 vs. LPS (10 mg/l) group. Rg1, ginsenoside Rg1; 
β‑Gal, β‑Galactosidase; LDH, lactate dehydrogenase; LPS, lipopolysaccharide.
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decrease NOX2 expression and decrease ROS generation in 
LPS‑induced HT22 cells.

Effects of Rg1 on the expression of NLRP1, caspase‑1, IL‑1β, 
NF‑κB and p‑NF‑κB in LPS‑induced HT22 cells. The elevation 
of ROS production is involved in NLRP1 inflammasome 
activation, which plays an important role in neurodegenera‑
tive diseases. To confirm whether Rg1 treatment could protect 
against LPS‑induced neuronal damage by inhibiting NLRP1 
inflammasome activation, the expression of NLRP1, cleaved 
caspase‑1, IL‑1β, NF‑κB and p‑NF‑κB was investigated in 
LPS‑induced HT22 cells. The results showed that LPS (10 mg/l) 
exposure significantly increased the expression of NLRP1, 
cleaved caspase‑1, IL‑1β, NF‑κB and p‑NF‑κB, in comparison 
to the control group (Fig. 4A‑F; P<0.05 and P<0.01, respec‑
tively). When compared with the LPS‑treated group, treatment 
with Rg1 (5 or 10 µM) and apocynin (50 µM) significantly 
decreased the expression of NLRP1 (Fig. 4A and B; P<0.01). 
Treatment with Rg1 (5 or 10 µM), tempol (50 µM) or apocynin 

(50 µM) also significantly decreased the expression of cleaved 
caspase‑1, IL‑1β, NF‑κB and p‑NF‑κB (Fig. 4A, C‑F; P<0.05 
and P<0.01, respectively). Since the expression levels of NF‑κB 
and p‑NF‑κB were increased in the LPS group and decreased 
in Rg1, tempol or apocynin groups, the relative expression of 
p‑NF‑κB/NF‑κB has an increasing trend only in the LPS group 
and a decreasing trend in the Rg1 group. The aforementioned 
results indicated that activation of the NLRP1 inflammasome 
was involved in LPS exposure‑induced neuronal damage. The 
aforementioned results also suggest that Rg1 might protect 
against LPS‑induced HT22 cells damage by inhibiting the 
expression of the NLRP1 inflammasome.

Effects of Rg1 on LPS‑induced apoptosis in HT22 cells. 
Neuronal apoptosis is involved in the pathogenesis of neuro‑
degenerative diseases. To confirm the protective effect of 
Rg1 on LPS‑induced neuronal damage, the effect of Rg1 on 
LPS‑induced apoptosis was observed by Annexin V FITC/PI 
staining in HT22 cells. The results showed that LPS (10 mg/l) 

Figure 2. Effects of Rg1 on ROS generation in LPS‑induced HT22 cells. (A) The effects of LPS (5, 10, 20 and 40 mg/l) exposure on ROS generation in HT22 
cells. (B) Quantitative analysis of LPS (5, 10, 20 and 40 mg/l) exposure on ROS production compared with the control. (C) The effects of LPS (10 mg/l) 
exposure for 12, 24 and 48 h on ROS generation in HT22 cells. (D) Quantitative analysis of LPS (10 mg/l) exposure for 12, 24 and 48 h on ROS production 
compared with the control. (E) The effects of Rg1 on ROS production in LPS‑induced HT22 cells. (F) Quantitative analysis of the levels of ROS production. 
H2DCFDA staining; magnification, x200, scale bars, 50 µm. Results are expressed as mean ± SD, n=3. **P<0.01 vs. control group. ##P<0.01 vs. LPS (10 mg/l) 
group. Rg1, ginsenoside Rg1; ROS, reactive oxygen species; LPS, lipopolysaccharide.
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exposure for 24  h significantly increased both the early 
and late apoptotic cells, in comparison to the control group 
(Fig. 5A‑C; P<0.01). Compared with the LPS‑treated (10 mg/l) 
group, treatment with Rg1 (5 or 10 µM), tempol (50 µM) or 
apocynin (50 µM) significantly decreased the early apoptotic 
cells (Fig. 5A and B; P<0.01). However, treatment with Rg1, 
tempol or apocynin had no significant effect on the late apop‑
totic cells (Fig. 5A and C; P>0.05). The aforementioned data 
indicated that Rg1 could effectively alleviate LPS‑induced 
apoptosis in HT22 cells.

Effects of Rg1 on the expression of Bax, Bcl‑2 and cleaved 
caspase‑3 in LPS‑induced HT22 cells. The effect of Rg1 
was investigated on the expression of apoptosis‑associated 
proteins Bax, Bcl‑2 and cleaved caspase‑3, in LPS‑induced 
HT22 cells. The results showed that LPS (10 mg/l) exposure 
for 24 h significantly increased the expression of Bax and 
cleaved caspase‑3, and significantly decreased Bcl‑2 expres‑
sion, in comparison to the control group (Fig. 6A‑D; P<0.01). 
When compared with the LPS‑treated (10 mg/l) group, treat‑
ment with Rg1 (5 or 10 µM), tempol (50 µM) or apocynin 
(50 µM) significantly decreased the expression levels of Bax 
and cleaved caspase‑3 expressions (Fig. 6A‑D; P<0.05 or 
P<0.01). Meanwhile, Rg1 (5 or 10 µM) and tempol treatment 
significantly increased Bcl‑2 expression level (Fig. 6A and B; 
P<0.05 and P<0.01, respectively). The results suggested that 
sRg1 could alleviate LPS‑induced apoptosis by regulating 
the expression of Bax, Bcl‑2 and cleaved caspase‑3 in HT22 
cells.

Discussion

Although AD has been characterized by its pathological 
features, such as Aβ deposition, NFTs and neuron loss, LPS 
is also involved in the progression of AD. The effects of 
Rg1 are associated to its properties, such as its anti‑oxidant 
effects and ability to inhibit inducible nitric oxide synthase 
(iNOS) expression and nitric oxide (NO) overgeneration (30). 
In addition, Rg1 has been reported to attenuate LPS‑induced 
inflammatory responses in murine BV‑2 microglial cells (31). 
However, whether Rg1 can alleviate LPS‑induced neuronal 
damage and its precise mechanism of action needs to be 
further investigated. In the present study, the results demon‑
strated that LPS exposure could significantly induce NOX2 
and NLRP1 inflammasome activation, resulting in neuronal 
damage and apoptosis in HT22 cells. More importantly, Rg1 
treatment could significantly decrease the expression of NOX2 
and NLRP1 inflammasomes, decrease ROS and cytokine 
generation, and alleviate neuronal damage and apoptosis in 
LPS‑induced HT22 cells. Meanwhile, the results showed 
that treatment with tempol (a ROS scavenger) and apocynin 
(a NOX inhibitor) also significantly decreased the expression 
of NOX2 and NLRP1 inflammasomes and alleviated neuronal 
damage and apoptosis in LPS‑induced HT22 cells. These 
findings suggest that NOX2 expression and NLRP1 inflam‑
masome activation is closely associated with LPS‑induced 
neuronal damage, and that Rg1 treatment can protect against 
LPS‑induced neuronal damage by inhibiting NOX2‑NLRP1 
inflammasomes in HT22 cells.

Figure 3. Effects of Rg1 on the expression levels of NOX2, p22phox and p47phox in LPS‑induced HT22 cells determined by western blotting. (A) The bands 
of NOX2, p22phox and p47phox in LPS‑induced HT22 cells. Quantitative analysis of (B) NOX2, (C) p22phox and (D) p47phox expression levels relative to 
the control. Results are expressed as mean ± SD, n=3.*P<0.05; **P<0.01 vs. control group. #P<0.05; ##P<0.01 vs. LPS (10 mg/l) group. Rg1, ginsenoside Rg1; 
LPS, lipopolysaccharide; NOX2, NAPDH oxidase 2.
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LPS is a bacterial cell wall endotoxin that can cause systemic 
inflammation and neuroinflammation through activation of 
the systemic or neurological immune system and generation of 
pro‑inflammatory mediators, such as IL‑Iβ, IL‑6 and IL‑8 (32,33). 
LPS is composed of lipid A, a core oligosaccharide chain, and 
an O‑antigenic polysaccharide side chain. LPS is commonly 
used as an inflammatory inducer and an oxidative stress 
stimulant in both in vitro and in vivo experiments to activate 
cells to produce various inflammatory components  (34). 
Oxidative stress can damage the mitochondria and other 
cellular components of neurons (35), ultimately contributing 
to the pathogenesis of AD. LPS has also been used to stimu‑
late ROS accumulation and induce neuronal damage  (36). 
Overproduction of ROS participates in cell suicide, by initi‑
ating programmed cell death (apoptosis) pathways (37). In the 
present study, the results of LDH release indicated that HT22 
cells were significantly damaged by increasing concentrations 
and times of LPS exposure. The results of H2DCFDA staining 
showed that ROS production was significantly increased with 
increasing concentration and time of LPS exposure in HT22 

cells. In addition, Annexin V FITC/PI staining showed that 
apoptotic cells were significantly increased in LPS‑induced 
HT22 cells. These data indicated that LPS exposure could 
significantly increase ROS generation and cell apoptosis in 
HT22 cells, contributing to neuronal damage and becoming 
more serious with increasing concentration and time of LPS 
exposure.

Ginseng is a traditional Chinese medicine which has been 
used for thousands of years to improve the health of the elderly 
and delay ageing. Ginsenoside Rg1, a main active component, 
has neurotrophic, neuroprotective and anti‑ageing effects, and 
it has often been used to prevent neuronal damage by inhib‑
iting oxidative stress and inflammation (38,39). Additionally, 
it has been reported that Rg1 has anti‑senescence effects on 
neural stem cells and delays brain aging by activating the 
Wnt/β‑catenin signaling pathway (40). Rg1 can also protect 
PD mice (where PD is induced through continuous LPS injec‑
tions) by inhibiting the nuclear entry of NF‑κB and regulating 
the polarization balance of microglia (41). In the present study, 
the results showed that Rg1, tempol and apocynin treatments 

Figure 4. Effects of Rg1 on the expression levels of NLRP1, cleaved‑caspase‑1, IL‑1β, NF‑κB and p‑NF‑κB in LPS‑induced HT22 cells determined by 
western blotting. (A) The bands of NLRP1, cleaved‑caspase‑1, IL‑1β, NF‑κB and p‑NF‑κB in LPS‑induced HT22 cells. Quantitative analysis of (B) NLRP1, 
(C) cleaved‑caspase‑1, (D) IL‑1β, (E) NF‑κB, (F) p‑NF‑κB expression levels relative to the control and (G) p-NF-κB/NF-κB. Results are expressed as 
mean ± SD, n=3. *P<0.05; **P<0.01 vs. control group. #P<0.05; ##P<0.01 vs. LPS (10 mg/l) group. Rg1, ginsenoside Rg1; LPS, lipopolysaccharide; IL, inter‑
leukin, p‑, phosphorylated‑; NF‑κB, nuclear factor‑κB.
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significantly decreased LDH release, ROS generation and 
IL‑1β expression compared with the LPS group in HT22 cells. 
Meanwhile, the results indicated that Rg1, tempol or apocynin 
treatments significantly inhibited the expression of β‑Gal 
and alleviated LPS‑induced cell apoptosis in HT22 cells. All 
these data suggest that Rg1 treatment could effectively protect 

against LPS‑induced neuronal damage. However, the mecha‑
nism underlying the protective effects of Rg1 on LPS‑induced 
neuronal damage remains to be fully elucidated.

NADPH oxidase (NOX) belongs to a group of electron‑trans‑
porting transmembrane enzymes that contribute to ROS 
generation in many tissues (42) and it has been reported to be 

Figure 5. Effects of Rg1 on apoptosis in LPS‑induced HT22 cells. (A) Apoptotic cells were detected by Annexin V‑FITC/PI staining. Magnification, x200; 
scale bars, 50 µm. (B) Quantitative analysis of the early apoptotic cells relative to the control. (C) Quantitative analysis of the late apoptotic cells relative to the 
control. Results are expressed as mean ± SD, n=3. **P<0.01 vs. control group.  ##P<0.01 vs. LPS (10 mg/l) group. Rg1, ginsenoside Rg1; LPS, lipopolysaccharide.
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vital in the progression of neurodegenerative diseases, including 
AD (43). In turn, the accumulation of ROS also could upregulate 
NOX expression. It has been reported that H2O2 treatment can 
significantly increase NOX2 expression in PC12 cells, a cell line 
similar to neurons (44). NOX is a complex membrane protein 
that is composed of membrane subunits of catalyzed gp91phox 
(NOX2) and p22phox, several regulatory catalytic subunits of 
p40phox, p47phox, p67phox and the small GTPase Rac. NOX2 
is considered to be the major subtype of NOX in the brain, 
especially in neurons (45). A recent study suggested that inhibi‑
tion of NOX activity could be a viable neuroprotective strategy 
for brain injury and senescence (46). It has been reported that 
walnut polyphenol extract protects against malathion‑ or chlor‑
pyrifos‑mediated immunotoxicity and inhibits oxidative damage 
by modulating the TLRx‑NOX‑ROS signaling pathway (47). In 
the present study, the results indicated that the expression of 
NOX2, p22phox and p47phox were significantly increased in 
LPS‑induced HT22 cells. It was also seen that Rg1, tempol or 
apocynin treatment significantly decreased the expression of 
NOX2, p22phox and p47phox in LPS‑induced HT22 cells. It 
was speculated that Rg1, tempol or apocynin treatment might 
downregulate NOX2 expression by decreasing ROS accumula‑
tion. The detailed mechanism of Rg1 on the regulation of NOX2 
requires further study.

Increasing evidence suggests that inflammatory responses 
are an important feature and the leading cause of age-
associated neuronal damage (48). NLRP1 inflammasomes 
play a pivotal role in promoting inflammation throughout 
the body, and particularly in neurons (49,50). The NLRP1 
inflammasome is composed of NLRP1, apoptosis‑associated 

speck‑like protein (ASC) and procaspase‑1. ASC can interact 
with NLRP1 and procaspase‑1, and activate procaspase‑1 
to caspase‑1, which cleaves the pro‑IL‑1β to generate the 
mature form of IL‑1β (51). This effect can also be achieved 
by activating the NF‑κB signaling pathway, which promotes 
the transcription of inflammation‑associated genes, such 
as IL‑1β and IL‑6 (52). It has been reported that the inhibi‑
tion of NLRP3 inflammasome activity could significantly 
decrease tissue inflammatory damage and inhibit apoptosis 
in LPS‑induced acute kidney injury  (53). A recent study 
reported that Rg1 could attenuate LPS‑induced inflammation 
and apoptosis both in neonatal rat cardiomyocytes and septic 
mice and restore impaired cardiac function by blocking the 
TLR4/NF‑κB/NLRP3 pathway (54). It has been reported that 
excessive ROS generation can activate the NLRP1 inflamma‑
some and induce macrophage apoptosis in vitro and in vivo; 
although these effects can be significantly inhibited by 
pretreatment with ROS inhibitors (55). The latest study also 
showed that the inhibition of NOX significantly suppressed 
the production of pro‑inflammatory cytokines, both in vitro 
and in vivo (56). However, it is still unknown whether Rg1 can 
protect against neuronal damage by inhibiting the expression 
of NOX2 and NLRP1 inflammasomes in LPS‑induced HT22 
cells. In the present study, it was found that LPS treatment 
significantly increased the expression of NLRP1, IL‑1β, 
cleaved caspase‑1, NF‑κB and p‑NF‑κB in HT22 cells. The 
results also showed that Rg1, tempol and apocynin treatments 
significantly decreased the expression of NLRP1, IL‑1β, 
cleaved caspase‑1, NF‑κB and p‑NF‑κB in LPS‑induced 
HT22 cells. Tempol, similar to catalase, is often used as a 

Figure 6. Effects of Rg1 on the expression levels of Bax, Bcl‑2 and cleaved‑caspase‑3 in LPS‑induced HT22 cells determined by western blotting. (A) The 
bands of Bax, Bcl‑2 and cleaved‑caspase‑3 in LPS‑induced HT22 cells. Quantitative analysis of (B) Bcl‑2, (C) Bax and (D) cleaved‑caspase‑3 expression levels 
relative to the control. Results are expressed as mean ± SD, n=3. **P<0.01 vs. control group. #P<0.05; ##P<0.01 vs. LPS (10 mg/l) group. Rg1, ginsenoside Rg1; 
LPS, lipopolysaccharide.
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ROS scavenger in some models of neurodegeneration (57,58). 
Apocynin can inhibit NOX2 (IC50, ~10  µM) and NOX4 
(IC50, ~200 µM) to prevent ROS generation (59). The present 
results showed that Rg1 had a similar function to tempol and 
apocynin, suggesting that Rg1 might inhibit NLRP1 inflam‑
masome activation by inhibiting NOX2 activity, decreasing 
ROS production in LPS‑induced HT22 cells.

Apoptosis is a process of programmed cell suicide, which 
can be induced by senescence (60). It has been reported that 
both oxidative stress and inflammatory responses can induce 
cell apoptosis, which is involved in neuronal damage in neuro‑
degenerative diseases, such as AD. Liu et al (61) reported that 
the inhibition of hippocampal neuron apoptosis could protect 
against neuron damage in ischemic stroke. Phosphatidylserine 
(PS) is located on the inner side of the cell membrane and turns 
to the outer surface of the cell membrane in early apoptotic 
cells. Annexin V can bind to phosphatidylserine exposed on 
the outside of the membrane of early apoptotic cells. Propidium 
iodide (PI), a nucleic acid dye, cannot penetrate the membrane 
of normal cells or early apoptotic cells, but can stain the nucleus 
of late apoptotic cells (62). The present study results indicated 
that Rg1 and apocynin treatment could inhibit apoptosis, shown 
by a decrease in both early and late apoptotic cells. However, 
tempol (50 µM) treatment only showed a decrease in the early 
apoptotic cells in LPS‑induced HT22 cells. The doses of tempol 
used (50‑200 µM) are commonly used in vitro to protect against 
cell apoptosis (63). In the present study, a smaller dose of tempol 
(50 µM) was used, which may be the reason why only early 
apoptotic cells were inhibited. The B‑cell lymphoma‑2 (Bcl‑2) 
family is known for their regulatory effects on apoptosis, and 
contains the anti‑apoptotic gene, Bcl‑2, and the pro‑apoptotic 
gene, Bcl‑2 associated X protein (Bax). An increase in Bax 
can promote apoptosis, while an increase in Bcl‑2 can inhibit 
apoptosis. Caspase‑3, the most critical protease for promoting 
the apoptosis cascade, plays the final pivotal role in apoptotic 
pathways (64). The present results showed that LPS exposure 
significantly increased the expression of Bax and cleaved 
caspase‑3 and decreased the expression of Bcl‑2 in HT22 cells. 
However, treatment with Rg1, tempol or apocynin significantly 
decreased the expression levels of Bax and cleaved caspase‑3 
and increased the expression level of Bcl‑2 in LPS‑induced 
HT22 cells. The results suggested that Rg1 could alleviate 
LPS‑induced neuronal apoptosis via the regulation of the 
expression of Bax, Bcl‑2 and cleaved caspase‑3 in HT22 cells.

In summary, the present study demonstrated that LPS expo‑
sure could significantly induce neuronal damage and apoptosis 
in HT22 cells. Rg1 treatment could significantly alleviate 
neuronal damage and apoptosis, and the mechanisms may be 
associated with the inhibition of NOX2 and NLRP1 inflam‑
masome expression, since these were significantly increased 
in LPS‑induced HT22 cells. However, the present study only 
observed the protective effect of Rg1 on LPS‑induced neuronal 
damage in vitro, and the protective effect and mechanism 
in vivo warrant further investigation.
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