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Abstract
Our previous research found that activation of GPR55 can alleviate cognitive impairment induced by amyloid-beta 1–42 
(Aβ1-42) and streptozotocin in mice, but the role of GPR55 in the pathogenesis of cognitive impairment remains unknown. 
Here, we used a lipopolysaccharide (LPS) mouse model to further investigate the role and mechanism of O-1602, a GPR55 
agonist, on cognitive dysfunction. ICR mice were treated with an intracerebroventricular (i.c.v.) injection of LPS, followed by 
cognitive function tests. The expression of GPR55, NF-κB p65, caspase-3, Bax, and Bcl-2 in the hippocampus was examined 
by Western blotting. Inflammatory cytokines and microglia were detected by ELISA kit and immunohistochemical analyses, 
respectively. The levels of MDA, GSH, SOD, and CAT were examined by assay kits. Furthermore, TUNEL-staining was used 
to detect neuronal apoptosis. Our results showed that i.c.v. injection of LPS in mice exhibited impaired performance in the 
behavior tests, which were ameliorated by O-1602 treatment (2.0 or 4.0 μg/mouse, i.c.v.). Importantly, we found that O-1602 
treatment reversed GPR55 downregulation, decreased the expression of NF-κB p65, suppressed the accumulation of proin-
flammatory cytokines and microglia activation, increased the anti-inflammatory cytokines, and reduced the levels of MDA, 
increased the levels of GSH, SOD, and CAT in the hippocampus. In addition, O-1602 treatment also significantly reduced 
Bax and increased Bcl-2 expression as well as decreased caspase-3 activity and TUNEL-positive cells in the hippocampus. 
These observations indicate that O-1602 may ameliorate LPS-induced cognition deficits via inhibiting neuroinflammation, 
oxidative stress, and apoptosis mediated by the NF-κB pathway in mice.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease 
characterized by a decline in cognitive function (Huang 
and Mucke 2012). The cognitive decline includes impaired 
working memory, long-term memory, and cognitive flex-
ibility (Zhao et al. 2017). Previous studies have shown that 
neuroinflammation, oxidative stress, and apoptosis are the 
main processes in the development of cognitive impair-
ment (Butterfield and Halliwell 2019; Janelidze et al. 2018; 
Martini et al. 2019). Furthermore, neuroinflammation and 
oxidative stress work together to promote cognitive dys-
function (Zhu et al. 2019). However, the exact pathogenesis 
of the effects of neuroinflammation, oxidative stress, and 
apoptosis on cognitive function remains unclear.

Lipopolysaccharide (LPS) is an endotoxin isolated from 
bacteria that activates the immune system, causing behav-
ioral and memory disorders, neuroinflammation, and oxida-
tive brain damage (Tripathi et al. 2017; Zhang et al. 2018). 
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Previous studies have shown that intracerebroventricular 
(i.c.v) injection of LPS in the mouse brain has been effec-
tively used to establish animal models of cognitive impair-
ment (Wang et al. 2017; Zhang et al. 2018). I.c.v injection 
of LPS in mice produces cognitive impairment by promot-
ing proinflammatory cytokines expression and neuronal 
death (Bussi et al. 2017). Moreover, the neuroinflamma-
tory process is characterized by the activation of micro-
glia. Microglia, the brain’s resident innate immune cells, 
is an essential component of neuroinflammatory response 
(Fourrier et al. 2017). Overactivation of microglia can lead 
to neuronal death and the release of various neuroinflam-
matory mediators, such as inflammatory cytokines (Baik 
et al. 2019). Therefore, inhibition of microglia activation 
to reduce inflammatory factors is an important method for 
the treatment of cognitive impairment. Oxidative stress is 
a state in which oxidants produce an overwhelming anti-
oxidant defense, which is associated with the development 
of cognitive impairment (Tonnies and Trushina 2017). 
Increased oxidative stress can cause damage to lipids, DNA, 
and proteins, leading to decreased neuronal function (Tang 
et al. 2019). Oxidative stress is thought to upregulate the 
production of Aβ peptides by inducing β- and γ-secretase 
activity (Gandhi and Abramov 2012). In addition, LPS 
induces neuroinflammation and oxidative stress–mediated 
neuronal apoptosis by the activation of caspase (Goel et al. 
2018; You et al. 2017). Caspase-3 has been identified as a 
key mediator of apoptosis in neuronal cells (D'Amelio et al. 
2010). The pro-apoptotic molecule Bax can induce neu-
ronal cell death, while Bcl-2 possesses the opposite effect 
(Wang et al. 2020). Considerable evidence has shown that 
nuclear factor-κB (NF-κB) is a key transcription factor that 
regulates the expression of proinflammatory cytokines and 
the levels of oxidative stress in neurons (Gao et al. 2018). 
Thus, blocking NF-κB promotes cognitive function man-
agement by reducing neuroinflammation, oxidative stress, 
and apoptosis.

G-protein-coupled receptor 55 (GPR55) is an orphan 
G-protein-coupled receptor, which can be activated by 
endocannabinoids and lipid transmitters (Oka et al. 2007; 
Ryberg et al. 2007). The expression of GPR55 in mouse 
tissue has been reported in the nervous system including 
the hippocampus, though its function remains unknown 
(Sylantyev et al. 2013). GPR55 agonists have been shown 
to have a neuroprotective effect on Parkinson’s disease 
(Celorrio et al. 2017), anxiety (Rahimi et al. 2015), and 
pain perception (Deliu et al. 2015). In addition, it has been 
reported that activation of GPR55 can strongly protect from 
ER stress–induced apoptosis in pancreatic β-cells (Vong 
et al. 2019). The research reported that O-1602, a GPR55 
agonist, can decrease inflammation, improve glycemic con-
trol and energy expenditure (Lipina et al. 2019). However, 
it is unclear whether O-1602 can improve LPS-induced 

cognitive impairment in mice. Our previous studies have 
explored the role of GPR55 in Aβ1-42- and streptozotocin-
induced mouse models of cognitive impairment (Xiang 
et al. 2022a, b). Herein, we further extended our curiosity 
to investigate the role of GPR55 in LPS-induced cognitive 
deficits and neurotoxicity through drug-activated receptors, 
and to conclude whether the receptor could be an important 
target for the prevention of cognitive deficits.

Materials and Methods

Drugs and Reagents

O-1602 (5-Methyl-4-[(1R, 6R)-3-methyl-6-(1-cyclohexen-
1-yl]-1, 3-benzenediol) was from Intercept Pharmaceuti-
cals. LPS (Escherichia coli serotype 0111:B4) was from 
Sigma-Aldrich (St. Louis, USA). Antibodies were from 
several companies: anti-GPR55 from Abcam (Cambridge, 
USA); anti-NF-κB p65, anti-caspase-3, anti-Bcl-2, anti-
Bax, and anti-β-actin from Cell Signaling Technology, Inc 
(MA, USA). Anti-Histone H3 from Bioworld Technology 
Co., Ltd (Minneapolis, USA); anti-Iba1 from Cell Signal-
ing Technology, Inc (MA, USA). Goat anti-rabbit or anti-
mouse IgG-HRP (Beyotime, Shanghai, China) was used as 
the secondary antibody. The nucleoprotein extraction kit was 
from Sangon Biotech Co., Ltd (Shanghai, China). β-actin or 
Histone was used as the internal control for equal loading.

Animals

Male Institute of Cancer Research (ICR) mice, aged 6-week-
old and weighing between 25 and 28 g, were obtained from 
the Center of Laboratory Animal of Anhui Medical Uni-
versity. Mice were maintained under standard conditions 
(12-h-light/dark cycle, 07:00–19:00; ambient temperature, 
22 ± 1 °C; humidity, 40%) with a sufficient supply of food 
and water. The National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publications No. 
80–23, revised, 1996) was used for the experiments, and the 
experimental procedures were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Anhui Medi-
cal University.

Experimental Groups and Animal Treatments

Mice were randomly divided into four groups: vehicle plus 
vehicle (Veh + Veh), LPS plus vehicle (LPS + Veh), LPS 
plus O-1602 (LPS + O-1602 2.0 μg/mouse), and LPS plus 
O-1602 (LPS + O-1602 4.0 μg/mouse). A single i.c.v injec-
tion of LPS (2 mg/kg) was given using the stereotaxic appa-
ratus according to our previous report (Wu et al. 2019). Mice 
were anesthetized using chloral hydrate (350 mg/kg, i.p.) 
and immobilized on a stereotaxic instrument with a flat skull 
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position. The injection volume of 5 μl of LPS solution or 
PBS (1 μl/min) was inserted into the mediolateral at a site 
1.0 mm caudal to the bregma, 1.5 mm from the midline, and 
2.0 mm below the dural surface. The micropipettes were 
left in place for 5 min to minimize the back flux of liquid. 
After 3 days, PBS (5 μl) with or without O-1602 was infused 
into the same site. After 3 days of recovery, some of the 
mice were subjected to behavioral tests, and the other part of 
mice was subjected to biological tests. A detailed schedule 
of treatment and behavioral tests is shown in Fig. 1.

Behavioral Analysis

Locomotor activity was evaluated in an open field chamber. 
Learning and memory capacity was assessed using Morris 
water maze (MWM), novel object recognition (NOR), and 
passive avoidance tests as previously described (Wu et al. 
2018).

Open Field Test

Spontaneous locomotor activity was assessed by an open 
field test before the MWM test (Wu et al. 2019; Zhao et al. 
2017). The test was carried out in an open field chamber (72 
cm × 72 cm × 36 cm). Mice were placed in the center of the 
open field and allowed a 5-min acclimation period. For each 
trial, mice were placed in a corner of the device and allowed 
to explore for 5 min. The total distance and the time spent in 
central squares were recorded by an overhead video camera.

Morris Water Maze (MWM) Test

Spatial learning and memory function were assessed by 
the MWM test according to our previous studies (Wu et al. 
2018). The MWM consisted of a large circular black pool 
(120-cm diameter and 60-cm height) filled to a depth of 
30 cm with water at 24 ± 2 °C. The maze was divided into 
four quadrants, and a clear platform (9 cm in diameter) was 
placed inside. A mounted flag (height, 5 cm) was fixed to 

the platform throughout the visible-platform trial (days 1–2). 
Each mouse was subjected to four training sessions every 
day in both visible-platform and hidden-platform (days 3–5). 
Mice were released into the water facing the wall of the tank 
from one of four separate quadrants and were allowed to 
find the platform within 90 s. If a mouse failed to find the 
platform in time, the mouse would be guided to the platform. 
The mouse would be left on the platform to view spatial 
cues for 30 s, and then returned to the cage. In the probe 
test (day 6, without a flag attached), the mice were allowed 
to swim in the water tank for 90 s without the hidden plat-
form. The trend of the mouse to search for the platform was 
measured by the time spent in the target quadrant, where 
the platform was previously located. The number of target 
platform location crossings was recorded by video tracking 
equipment and processed by a computer equipped with an 
analysis-management system (ANY-maze video tracking 
system, stoelting Company, China).

Novel Object Recognition (NOR) Test

The recognition memory of mice was evaluated by the NOR 
test as described previously (Fruhauf et al. 2015; Wu et al. 
2018). Mice were placed in the center of the open field 
chamber (72 cm × 72 cm × 36 cm). First, mice completed an 
acquisition trial that consisted of leaving the animals in the 
apparatus that contained two identical objects. Twenty-four 
hours later, recognition memory was assessed and a different 
pair of dissimilar objects (a familiar and a novel one, respec-
tively) were presented. The time spent exploring the two 
objects was recorded for 5 min. Behavior was recorded by 
a video camera mounted vertically above the test arena and 
analyzed using appropriate video-tracking software (Duoyi, 
Shanghai, China).

Passive Avoidance Test

The passive avoidance test was carried out in a trough-
shaped apparatus consisting of a white illuminated chamber 

Fig. 1   Animal groups and the 
schedule of drug treatment and 
behavioral tests
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and a dark chamber (20 cm × 12 cm × 60 cm, respectively). 
On day 1, the training trial was performed for 5 min after a 
3-min adaption. When mice entered the dark chamber, an 
electric foot shock (40 V, 2 mA) was delivered. On day 2, 
the consolidation trial was performed for 5 min in the same 
way as training and the tracking system was started once 
mice were placed into the light chamber. The step-through 
latency and error times to enter the dark chamber were 
recorded (Reid et al. 2018; Wang et al. 2019).

Western Blot Analyses

Protein samples (40 μg) were added to the band and frac-
tionated by 12% SDS-PAGE and then transferred to poly-
vinylidene difluoride (PVDF) membrane (Millipore). 
Subsequently, membranes were incubated with 5% non-
fat milk containing 0.1%TBST to block nonspecific bind-
ing for 2 h at room temperature and then incubated at 4 °C 
overnight with respective primary antibodies for GPR55 
(1:500), caspase-3(1:1000), Bcl-2(1:1000), Bax(1:500), and 
β-actin(1:2000), respectively, followed by incubation with 
horseradish peroxidase (HRP)–conjugated Goat anti-Rabbit 
IgG secondary antibody (1:10,000, Bioworld Technology) 
at room temperature for 2 h. Nuclear proteins were extracted 
using nucleoprotein extraction (Sangon Biotech, China). The 
supernatant nuclear protein extract was subjected to Western 
blot for NF-κB p65 (1:1000) and Histone H3 (1:500). Finally, 
the protein bands were visualized using an enhanced chemi-
luminescence kit (Synthgene Biotech, Nanjing, China). The 
densities of the bands were quantified by using ImageJ.

Enzyme‑Linked Immunosorbent Assay (ELISA)

The homogenate was centrifuged and the supernatant was 
collected carefully and assayed by TNF-α, IL-1β, IL-6, and 
IL-10 ELISA kit (R&D Systems, Minneapolis, MN, US) 
according to the procedures supplied by the manufacturer 
(Wang et al. 2017).

Biochemical Parameter Assay

The hippocampus was rapidly dissected and homogenized. 
After the homogenate centrifugation, the supernatant was 
used to measure the levels of malondialdehyde (MDA), glu-
tathione (GSH), superoxide dismutase (SOD), and catalase 
(CAT) with assay kits (Beyotime Biotechnology Institute, 
Nantong, China) following with the manufacturer’s direc-
tions (Zhang et al. 2018).

Immunohistochemical (IHC) Analyses

The mouse brain tissue was cut into 30 μm and soaked in 
3% H2O2 for 30 min. The brain sections were permeabilized 

with 0.5% Triton X-100 for 10 min and then blocked with 
5% bovine serum albumin (BSA) for 1 h, and incubated with 
anti-iba1 (1:1000) primary antibody at 4 °C overnight. The 
next day, sections were incubated with biotinylated mouse 
anti-rabbit lgG and incubated with streptavidin–biotin complex 
(SABC). Diaminobenzidine (DAB) was used as the final chro-
mogen to detect the target proteins. After gradient dehydration, 
sections were covered with dibutyl phthalate xylene (DPX) 
mounting solution and covered with glass. Photomicrographs 
were obtained by camera and quantified using Image-Pro Plus 
software. The average values of the four slices from each ani-
mal were used for statistical analysis.

TUNEL Staining

TUNEL (Terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick-end labeling) staining was performed 
following the instructions of the in situ cell death detection 
kit (Roche, Germany). The sections were fixed in 4% PFA 
and then washed in PBS (pH 7.4). The sections were incu-
bated in permeabilization solution for 2 min on ice. TUNEL 
mixture was added to brain sections and incubated in a 
humidified chamber. Sections were incubated for 10 min in 
a dark place for DAPI staining. DAPI nuclear staining was 
used to determine the total number of cells in the given area. 
TUNEL-positive cells were determined by co-localization of 
the TUNEL signal and DAPI. The cells were observed with a 
fluorescence microscope under a fixed magnification (× 200) 
(Leica Microsystems AG, Germany). The number of TUNEL-
positive cells in the hippocampal DG region was recorded to 
evaluate the neuronal apoptosis level.

Statistical Analysis

The data are shown as mean ± standard error of the mean 
(SEM). Group differences were analyzed by a two-way 
repeated measure ANOVA with “days” as the within-subject 
factor and “group” as the between-subject factor in the MWM 
test. All other data were analyzed by a one-way ANOVA fol-
lowed by Dunnett’s post hoc analysis for multiple compari-
sons. All analyses were carried out using SPSS v20.0. P < 
0.05 was considered statistically significant.

Results

Effects of O‑1602 on LPS‑Treated Mice in the Open 
Field Test

To investigate the effects of O-1602 on spontaneous activity, 
mice were tested in the open field. The results showed that 
there was no significant difference among the groups in the 
total distance traveled (F[3, 44] = 0.39, P = 0.71; Fig. 2A), 
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and the time spent at the center (F[3, 44] = 0.24, P = 0.81; 
Fig. 2B), suggesting that the impaired performance was not 
due to a decrease in spontaneous locomotor activity.

O‑1602 Ameliorates Cognitive Deficits Induced 
by LPS in Mice

Next, we assessed the performance of mice in the visible-
platform variant (days 1–2) of the MWM test. Mice in each 
group exhibited similar escape latency (4 trials/mouse/day 
for 2 days, effect of day, F [3, 428] = 11.07, P < 0.05; effect 
of group, F [3, 428] = 1.05, P > 0.05; effect of group-by-day 
interaction, F [3, 428] = 0.07, P > 0.05; Fig. 3A). We then 
tested the mice in the spatial hidden-platform variant (days 
3–5), and the data indicated that LPS treatment increased 
escape latency compared to the control; these were reversed 
by O-1602 treatment (4 trials/d for 3 d, effect of day, F [3, 
620] = 13.01, P > 0.05; effect of group, F [3, 620] = 2.12, 
P > 0.05; effect of group-by-day interaction, F [3, 620] = 
0.02, P < 0.01; Fig. 3B). In the probe trial (1 trial/mouse 
for day 6), the data indicated that the mice in the LPS + 
Veh group displayed a significant decrease in the percentage 
of time spent in the target quadrant (F[3, 44] = 5.47, P < 
0.01; Fig. 3C), and the number of platform location cross-
ings (F[3, 44] = 6.38, P < 0.01; Fig. 3D) compared to the 
control, suggesting memory impairment in the LPS-treated 
mice. However, mice in the LPS plus O-1602 group showed 
significant increases in both indices compared to the LPS 
+ Veh group (Fig. 3C and D). In addition, all the mice had 
similar swim speeds in the 6 days tests (Fig. 3E).

To confirm the results observed in the MWM test, we 
also carried out the NOR and passive avoidance tests. The 
NOR test was used to determine the time spent with the 
novel object compared with the familiar object. The dis-
crimination index (DI) was calculated as mentioned earlier 
and shown in Fig. 3F reveals that the group that received 
LPS alone showed negative DI values, indicating non-
spatial memory impairment where the mice spent more 
time exploring the familiar object than the novel object(F 
[3, 44] = 4.15, P < 0.01; Fig. 3F). Notably, treatment with 

O-1602 showed a significant increase in DI compared with 
the LPS + Veh group (P < 0.05; Fig. 3F).

Furthermore, the mice were submitted to a passive 
avoidance task for detecting non-spatial learning and 
memory. In the consolidation trial, one-way ANOVA 
revealed that LPS-induced cognitive deficits were observed 
as shorter latency (F [3, 44] = 9.37, P < 0.01; Fig. 3G) 
and more error times in the dark chamber than the control 
group (F [3, 44] = 7.96, P < 0.01; Fig. 3H). Compared with 
the LPS-injected group, O-1602 treatment prolonged the 
latency and reversed the increase in error times (Fig. 3G 
and H). Together, these results suggest that LPS induced 
cognitive impairment, specifically a deficit in memory, 
which can be ameliorated by O-1602 treatment.

O‑1602 Reversed LPS‑Induced GPR55 
Downregulation in the Hippocampus

To confirm whether the protective effects of O-1602 on 
LPS-induced cognitive deficits were associated with 
GPR55, the expression of GPR55 in the hippocampus 
was detected by Western blot assay. Interestingly, one-way 
ANOVA revealed that LPS significantly reduced GPR55 
expression in the hippocampus, which was reversed by 
O-1602 treatment (F [3, 12] = 6.78, P < 0.01; Fig. 4A and 
B). These results suggest that GPR55 might be involved in 
cognitive deficits induced by LPS in mice.

O‑1602 Inhibits Oxidative Stress Induced by LPS 
in the Hippocampus

To investigate whether O-1602 has inhibitory effects on 
the oxidative stress induced by the i.c.v. injection of LPS in 
mice, we measured the levels of MDA, GSH, and the activi-
ties of SOD and CAT in the hippocampus. Our data indi-
cated that the MDA level in the hippocampus of LPS-treated 
mice was significantly higher than the normal control group 
(F [3, 12] = 6.15, P < 0.01; Fig. 5A). However, the GSH 
level in LPS-treated mice was greatly reduced compared to 

Fig. 2   Effects of O-1602 on 
LPS-treated mice in the open 
field test. (A) distance traveled, 
and (B) time spent in the 
center zone. Values shown are 
expressed as mean ± S.E.M; n 
= 10–12 mice/group
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the control group (F [3, 12] = 5.63, P < 0.01; Fig. 5B). Also, 
the SOD and CAT activities in the hippocampus of LPS-
treated mice were much lower than the control group (F [3, 
12] = 6.95, P < 0.01 for SOD, Fig. 5C; F [3, 12] = 4.81, P 
< 0.01 for CAT, Fig. 5D). After treatment, O-1602 could 
decrease the levels of MDA compared to the LPS-treated 
group, and increase the level of GSH and activities of SOD 
and CAT in the hippocampus.

O‑1602 Inhibits Neuroinflammation 
in the Hippocampus Induced by LPS

To assess the ability of O-1602 to protect against LPS-
induced neuroinflammation, the levels of TNF-α, IL-1β, 
and IL-6 in the hippocampus were detected by ELISA. 
One-way ANOVA revealed that the levels of TNF-α, IL-1β, 
and IL-6 were much higher in the LPS group compared 
with the control group, which was significantly suppressed 
by O-1602 treatment (F [3, 12] = 12.01, P < 0.01 for TNF-
α; Fig. 6A; F [3, 12] = 14.46, P < 0.01 for IL-1β; Fig. 6B; 
F [3, 12] = 9.15, P < 0.01 for IL-6; Fig. 6C). Subsequently, 
we investigated the expression of IL-10, which is an impor-
tant anti-inflammatory cytokine. The results showed that 
the level of IL-10 in the mice undergoing LPS administra-
tion was significantly decreased compared with the levels 
in the control group (F [3, 12] = 9.32, P < 0.01; Fig. 6D). 
However, O-1602 treatment could significantly increase 
its level in the hippocampus. These results suggest that 
O-1602 inhibited LPS-induced neuroinflammation in the 
hippocampus.

O‑1602 Prevents Microglia Activation 
in the Hippocampus Induced by LPS

Microglia are innate immune cells in the central nervous 
system. When activated, microglia can synthesize and 
secrete a variety of cytokines, which play an important 
role in cognitive impairment. The results showed that LPS 

caused obvious microglia activation in the mouse hippocam-
pal DG region (F [3, 12] = 5.92, P < 0.01 for the number 
of microglia cells, Fig. 7B; F [3, 12] = 6.35, P < 0.01 for 
IOD, Fig. 7C). This effect was significantly inhibited by 
O-1602 treatment, suggesting that O-1602 could suppress 
LPS-induced microglia activation in the hippocampus of 
the mice.

O‑1602 Decreased LPS‑Induced Neuronal Apoptosis 
in the Hippocampus

To examine whether O-1602 affected neuronal apopto-
sis, we performed a TUNEL assay in the hippocampal 
DG region of the mice. One-way ANOVA revealed that 
the numbers of TUNEL-positive cells in the hippocam-
pal DG region of the LPS + Veh group were significantly 
higher than in the control group (F [3, 12] = 9.39, P < 
0.01, Fig. 8B). However, O-1602 treatment decreased the 
number of apoptotic cells compared with the LPS + Veh 
group (Fig. 8B). The anti-apoptotic effects of O-1602 were 
further investigated by detecting apoptotic-related proteins 
in the hippocampus. The results showed that the expression 
of active caspase-3 was induced by LPS but decreased by 
O-1602 treatment. The expression of Bcl-2 protein was 

Fig. 3   O-1602 ameliorates LPS-induced cognitive impairment in 
mice. (A)The mean escape latency to the visible platform. Day 0 rep-
resents the performance of the first test, and subsequent dots represent 
the average of all daily tests in the MWW task. (B) Latencies to target 
in the training section of the hidden platform. (C)Time spent in the 
target quadrant (%), and (D) numbers of platform location crossings 
in the probe trial test on day 6. (E) Average swimming speed among 
all groups in the 6 days tests. (F) The time spent on the two objects 
was recorded (T familiar and T novel). Results were expressed as 
discrimination index (DI), i.e., (T novel—T familiar)/(T familiar + 
T novel). The step-through latency (G) and error times (H) into the 
dark chamber in the consolidation trial of the passive avoidance test. 
The data are represented as the mean ± SEM; n = 10–12. *P < 0.05, 
**P < 0.01 vs. LPS + Veh group

◂

Fig. 4   GPR55 expression was downregulated by LPS exposure and 
reversed by O-1602 treatment. (A) Representative bands of GPR55 
and β-actin on the gel and the expression of GPR55 normalized to 
that of β-actin as an internal control. (B) Quantification of GPR55 
was expressed as the ratio (in percentage) of the Veh + Veh group. 
The data are represented as the mean ± SEM; n = 4. *P < 0.05, **P < 
0.01 vs. LPS + Veh group
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significantly decreased in the LPS-treated mice while 
O-1602 treatment was able to restore Bcl-2 protein con-
tent to that comparable to the Veh + Veh group. The Bax 
expression was significantly less than that of LPS + Veh 
group, and the ratio of Bcl-2/Bax was markedly increased 

after O-1602 treatment (Caspase-3: F [3, 12] = 6.64, P 
< 0.01; Fig. 8D; Bcl-2/Bax: F [3, 12] = 7.94, P < 0.01; 
Fig. 8E). These data suggested that O-1602 may ameliorate 
the learning and memory ability by reducing LPS-induced 
hippocampal neuron apoptosis.

Fig. 5   O-1602 against LPS-
induced oxidative stress in the 
hippocampus. The level of 
MDA (A), GSH (B), SOD (C), 
and CAT (D). The data are rep-
resented as the mean ± SEM; n 
= 4. *P < 0.05, **P < 0.01 vs. 
LPS + Veh group

Fig. 6   O-1602 inhibited LPS-
induced neuroinflammation 
in mice. Quantification of (A) 
TNF-α, (B) IL-1β, and (C) IL-6, 
(D) IL-10. The data are repre-
sented as the mean ± SEM; n = 
4.*P < 0.05, **P < 0.01 vs. LPS 
+ Veh group

1663

1 3

Journal of Molecular Neuroscience  (2022) 72:1656–1669



O‑1602 Suppresses LPS‑Activated NF‑κB Signaling 
in the Hippocampus

NF-κB p65 regulates many target genes involved in the 
immune-inflammatory response, oxidative stress, and apop-
tosis (Fu et al. 2019; Lei et al. 2021). To investigate whether 
O-1602 is associated with LPS-activated NF-κB p65 signal-
ing, the expression of nuclear NF-κB p65 in the hippocampus 
was detected using the Western blot assay. Our data showed 
that the nuclear translocation of NF-κB p65 was significantly 
higher in the hippocampus of LPS-treated mice as compared 
with the control group. Interestingly, O-1602 treatment sig-
nificantly prevented the LPS-induced increased nuclear 
translocation of NF-κB p65 in the hippocampus (F [3, 12] = 
10.12, P < 0.01; Fig. 9A and B). This data suggest that inhi-
bition of the nuclear translocation of NF-κB may be a critical 
mechanism by which O-1602 mediates its protective effect 

against LPS-induced neuroinflammation, oxidative stress, 
and apoptosis in mice.

Discussion

This study showed that O-1602 prevented LPS-induced 
cognitive deficits, including deficits in spatial learning and 
memory. The behavioral tests were used as robust and reli-
able tests that reflect hippocampal-dependent learning and 
memory. In the hidden platform test of MWM, the escape 
latency of these mice was increased after LPS exposure. 
For the probe test, the LPS-induced mouse model showed 
a significant decrease in the time spent on the target quad-
rant and the number of target crossings. LPS treatment also 
caused a significant decline in DI. In the consolidation of the 
passive avoidance task, LPS-induced cognitive deficits were 
observed as shorter latency and more error times in the dark 

Fig. 7   O-1602 attenuates LPS-induced microglia activation in the 
hippocampus. (A) Representative images of Iba1-labeled activated 
microglia in the hippocampal DG region. The scale bar represents 

100 μm. (B) Quantification of the number of Iba1-positive cells, and 
(C) IOD. The data are represented as the mean ± SEM; n = 4. *P < 
0.05, **P < 0.01 vs. LPS + Veh group
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chamber in the mice. In addition, LPS treatment led to mem-
ory deficit with neuroinflammation, oxidative stress, and 
apoptosis in mice as evidenced by increased nuclear trans-
location NF-κB p65, elevated pro-inflammatory cytokines, 
activated microglia cells, decreased anti-inflammatory 
cytokines, increased MDA level, and decreased the level of 
GSH, SOD, and CAT, and increased TUNEL-positive cells, 
activation of caspase-3, decreased the ratio of Bcl-2/Bax 
in the hippocampus. Importantly, we also found that LPS 
treatment decreased GPR55 expression in the hippocampus. 
However, O-1602 significantly inhibited such adverse cogni-
tive and biochemical changes induced by the i.c.v. injection 
of LPS in mice. Overall, these suggest that O-1602 may 
have the potential to protect against LPS-induced cognition 
impairments in mice.

The GPR55 receptor can regulate energy balance and 
glucose homeostasis (Wargent et al. 2020). However, more 
attention has been given to their role in central nervous sys-
tem diseases. It has been reported that GPR55 agonist exerts 
an anxiolytic-like effect (Wrobel et al. 2020). Most prob-
ably, GPR55 also participates in hippocampal plasticity and 

may play an important role in the modulation of memory 
and learning (Hurst et al. 2017). Increasing evidence indi-
cates that neuroinflammation may play a crucial role in the 
development of memory deficits (Wu et al. 2017; Zhao et al. 
2019). It has been reported that the ROS system is associ-
ated with the pathology that results from neuroinflammation 
(Khan et al. 2016). LPS, a stressor produced by gut micro-
biota, impairs memory and induces inflammatory responses 
in the hippocampus (Pintado et al. 2012). LPS has been 
widely used to study neuroinflammation-associated behav-
ioral and pathological changes in the brain of animal mod-
els. Many studies have found i.c.v. administration of LPS in 
mice produces cognitive impairment by expression of pro-
inflammatory cytokines and neuronal death. This method 
can be effectively used as an animal model for AD (Lee et al. 
2017; Liu et al. 2018; Zhao et al. 2017). Our previous study 
found that activation of GPR55 can improve Aβ1-42 and 
streptozotocin-induced neuroinflammation in mice, but it is 
still unclear whether it can improve LPS-induced neuroin-
flammation (Xiang et al. 2022a, b). Therefore, in this study, 
we continued to explore the functional role of GPR55 in a 

Fig. 8   O-1602 alleviates LPS-induced neuronal apoptosis in the hip-
pocampus. (A) Representative images of TUNEL-positive cells in the 
hippocampal DG region. Scale bar = 100 μm. (B) The apoptotic bod-
ies were expressed as a percentage of the total number of cells and 
were expressed as the ratio (in percentage) of the Veh + Veh group. 
(C) Representative bands of Pro-caspase-3, cleaved caspase-3, Bax 
and Bcl-2, and β-actin on the gel and the expression of pro-caspase-3, 

cleaved caspase-3, Bax and Bcl-2 normalized to that of β-actin as an 
internal control. (D) Caspase-3 activation was expressed as the ratio 
of the caspase-3 fragment to pro-caspase-3. (E) The ratio of Bcl-2/
Bax was expressed as the ratio (in percentage) of the Veh + Veh 
group. The data are represented as the mean ± SEM; n = 4. *P < 
0.05, **P < 0.01 vs. LPS + Veh group
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model of LPS-induced neuroinflammation in mice. Consist-
ent with previous studies, we found that activation of GPR55 
ameliorates LPS-induced neuroinflammation in mice.

The expression of several inflammatory genes such as 
inflammatory cytokines can be regulated by NF-κB acti-
vation. NF-κB is an important transcription factor that is 
involved in pro-inflammatory gene activation as well as 
other gene regulations (Goel et al. 2018). Furthermore, 
NF-κB signaling enhances apoptosis, and inhibition of 
NF-κB not only protracts inflammatory responses but also 
prevents apoptosis. We speculate that the anti-inflammation 
effect of O-1602 might be mediated through the NF-κB sign-
aling pathway. Microglia, the brain’s resident immune cells, 
have been discovered to play an important role in neuroin-
flammation (Heppner et al. 2015; Unger et al. 2018). Thus, 
inhibition of activated microglia cells can help to amelio-
rate the severity of neuroinflammation. In this study, O-1602 
treatment improved neuroinflammation by inhibiting inflam-
matory signaling molecule (NF-κB p65) and the microglia 
activation in the hippocampus of LPS-exposed mice.

Activated microglia are the major source of ROS in the 
brain (Block et al. 2007). To detect oxidative stress dur-
ing neuroinflammation induced by LPS and to verify the 
antioxidative effect of O-1602, we measured the level of 
MDA and GSH, and the activities of SOD and CAT in the 
hippocampus. In this study, treatment with O-1602 attenu-
ated the LPS-induced increase in MDA and decrease in the 
activities of SOD and CAT and the level of GSH in the hip-
pocampus. This result agrees with the evidence that sug-
gests that ROS-induced oxidative stress is one of the most 
common toxic mechanisms. Furthermore, ROS is capable of 
modulating gene expression. ROS may trigger the genera-
tion of cytokines and participate in inflammatory signaling. 

Fig. 9   O-1602 suppresses LPS-activated NF-κB signaling in the hip-
pocampus. (A) NF-κB p65 and Histone H3 protein bands on the gel 
and the expression of NF-κB p65 normalized to that of Histone H3 as 
an internal control. (B) Quantification of NF-κB p65 was expressed 
as the ratio (in percentage) of the Veh + Veh group. The data are rep-
resented as the mean ± SEM; n = 4. *P < 0.05, **P < 0.01 vs. LPS + 
Veh group

Fig. 10   Schematic representa-
tion illustrating the mechanism 
of O-1602 on its neuroprotec-
tive effects
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In addition, NF-κB is central to the acquisition of the pro-
inflammatory phenotype, and it is particularly sensitive to 
ROS (Zhang et al. 2018). It has been reported that GPR55 
expression was observed in microglia (Saliba et al. 2018), 
and inhibition of NF-κB transcriptional activity in the micro-
glia nucleus suppressed proinflammatory cytokine expres-
sion. Thus, our results demonstrated that O-1602 attenuated 
inflammatory oxidative stress.

Previous studies have shown that apoptosis plays an impor-
tant role in the progression of AD (Gandhi and Abramov  
2012; Lei et  al. 2021). LPS-induced neuroinflammation 
enhances apoptotic neurodegeneration (Lee et al. 2013). Early 
cell changes that occur during apoptosis are mediated by the 
Bcl-2 family of proteins, including the anti-apoptotic Bcl-2 
and pro-apoptotic Bax (Goel et al. 2018). Caspase-3 is con-
sidered to be an important feature of apoptosis in neuronal 
cells. Activation of caspase-3 leads to the death of neuronal 
cells (Clark et al. 2000). In this study, the results are con-
sistent with previous findings. Our results showed that after 
exposure to LPS, the expression of Bcl-2 protein decreased; 
while the expression of Bax increased. Furthermore, treat-
ment with O-1602 downregulated the expression of Bax and 
upregulated the expression of Bcl-2, and mitigated caspase 
3 activity and the number of apoptotic cells in LPS-treated 
mice. The results suggest that O-1602 may improve cognitive 
dysfunction by reducing LPS-induced neuronal apoptosis in 
the hippocampus.

Conclusion

In summary, as shown in Fig. 10, our study indicates that 
GPR55 agonist O-1602 displays neuroprotective effects 
on LPS-induced memory impairment, neuroinflammation, 
oxidative stress, and apoptosis via inhibition of the NF-κB 
pathway in mice. Combined with our previous studies, we 
speculate that GPR55 may be a potential regulator of AD-
related phenotypes, and suggest that this receptor may be a 
therapeutic target for the prevention and treatment of AD.
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