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Abstract. Women experience cognitive decline as they 
age due to the decrease in estrogen levels following meno‑
pause. Currently, effective pharmaceutical treatments for 
age‑related cognitive decline are lacking; however, several 
Traditional Chinese medicines have shown promising effects. 
Lycium barbarum polysaccharides (LBPs) were found to exert 
a wide variety of biological activities, including anti‑inflam‑
matory, antioxidant and anti‑aging effects. However, to the 
best of our knowledge, the neuroprotective actions of LBP on 
cognitive impairment induced by decreased levels of estrogen 
have not yet been determined. To evaluate the effects of LBP 
on learning and memory impairment in an animal model of 
menopause, 45 female ICR mice were randomly divided into 
the following three groups: i) Sham; ii) ovariectomy (OVX); 
and iii) OVX + LBP treatment. The results of open‑field and 
novel object recognition tests revealed that mice in the OVX 
group had learning and memory impairments, and lacked 
the ability to recognize and remember new objects. Notably, 
these deficits were attenuated following LBP treatment. 
Immunohistochemical staining confirmed the protective 
effects of LBP on hippocampal neurons following OVX. To 
further investigate the underlying mechanism of OVX in mice, 
mRNA sequencing of the hippocampal tissue was performed, 
which revealed that the Toll‑like receptor 4 (TLR4) inflam‑
matory signaling pathway was significantly upregulated in the 
OVX group. Moreover, reverse transcription‑quantitative PCR 
and immunohistochemical staining demonstrated that OVX 

induced hippocampal injury, upregulated the expression levels 
of TLR4, myeloid differentiation factor 88 and NF‑κB, and 
increased the expression of TNF‑α, IL‑6 and IL‑1β inflam‑
matory factors. Conversely, LBP treatment downregulated the 
expression levels of mRNAs and proteins associated with the 
TLR4/NF‑κB signaling pathway, decreased the inflammatory 
response and reduced neuronal injury in mice that underwent 
OVX. In conclusion, the findings of the present study indicated 
that oral LBP treatment may alleviate OVX‑induced cogni‑
tive impairments by downregulating the expression levels 
of mRNAs and proteins associated with the TLR4/NF‑κB 
signaling pathway, thereby reducing neuroinflammation and 
damage to the hippocampal neurons. Thus, LBP may represent 
a potential agent for the prevention of learning and memory 
impairments in patients with accelerated aging caused by 
estrogen deficiency.

Introduction

Aging is a complex process characterized by a progressive 
loss of functions; in particular, learning and memory impair‑
ments (1). In women, decrease in estrogen levels is an important 
component of the aging following menopause, and brain and 
endocrine aging occur simultaneously and are closely associ‑
ated with cognitive impairment and pathological states (2‑6).

Inflammation was discovered to be a biomarker of both 
normal and accelerated aging (7). The cells and tissues of 
older organisms tend to have higher levels of inflammatory 
markers, which can lead to low, aseptic, and chronic inflam‑
matory conditions (8,9). This phenomenon has been defined 
as immune aging and is associated with numerous types of 
age‑related diseases, such as cancer, cardiovascular disease, 
and neurodegenerative diseases (10‑15). Neuroinflammation 
is a common feature of the majority of central nervous system 
(CNS) diseases, and has been discovered to cause cognitive 
impairments (16,17). Aging was reported to influence neuro‑
inflammatory responses by promoting the release of a large 
number of neuroinflammatory cytokine levels, such as IL‑1, 
IL‑6, IL‑8, transforming growth factor‑β (TGFβ), TNF‑α, and 
activating immune system cells involved in the regulation of 
neurogenesis, synaptic plasticity, neuronal survival and other 
critical processes. These changes, in turn, were demonstrated 
to affect cognitive functions (18‑20).
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The effect of estrogen replacement therapy on aging‑related 
changes in cognition remains controversial  (2). Therefore, 
a variety of natural polysaccharides from functional and 
medicinal foods have attracted considerable attention due to 
their significant pharmacological activities (21). For example, 
the polysaccharides of Pleurotus bisporus were reported 
to have antioxidant and anti‑aging effects (22), Sargassum 
polysaccharide exerted numerous pharmacological activi‑
ties, including antioxidative proinflammatory, anti‑aging and 
anti‑fatigue effects  (23) and Cordyceps sinensis polysac‑
charides were demonstrated to exert significant antioxidant 
and anti‑aging activities (24). As an edible Chinese herbal 
medicine, Lycium barbarum polysaccharides (LBPs) have 
been reported to exert antioxidant and neuroimmune regula‑
tory functions (25,26), in addition to anti‑inflammatory and 
anti‑aging effects (26‑28). However, although the benefits of 
LBPs have been reported, their effects on learning and memory 
during the aging process induced by estrogen deficiency are 
poorly understood, at least to the best of our knowledge.

Ovariectomized (OVX) rodents are useful models for 
neurocognitive impairments caused by decreased estrogen 
levels in women (29‑31). Hence, the present study aimed to 
investigate the therapeutic effects of LBP on neuroinflamma‑
tion and the potential mechanisms underlying its effects using 
an ovariectomy (OVX) mouse model.

Materials and methods

Animals studies. A total of 45 female ICR mice (age, 12 weeks; 
weight, 22‑25 g) were purchased from the Laboratory Animal 
Services Center of Ningxia Medical University [Yinchuan, 
China; animal license no. SCXK (Ning) 2015‑0001]. Mice 
were housed under standard laboratory conditions at room 
temperature (22±2˚C) and 30‑60% humidity, with a 12‑h 
light/dark cycle. Food and water were available ad libitum. 
Body weight (BW), food and water intake were measured 
weekly. The present study was conducted in accordance with 
the 2011 Guidelines for the Protection and Use of Experimental 
Animals (National Research Council of the National 
Academies), and approved by the Animal Ethics Committee 
of General Hospital of Ningxia Medical University, Ningxia, 
China (approval no. 2020‑449).

OVX model induction and LBP treatment. Mice were 
randomly divided into sham (15 mice) and OVX (30 mice) 
groups. After adaptive feeding for 1 week, OVX was performed 
in mice in the OVX group as previously described (32). Briefly, 
mice were deeply anesthetized with an intraabdominal injec‑
tion of 50 mg/kg sodium pentobarbital prior to the operation, 
and an ~4x4‑cm2 area of hair was removed from the middle 
of the back. A 2‑3‑cm midline incision was made through the 
skin along the dorsal midline, both ovaries were removed and 
then the muscle and skin incisions were sutured. Sham mice 
received anesthesia and underwent the skin and abdominal 
incision without OVX. Mice were allowed to recover for 
7  days prior to further experimentation. OVX mice were 
subsequently randomly divided into the OVX (15 mice) and 
OVX + LBP (15 mice; 100 mg/kg/d) (cat.  no. RL190914; 
Xi'an Realin Biotechnology Co., Ltd.; http://ch.xarealin.com/) 
groups. The mice in the OVX + LBP group received daily 

intragastric feeding with 10 ml/kg LBP solution (10 mg/ml). 
Both the sham and OVX groups were administered with 
10 ml/kg/day distilled water. The administration period of this 
experiment lasted for 24 weeks.

Open field test. All mice were individually placed in the open 
field (length x width x height: 50x50x50 cm) for 10 min. The 
total time taken to enter the central area, the total distance of 
open land covered and the total number of times the mouse 
crossed the central square were recorded using an automatic 
tracking system (Smart 3.0; Panlab; https://www.rwdls.com/). 
Throughout the experiment, the environmental noise level was 
<50 dB.

Novel object recognition test. The experiment was divided 
into three stages, and each mouse performed the experi‑
ment alone. In the first stage, mice were able to move freely 
in the new object recognition test box for 10 min and no 
objects were placed in the test box. In the second stage, the 
mice were placed into the test box with two identical square 
objects (A and B), and in the third stage, a square object (B) 
was replaced with a conical object (C) to recorded as EA (A) 
and EB (B) as the total exploration time of the two objects 
(Fig. 1A). The discriminant index (DI) was calculated using 
the following formula: DI = EB ‑ EA/(EA + EB), in which the 
DI value was >0.5 if the mice showed tendencies of exploring 
novel objects. The preference index (PI), which reflects the 
ability of mice to explore new objects, was calculated using 
the following formula: PI = EB/(EA + EB).

Preparation of mouse brain samples. At 36 weeks old, all 
mice were euthanized with 200 mg/kg sodium pentobarbital. 
Then brains were immediately dissected and the hippocampus 
was isolated. Then, half the brains from each group were fixed 
in 4% paraformaldehyde (LEAGENE®; http://www.leagene.
com/) for 24 h at 4˚C, dehydrated in an ascending series of 
alcohol and embedded in paraffin. Paraffin‑embedded tissues 
were cut into 4‑µm‑thick sections, washed with 1X PBS at 
room temperature and deparaffinized in xylene before under‑
going routine histology and immunohistochemical analysis. 
The remaining brains from each group were preserved in 
liquid nitrogen for mRNA sequencing, western blotting and 
reverse transcription‑quantitative PCR (RT‑qPCR) analysis.

ELISA. Blood was collected from mice in each group into 
1.5‑ml centrifuge tubes, maintained at room temperature for 
2 h and centrifuged at 1,000 x g for 20 min at 4˚C to obtain 
the serum for ELISA analysis. The concentration of estrogen 
in the serum of mice was measured using an ELISA detection 
kit (cat. no. SU‑B20462; Quanzhou Konodi Biotechnology 
Co., Ltd.; http://www.qzkndbio.com/), according to the manu‑
facturer's protocol. The optical density was measured at a 
wavelength of 450 nm using a microplate reader (Varioskan™ 
LUX; Thermo Scientific™; Thermo Fisher Scientific, Inc.). 
Linear regression equations were used to analyze the results.

mRNA library construction and RNA sequencing. Total RNA 
was isolated and purified using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. The concentration and purity of RNA from each 
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sample were quantified using NanoDrop ND‑1000 spectropho‑
tometer (Thermo Fisher Scientific, Inc.). RNA integrity was 
assessed using a Bioanalyzer 2100 (Agilent Technologies, Inc.) 
with an RNA integrity of >7.0, and the findings were confirmed 
via electrophoresis with denaturing agarose gel. Poly(A) RNA 
was purified from 1 µg of total RNA using Dynabeads Oligo 
(dT)25‑61005 (Thermo Fisher Scientific, Inc.) following 
two rounds of purification. Then, the poly (A) RNA was 
fragmented into small pieces using a NEBNext® Magnesium 
RNA Fragmentation Module (cat. no. e6150; New England 
BioLabs, Inc.) for 5‑7 min at 94˚C. The cleaved RNA frag‑
ments were subsequently reverse transcribed into cDNA using 
SuperScript™ II Reverse Transcriptase (cat. no. 18064014; 
Invitrogen; Thermo Fisher Scientific, Inc.) according to the 

manufacturer's protocol, which was then used to synthesize 
U‑labeled second‑stranded DNA with DNA Polymerase  I 
(E. coli) (cat. no. m0209; New England BioLabs, Inc.), RNase 
H (cat. no. m0297; New England BioLabs, Inc.) and dUTP 
solution (cat. no. R0133; Thermo Fisher Scientific, Inc.). An 
A‑base was then added to the blunt ends of each strand to 
prepare them for ligation to the 18064014 indexed adapters; 
each adapter contained a T‑base overhang for ligating the 
adapter to the A‑tailed fragmented DNA. Single‑ or dual‑index 
adapters were ligated to the fragments, and size selection was 
performed using AMPureXP beads (cat. no. A63881; Beckman 
Coulter, Inc.). After the U‑labeled second‑stranded DNA was 
treated with a heat‑labile UDG enzyme (cat. no. m0280; New 
England BioLabs, Inc.), the ligated products were amplified 

Figure 1. Effects of LBP on non‑spatial learning, recognition and memory function in OVX model mice. (A) Schematic diagram of the novel object recognition 
test. (B) Representative images of motion trajectories in the sham, OVX and OVX + LBP groups. (C) The DI values of the sham, OVX and OVX + LBP groups. 
(D) The PI values of the sham, OVX and OVX + LBP groups. All data are expressed as the mean ± SEM of 6‑7 mice in each group. Data were analyzed using 
a one‑way ANOVA and an LSD post hoc test. *P<0.05 vs. the OVX group. LBP, Lycium barbarum polysaccharide; OVX, ovariectomy; DI, the discriminant 
index; PI, the preference index. 
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via PCR using the following thermocycling conditions: Initial 
denaturation at 95˚C for 3 min, followed by eight cycles of 
denaturation at 98˚C for 15 sec, annealing at 60˚C for 15 sec 
and extension at 72˚C for 30 sec; and a final extension at 72˚C 
for 5 min. The average insert size for the final cDNA library 
was 300±50‑bp. Finally, the 2x150‑bp paired‑end sequencing 
(PE150) was performed on an Novaseq™ 6000 system 
(Illumina, Inc.) according with the manufacturer's protocol.

Cutadapt software (https://cutadapt.readthedocs.
io/en/stable/, version:cutadapt‑1.9) was used to remove 
reads that contained adaptor contamination (command line: 
cutadapt ‑a ADAPT1 ‑A ADAPT2 ‑o out1.fastq‑p out2.fastq 
in1.fastq in2.fastq ‑O 5‑m100). After removing low‑quality 
and undetermined bases, HISAT2 software (https://daehwan‑
kimlab.github.io/hisat2/; version, hisat2‑2.0.4) was used to 
map reads to the genome (for example, Homo sapiens Ensembl 
v96; command line: ~hisat2 ‑1 R1.fastq.gz ‑2 R1.fastq.gz ‑S 
sample_mapped.sam). The mapped reads of each sample 
were assembled using StringTie (http://ccb.jhu.edu/soft‑
ware/stringtie/; version, stringtie‑1.3. 4d.Linux_x86_64) with 
default parameters (command line: ~stringtie‑p4‑G genome. 
gtf‑o output. gtf‑l sample input. bam). Then, transcriptomes 
from all samples were merged to reconstruct a comprehen‑
sive transcriptome using gffcompare software (http://ccb.jhu.
edu/software/stringtie/gffcompare.shtml; version, gffcom‑
pare‑0.9.8. Linux_x86_64). After the final transcriptome 
was generated, StringTie and ballgown (http://www.biocon‑
ductor.org/packages/release/bioc/html/ballgown.html) were 
used to estimate the expression levels of all transcripts and 
to determine mRNA expression based on fragments per 
kilobase of exon (FPKM) using the following equation: 
FPKM = [total_exon_fragments/mapped_reads (millions) 
x exon_length (kB); command line: ~stringtie‑ ‑B‑p4‑G 
merged.gtf‑osamples.gtf samples.bam]. Differentially 
expressed genes (DEGs) with fold changes of >2 or <0.5 
and P<0.05 were selected using the R package, edgeR 
(https://bioconductor.org/packages/release/bioc/html/edgeR.
html) or DESeq2 (http://www.bioconductor.org/pack‑
ages/release/bioc/html/DESeq2.html) (33,34). Gene Ontology 
(GO) (35) functional term and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (36) signaling pathway enrichment 
analyses were then used to evaluate DEGs.

RT‑qPCR. Total RNA from hippocampal tissues was 
extracted using TRIzol® reagent (Invitrogen™; Thermo 
Fisher Scientific, Inc.). Total RNA was reverse tran‑
scribed into cDNA using a PrimeScript™ RT reagent kit 
(cat. no. RR047A; Takara Biotechnology Co., Ltd.) at 37˚C 
for 15 min and 85˚C for 5 sec, and then maintained at 4˚C. 
qPCR was performed using a PerfectStart™ Green qPCR 
Super Mix (cat.  no.  AQ601; Beijing TransGen Biotech 
Co., Ltd.) on a CFX96™ Real‑Time PCR detection system 
(Bio‑Rad Laboratories, Inc.). The following thermocycling 
conditions were used for the qPCR: Initial denaturation at 
94˚C for 30 sec, followed by 40 cycles of annealing at 94˚C 
for 5 sec, and extension at 60˚C for 30 sec. GAPDH was 
used as the endogenous reference gene for normalizing 
Toll‑like receptor 4 (TLR4), myeloid differentiation factor 88 
(MyD88), NF‑κB, IL‑1β, IL‑6 and TNF‑α expression in the 
mouse hippocampus. The sequences of the primers used for 

the qPCR are presented in Table  I. The expression levels 
were quantified using the 2‑∆∆Cq method (37).

Histopathological analysis. The paraffin sections were cut to 
a thickness of 4‑µm, stored at 60˚C for 2 h and then deparaf‑
finized with xylene at room temperature. The sections were 
subsequently rehydrated with a descending alcohol series at 
room temperature (anhydrous ethanol I, 5 min; anhydrous 
ethanol II, 5 min; 95% alcohol, 5 min; 85% alcohol, 5 min; 
and 75% alcohol, 5 min). The sections were hydrated with tap 
water for 3 min and then stained with a hematoxylin and eosin 
(H&E) staining kit (cat. no. DH0006; LEAGENE®; http://www.
leagene.com/). Briefly, the sections were stained with hema‑
toxylin for 5 min at room temperature, washed with tap water 
for 10 min, differentiated with 1% hydrochloric acid alcohol 
differentiation for 2‑3 sec, washed with water for 15 min and 
stained with eosin dye solution for 5 min at room temperature. 
The sections were then dehydrated with an ascending gradient 
alcohol series at room temperature (70% alcohol, 1 min; 80% 
alcohol, 1 min; 90% alcohol, 1 min; 95% alcohol, 5 min; 
anhydrous ethanol I, 10 min; anhydrous ethanol II, 10 min; 
and ethanol III, 5 min) and deparaffinized with xylene (CAS 
no. 1330‑20‑7; Tianjin Damao Chemical Reagent Factory) at 
room temperature (xylene I, 10 min; xylene II, 10 min; and 
xylene III, 10 min). The slices were sealed with neutral balsam 
(CAS no. 96949‑21‑2; Beijing Solarbio Science & Technology 
Co., Ltd.) and dried in a ventilation cabinet. A 200‑fold image 
of CA1 and CA3 was captured (DP73; Olympus Corporation) 
to view the organization and structure. Neuronal damage was 
rated in accordance with this scoring criteria proposed by 
Shi et al (38).

Nissl staining. Nissl staining was performed to evaluate the 
extent of neuronal damage in the hippocampus. The paraffin 
sections of the brain were cut into 4‑µm thick sections and the 
methods of deparaffinization, rehydration and hydration were 
performed as described for H&E staining. Then, after rinsing 
the sections with 1X PBS, the sections were stained with 
0.1% cresol purple dye (CAS no. 10510‑54‑0; Beijing Solarbio 
Science & Technology Co., Ltd.) for 30 min at room tempera‑
ture, washed with distilled water and differentiated with 
0.5% acetic acid solution for 2‑3 sec (CAS no. 64‑19‑7; Xiya 
Reagent®: http://www.xiyashiji.com/) at room temperature. 
Subsequent steps, including dehydration, xylene transparency 
and neutral gum sealing were performed as described for H&E 
staining. Images were captured of CA1 and CA3 (200 and 
400‑fold) (DP73; Olympus Corporation) to view the organiza‑
tion and structure. The Nissl body counts in the hippocampal 
CA1 and CA3 regions from each animal were calculated using 
Image Oro‑Plus 6.0 software (Media Cybernetics, Inc.).

Immunohistochemical analysis. Immunohistochemical 
analyses were performed to analyze the expression of TLR4, 
MyD88, NF‑κB, TNF‑α, IL‑6 and IL‑1β in paraffin‑embedded 
brain tissue sections (4‑µm thick). The methods of deparaf‑
finization, rehydration and hydration of the paraffin sections 
were performed as described for H&E staining, and sections 
were subsequently washed with 1X PBS. Antigen retrieval 
was performed via incubation with citrate buffer (pH 6.0; 
cat. no. s8220; Beijing Solarbio Science & Technology Co., 
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Ltd.) in a microwave oven for 10 min, the endogenous peroxi‑
dase activity was blocked with 3% H2O2 (CAS no. 7722‑84‑1; 
Aikeshiji) for 10  min at room temperature and blocking 
for non‑specific binding was subsequently performed with 
10% goat serum (cat. no. SL038; Beijing Solarbio Science 
& Technology Co., Ltd.) for 1 h at room temperature. The 
brain tissues were then incubated with the following primary 
antibodies at 4˚C overnight: Anti‑MyD88 (cat. no. WL02494; 
1:200), anti‑NF‑κB (cat.  no.  WL01980; 1:200), anti‑IL‑6 
(cat. no. WL02841; 1:200), anti‑TNF‑α (cat. no. WL01896; 
1:200), anti‑IL‑1β (cat. no. WLH3903; 1:200) (all Wanleibio 
Co., Ltd.) and anti‑TLR4 (cat. no. ab22048; Abcam; 1:100). 
Following the primary antibody incubation, the sections 
were incubated with HRP‑conjugated secondary antibodies 
(code  nos.  115‑035‑003, 1:200; and 111‑035‑003, 1:500; 
Jackson ImmunoResearch Laboratories, Inc.) for 2 h at room 
temperature. The sections were then incubated with a DAB 
staining kit (cat. no. DAB‑1031; MXB Biotechnology) and 
counterstained with hematoxylin for 60 sec at room tempera‑
ture. Finally, the sections were rinsed in purified water for 
60  sec and observed under a light microscope (400‑fold) 
(DP73; Olympus Corporation). Protein expression was calcu‑
lated using Image pro‑Plus 6.0 software.

Western blotting. Total protein was extracted from mouse 
hippocampal tissue using a total protein extraction kit 
(cat. no. KGP2100; Nanjing KeyGen Biotech Co., Ltd.). Total 
protein was quantified using a BCA kit (cat. no. KGP902; 
Nanjing KeyGen Biotech Co., Ltd.) and 30‑50 µg protein 
per lane was separated via SDS‑PAGE using a 10% PAGE 
Gel Fast Preparation kit (cat. no. PG112; Shanghai EpiZyme 
Biotech Co., Ltd.; http://www.epizyme.cn/). The separated 
proteins were subsequently transferred onto a polyvinylidene 
fluoride membrane (cat.  no.  IPVH00010; Immobilon®‑P; 
Merck KGaA) and blocked with 5% skimmed milk powder 
at room temperature for 2 h. The membranes were incubated 
with the following primary antibodies overnight at 4˚C on a 
shaker: Anti‑TLR4 (cat. no. WL00196; Wanleibio Co., Ltd.; 
1:1,000), anti‑NF‑κB (1:1,000) and anti‑MyD88 (1:1,000). 
Following the primary antibody incubation, the membranes 
were incubated with an HRP‑conjugated goat anti‑rabbit 
IgG secondary antibody (1:5,000; cat. no. A21030; Abbkine 
Scientific Co., Ltd.) for 1 h at room temperature. Protein 
bands were visualized using an enhanced chemiluminescence 

reagent (cat. no. 34094; Pierce; Thermo Fisher Scientific, Inc.) 
and a 600 ultra‑sensitive multifunctional imager (Amersham; 
Cytiva). ImageJ v1.8.0 software was used for densitometric 
analysis (National Institutes of Health).

Statistical analysis. Each experiment was repeated at least 
3 times or using three mice. Statistical analysis was performed 
using GraphPad 8.0 software (GraphPad Software, Inc.). 
Statistical differences between groups were determined using 
a one‑way ANOVA and an LSD post hoc test. Data were 
presented as the mean ± SEM. P<0.05 was considered to 
indicate a statistically significant difference.

Results

LBP attenuates OVX‑induced learning and memory 
impairments in mice. The novel object recognition test was 
used to assess non‑spatial learning, recognition, and memory 
function in OVX mice treated with LBP (Fig. 1). Although 
all three groups (sham, OVX and OVX + LBP) exhibited 
DI values of <0.5, the OVX group exhibited a negative DI 
value. Mice in the OVX group also displayed a significantly 
decreased ability to explore new objects and a decreased 
preference for new objects (therefor, PI) compared with the 
other two groups. Collectively, these findings indicated that 
OVX may decrease the ability of the mouse to recognize and 
remember new objects and that LBP treatment may repair 
these deficits (Fig. 1B‑D).

An open‑field test was used to evaluate the effect of LBP 
on the motor ability of mice in OVX and OVX + LBP groups. 
The findings revealed that both the number of crossings and 
total distance traveled were significantly decreased in the 
OVX group compared with the sham group, suggesting that 
mice experienced decreased motor ability and an increased 
fear of the open environment following OVX. By contrast, the 
number of central crossings and total distance traveled were 
significantly increased in the OVX + LBP group compared 
with the OVX group, indicating that LBP treatment may 
increase motor ability and decrease fear of the open environ‑
ment in the OVX model mice (Fig. 2B and C).

LBP treatment inhibits hippocampal neuronal damage 
in OVX model mice. To determine the effects of LBP on 
OVX‑induced hippocampal neuronal injury, H&E and Nissl 

Table I. Sequences of the primers used for reverse transcription‑quantitative PCR (5'‑3').

Primer	 Forward	 Reverse

GAPDH	 ACAACTTTGGCATTGTGGAA	 GATGCAGGGATGATGTTCTG
TLR4	CC GCTTTCACCTCTGCCTTCAC	 ACCACAATAACCTTCCGGCTCTTG
MyD88	 AGCAGAACCAGGAGTCCGAGAAG	 GGGCAGTAGCAGATAAAGGCATCG
NF‑κB p65	 GACACGACAGAATCCTCAGCATCC	CC ACCAGCAGCAGCAGACATG
TNF‑α	 GCCTCTTCTCATTCCTGCTTGTGG	 GTGGTTTGTGAGTGTGAGGGTCTG
IL‑1β	 TCGCAGCAGCACATCAACAAGAG	 AGGTCCACGGGAAAGACACAGG
IL‑6	C TTCTTGGGACTGATGCTGGTGAC	 AGGTCTGTTGGGAGTGGTATCCTC

TLR, Toll‑like receptor.
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Figure 3. LBP treatment significantly attenuates injury to hippocampal CA1 and CA3 neurons in OVX model mice. (A and B) Hematoxylin and eosin staining was 
used for the histological examination of neurons in the hippocampal CA1 and CA3 regions. The scale bar was 50 µm. (C and D) Rates of CA1 and CA3 neuron 
damage in OVX model mice. Data were analyzed using a one‑way ANOVA and an LSD post hoc test. *P<0.05 and **P<0.01 vs. the OVX group (n=5/group). LBP, 
Lycium barbarum polysaccharide; OVX, ovariectomy.

Figure 2. Effects of LBP on the motor ability and anxiety‑like behavior of OVX model mice. (A) Representative images of motion trajectories in the sham, 
OVX and OVX + LBP groups. (B) Total distance traveled during the open field test. (C) Time spent in the center area among different groups. All data are 
expressed as the mean ± SEM of 6‑7 mice in each group. Data were analyzed using a one‑way ANOVA and an LSD post hoc test. *P<0.05 and **P<0.01 vs. the 
OVX group. LBP, Lycium barbarum polysaccharide; OVX, ovariectomy.
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staining were performed. Overt signs of neuronal injury were 
observed in the hippocampal CA1 and CA3 regions of the 
OVX model mice; however, these changes were significantly 
attenuated following LBP treatment (Fig. 3A‑D). In addition, 
Nissl staining revealed significant decreases in the number of 
Nissl‑positive bodies in the hippocampal CA1 and CA3 regions 
of the OVX model group compared with the sham group. 

However, the number of Nissl bodies in the hippocampal CA1 
and CA3 regions was significantly increased following LBP 
treatment (Fig. 4A‑F).

RNA sequencing transcriptional analysis the possible effect of 
OVX on the hippocampus of mice. To determine the effects of 
the OVX surgery, RNA sequencing analysis on hippocampal 

Figure 4. LBP increases the number of hippocampal neurons in OVX mice. (A‑D) Nissl staining was used for histological examination of the hippocampal 
CA1 and CA3 regions. The scale bar was 50 µm for A and B and 20 µm for C and D. (E and F) Nissl body counts in the CA1 and CA3 regions in OVX mice. 
Data were analyzed using a one‑way ANOVA and an LSD post hoc test. **P<0.01 vs. the OVX group (n=5/group). LBP. Lycium barbarum polysaccharide; 
OVX, ovariectomy.
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Figure 5. RNA sequencing transcriptional analysis of hippocampal mRNA from the sham and OVX groups. (A) Cluster analysis of DEGs. (B) Column chart 
analysis of DEGs. (C) Histogram of Gene Ontology functional term enrichment analysis results. (D) Lianchuan Biotechnology used ggplot2 to analyze the 
results of Kyoto Encyclopedia of Genes and Genomes signaling pathway enrichment analysis, and the results are presented as a scatter plot (n=3/group). OVX, 
ovariectomy; DEGs, differentially expressed genes.
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tissue was performed. Cluster analysis (Fig.  5A), column 
chart (Fig. 5B), GO functional term enrichment (Fig. 5C) and 
KEGG signaling pathway enrichment (Fig. 5D) analyses of 
DEGs were conducted, and the results revealed that the most 
significant changes were in inflammatory genes and inflam‑
mation‑related pathways (Fig. 5). GO functional enrichment 
analysis revealed that the number of DEGs in the ‘membrane’, 
‘membrane components’ and ‘cytoplasm’ was increased in 
OVX model mice compared with the sham mice (Fig. 5C). 
Among molecular functions, ‘protein binding‑related gene 
enrichment’ was the most enriched. However, among biological 
processes, those associated with ‘immune system processes’, 
‘intracellular immune responses’, ‘signal transduction’ 
and ‘inflammatory response‑related genes’ exhibited more 
significant changes compared with other processes (Fig. 5C). 
KEGG signaling pathway enrichment analysis revealed that 
the most significant DEGs were those involved in ‘nucleo‑
tide‑binding’, ‘oligomerization domain (NOD)‑like receptor 
signaling pathway’, ‘Toll‑like receptor signaling pathway’, 
‘cytokine‑cytokine receptor interaction’, ‘TNF signaling 
pathway’, ‘NF‑κB signaling pathway’ and ‘Epstein‑Barr virus 
infection’(Fig. 5D).

Effect of LBP treatment on the expression levels of TLR4, 
MyD88 and NF‑κB in OVX model mice. To investigate the role 
of TLR4 signaling pathway in OVX‑induced cognitive impair‑
ment, the mRNA expression levels of TLR4, MyD88 and 
NF‑κB in the hippocampus of sham, OVX and OVX + LBP 
mice were analyzed. The mRNA expression levels of TLR4, 

MyD88 and NF‑κB in the hippocampus were significantly 
upregulated in the OVX group compared with the sham group; 
however, the expression levels were significantly downregu‑
lated in the OVX + LBP group compared with the OVX group 
(Fig. 6A). The results of the ELISAs revealed that the serum 
estrogen levels were significantly reduced in mice following 
bilateral resection of the ovaries compared with the sham 
group. After oral LBP treatment, no significant difference 
was observed in the estrogen levels compared with the OVX 
group (P>0.05; Fig. 6B). These results indicated that the OVX 
was successful. In addition, the results of the western blotting 
revealed that the protein expression levels of TLR4, MyD88 
and NF‑κB were significantly upregulated in the hippocampus 
of OVX model mice compared with the sham group; however, 
LBP treatment attenuated these increases (Fig. 6C).

Statistical analysis of the immunohistochemical findings 
(Fig. 7A and B) for TLR4, MyD88, and NF‑κB expression 
revealed that the number of positive cells in the hippocampal 
CA1 and CA3 regions was significantly increased in the OVX 
group compared with the sham group. Notably, the number of 
positive cells in the OVX + LBP group was lower compared 
with the OVX group (Fig. 7C).

Effect of LBP treatment on the expression of inflammatory 
factors in OVX model mice. To further clarify the effect of 
LBP on brain inflammation in OVX model mice, the expres‑
sion of key inflammatory proteins (IL6, IL‑1β and TNF‑α) in 
the hippocampus were analyzed. As revealed in Fig. 7D, the 
expression levels of these three factors in the hippocampal 

Figure 6. TLR4/NF‑κB signaling pathway is closely associated with the progression of neuroinflammation in the brain. (A) Reverse transcription‑quantitative 
PCR analysis of TLR4, MyD88, NFκB, TNF‑α, IL‑1β and IL‑6 mRNA expression levels in hippocampal CA1 and CA3 regions. Data were analyzed using a 
one‑way ANOVA and an LSD post hoc test. *P<0.05, **P<0.01, ***P<0.001 vs. the Sham group. (B) ELISA analysis of serum estrogen levels. Data were analyzed 
using a one‑way ANOVA and an LSD post hoc test. *P<0.05 vs. the OVX group; NSP>0.05 vs. the OVX group. (C) Western blot analysis of TLR4, MyD88 and 
NF‑κB protein expression levels in the hippocampus. Data were analyzed using a one‑way ANOVA and an LSD post hoc test. *P<0.05, vs. the OVX group. 
TLR, Toll‑like receptor; MyD88, myeloid differentiation primary response 88; OVX, ovariectomy; LBP. Lycium barbarum polysaccharide; NS, not significant.
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CA1 and CA3 regions were significantly upregulated in the 
OVX group compared with the sham group. Compared with 

the OVX group mice, those treated with LPS exhibited down‑
regulated expression levels of IL‑6, IL‑1β and TNF‑α. These 

Figure 7. LBP inhibits the release of inflammatory factors and reduces neuroinflammation in OVX model mice. (A and B) Immunohistochemical staining 
was used to analyze the expression of TLR4, MyD88, NF‑κB, IL‑6, IL‑1β and TNF‑α in the hippocampal CA1 and CA3 regions. Scale bar, 20 µm. 
(C and D) Positive staining area in the CA1 and CA3 regions for TLR4, MyD88, NF‑κB, IL‑6, IL‑1β and TNF‑α expression in OVX model mice. Data were 
analyzed using a one‑way ANOVA and an LSD post hoc test. *P<0.05 vs. the OVX group (n=5/group). LBP, Lycium barbarum polysaccharide; OVX, ovariec‑
tomy; TLR, Toll‑like receptor; MyD88, myeloid differentiation primary response 88.
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findings were consistent with those obtained from RT‑qPCR 
analysis.

Discussion

Aging has been associated with a wide range of effects in the 
CNS, including decreased cognitive ability, increased oxida‑
tive stress, and chronic inflammation (39). In the present study, 
an OVX‑induced model was established to investigate the 
therapeutic effect of LBP on learning and memory impair‑
ments associated with estrogen deficiency, and the potential 
mechanisms underlying the observed effects were determined. 
The presents results suggested that LBP may attenuate learning 
and memory impairments and protect against hippocampal 
neuron injury. Furthermore, LBP could suppress the release 
of inflammatory factors and reduce neuroinflammation by 
downregulating the expression levels of mRNA and proteins 
associated with the TLR4/NF‑κB signaling pathway and 
decreasing the release of the proinflammatory cytokines IL‑6, 
IL‑1β and TNF‑α.

Impairments in cognition, learning and memory are 
the main clinical manifestations of neurodegenerative 
diseases (40). Cognitive decline caused by estrogen deficiency 
and other aging‑related processes has become increasingly 
common given the rapid aging of the global population (41‑44). 
Moreover, decreases in cognitive function were demonstrated 
to severely impact the quality of life of patients (45). Although 
effective interventions to address these impairments and their 
underlying mechanisms remain to be identified (3,46), accu‑
mulating evidence has suggested that neuroinflammation in 
the brain may play a vital role in the pathophysiology of cogni‑
tive decline (47). To determine whether the anti‑inflammatory 
properties of LBP exerted a protective effect against neuro‑
degenerative disease, an OVX‑induced cognitive impairment 
in vivo model was established, which is widely accepted as 
an experimental model for the study of neurodegenerative 
diseases (47,48).

The results of the present study revealed that serum 
estrogen levels were significantly reduced following bilat‑
eral ovarian ablation and that this could not be attenuated 
by LBP treatment, which suggested that the OVX operation 
was successful and that oral LBP treatment did not affect 
serum estrogen levels. Subsequently, a novel target recogni‑
tion testing method was used to evaluate spatial learning 
and memory in experimental animals. The present results 
indicated that the DI values were negative and the PI values 
were significantly decreased in OVX mice. These findings 
were consistent with previous data regarding the effects of 
OVX on spatial learning ability of mice  (48). LBP treat‑
ment significantly increased PI and DI values and enhanced 
the spatial learning ability. In addition, the findings of the 
open‑field test demonstrated that LBP treatment could 
improve OVX‑induced impairments on motor ability. These 
results indicated that LBP could attenuate the effects of 
estrogen deficiency on spatial learning and memory in aging 
mice.

Damage to neurons in the hippocampal CA1 and CA3 
regions was reported to induce impairments in learning and 
memory (49,50). Notably, the hippocampus has been identi‑
fied as a target for estrogen (51); however, to be the best of our 

knowledge, the reason for the estrogen‑related neurochemical 
changes in the hippocampus remains unknown. The results 
of the present study indicated that the effect of LBP on 
learning and memory impairment may be associated with 
its protective effect on hippocampal neurons. To verify this 
hypothesis, H&E and Nissl staining were used to evaluate the 
effect of LBP on hippocampal neurons. The results indicated 
that oral LBP exerted a neuroprotective effect, significantly 
reducing the atrophy and loss of hippocampal neurons. In 
addition, the number of living neurons was negatively corre‑
lated with cognitive impairment. These findings suggest that 
LBP treatment may attenuate OVX‑induced injury to hippo‑
campal neurons and protect against impairments in learning 
and memory.

OVX modeling was previously revealed to induce neuro‑
inflammation in the rodent brain, leading to impairments in 
learning, memory and cognition (32,52,53). Further research 
indicated that OVX increased TLR2, TL4R and proinflamma‑
tory cytokine IL‑6 levels, in addition to the activity of NF‑κB 
in the hippocampus (54). Notably, several studies have reported 
that inhibiting the activation of TLR4 in the hippocampus 
could alleviate cognitive impairment (55‑59). In addition, LBP 
could inhibit lipopolysaccharide‑induced inflammation by 
blocking the TLR4/NF‑κB signaling pathway in RAW264.7 
cells (60). LBP also reduced liver inflammation induced by 
CCl4 in Wistar rats by downregulating the expression levels 
of components of the TLR4/NF‑κB signaling pathway (61). To 
further investigate whether LBP plays a neuroprotective role 
in OVX model mice by regulating the TLR4/NF‑κB signaling 
pathway, the present study analyzed the expression levels of 
TLR4, MyD88 and NF‑κB in the CA1 and CA3 regions of 
the hippocampus using immunohistochemistry, RT‑qPCR and 
western blotting. These analyses revealed that LBP down‑
regulated the expression levels of all three of these factors, 
suggesting that LBP may reduce hippocampal inflammation 
by inhibiting the TLR4/NF‑κB signaling pathway.

Perivascular edema appeared in the images of certain 
figures, possibly caused by the immersion‑fixation method‑
ology that was used for immunohistochemistry. The use of 
immersion‑fixation of the brain may not provide a thorough 
and suitable fixation which frequently leads to false results due 
to the loss and/or decrease and/or change of localization of the 
proteins and antigens in question. However, the mice brains 
are considerably small compared to the other experimental 
animals. In addition, the brain was fixed in 4% paraformalde‑
hyde for 24 h at 4˚C which may also facilitate the fixation to an 
extent. However, in the future study, perfusion‑fixation will be 
considered to avoid artifacts.

In addition to inducing neuronal damage in the brain, 
OVX was revealed to activate astrocytes and microglia in the 
hippocampus and increased the release of inflammatory cyto‑
kines such as IL‑6, IL‑1β and TNF‑α, leading to decreases in 
cognitive function (47,54,62). The present experimental results 
revealed that IL‑6, IL‑1β and TNF‑α levels were significantly 
decreased following LBP treatment, further supporting the 
theory that LBP may reduce neuroinflammation. However, 
further studies are required to determine whether LBP exerts 
its effects via astrocytes or microglia.

In conclusion, the findings of the present study suggested 
that oral LBP may significantly attenuate OVX‑induced learning 
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and memory impairments in mice by blocking injury to hippo‑
campal neurons via reducing neuroinflammation. Therefore, 
LBP may represent a potential therapeutic agent for the preven‑
tion and treatment of learning and memory impairments in 
patients with accelerated aging caused by ovarian dysfunction.
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