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Abstract. Tripterygium glycosides (TG) have been reported to 
ameliorate Alzheimer's disease (AD), although the mechanism 
involved remains to be determined. In the present study, the 
lncRNA and circRNA expression profiles of an AD mouse 
model treated with TG were assessed using microarrays. 
lncRNAs, mRNAs, and circRNAs in the hippocampi of 
3 AD+normal saline (NS) mice and 3 AD+TG mice were 
detected using microarrays. The most differentially expressed 
lncRNAs, mRNAs, and circRNAs were screened between the 
AD+NS and AD+TG groups. The differentially expressed 
lncRNAs and circRNAs were analyzed using GO enrichment 
and KEGG analyses. Co‑expression analysis of lncRNAs, 
circRNAs, and mRNAs was performed by calculating the 
correlation coefficients. Protein‑protein interaction (PPI) 
network analysis was performed on mRNAs using STRING. 
The lncRNA‑target‑transcription factor (TF) network was 
analyzed using the Network software. In total, 661 lncRNAs, 
64 circRNAs, and 503 mRNAs were found to be differentially 
expressed in AD mice treated with TG. Pou4f1, Egr2, Mag, 
and Nr4a1 were the hub genes in the PPI network. The KEGG 
results showed that the mRNAs that were co‑expressed with 
lncRNAs were enriched in the TNF, PI3K‑Akt, and Wnt 
signaling pathways. LncRNA‑target‑TF network analysis indi‑
cated that TFs, including Cebpa, Zic2, and Rxra, were the most 
likely to regulate the detected lncRNAs. The circRNA‑miRNA 

interaction network indicated that 275 miRNAs may bind to 
the 64 circRNAs. In conclusion, these findings provide a novel 
perspective on AD pathogenesis, and the detected lncRNAs, 
mRNAs, and circRNAs may serve as novel therapeutic targets 
for the management of AD.

Introduction

Alzheimer's disease (AD) is a progressive, persistent, and 
degenerative disease of the central nervous system (CNS), with 
clinical manifestations of cognitive impairment and memory 
impairment (1,2). The pathogenesis of AD is not clear, and 
there is a lack of effective treatments. Currently, cholinesterase 
inhibitors are commonly used in the clinical treatment of 
AD, but these drugs can only improve and relieve symptoms. 
Natural medicines, including polysaccharides (3,4), phenylpro‑
panoids (5,6), flavonoids (7,8), alkaloids (9), saponins (10,11), 
and polyphenols (12,13), have also been considered for the 
treatment of AD.

Tripterygium glycoside (TG), also known as Tripterygium, 
is the total glycoside extracted from the peeled roots of 
Tripterygium wilfordii Hook.f. It has been used in the treat‑
ment of rheumatoid arthritis (RA)  (14), lupus nephritis 
(LN) (15), diabetes mellitus (DM) (16), and Guillain‑Barre 
syndrome (GBS) (17). Animal experiments have shown that 
TG has protective effects on the CNS. It has been suggested 
that TG can significantly improve the inflammatory damage to 
astrocytes induced by lipopolysaccharide (LPS) by decreasing 
the expression of TNF‑α, iNOS, and IL‑6 (18). In our previous 
study, TG suppressed the release of inflammatory factors and 
inhibited the phosphorylation of IκBα and p38 MAPK in 
Aβ25‑35‑induced AD mice (19). However, the mechanism of 
action of TG in AD remains to be determined.

Noncoding RNAs, including long noncoding RNAs 
(lncRNAs), circular RNAs (circRNAs), and microRNAs 
(miRNAs), have been studied due to the extent of their 
expression and their involvement in several biological 
processes (20). LncRNAs, such as BACE1‑ AS (21), 17A (22), 
NDM29 (23), 51A (24), BC200 (25), and NAT‑RAD18 (26), 
have been reported to be involved in the formation of 
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senile plaques, DNA repair or synaptic formation, as well 
as in the pathogenesis of AD. CircRNAs are derived from 
mRNA precursors, which may affect normal cell differ‑
entiation, maintain tissue homeostasis, and influence the 
progression of various diseases (27). Additionally, circRNAs 
have been shown to play an important role in the occur‑
rence and development of AD by influencing neuronal 
genesis and injury, Aβ deposition, neuroinflammation, 
autophagy, and synaptic function through the function of 
microRNA (miRNA/miR) sponges (28‑30). Thus, lncRNAs 
and circRNAs may be considered risk factors, progression 
biomarkers, and therapeutic targets for AD.

However, the lncRNAs and circRNAs regulated by TG in 
AD treatment have not been determined. In the present study, 
the expression profiles of the lncRNAs and circRNAs of an 
AD mouse model treated with TG were determined using 
microarrays.

Materials and methods

Animal model of AD. The study was performed in accor‑
dance with the ARRIVE guidelines (https://arriveguidelines.
org/), and the protocols followed the National Institutes 
of Health Guide for the Care and Use of Laboratory 
Animals (31). The research procedures were approved by 
the Ethics Committee of Changsha Medical University 
(approval no. EC20190114). A total of Twenty‑four C57BL/6 
J mice (male, 28±5 g, 6 months old) were purchased from 
Silaike Jingda Biotechnology Co., Ltd. (12th Sep 2021; 
Changsha, China). The mice were fed standard chow, and 
housed under controlled conditions (temperature, 23±0.6˚C; 
relative humidity, 55±8%; 12 h light: dark cycle). Animal 
health and behavior of all mice were monitored weekly. The 
neuroprotective effects of TG on AD mouse models were 
identified in our previous study (19). A normal control group 
was excluded from the present study. Thus, the mice were 
divided into two groups: AD+TG group and AD+normal 
saline (NS) group. The AD model was constructed as 
described in our previous study (19). Except for 8 mice that 
died, a total of 16 AD mice models were included in further 
study. Mice in the AD+TG group (n=8) were treated with TG 
(0.25 mg/10 g.d, 1 mg/ml). The dosing and duration of TG 
followed the study conducted by Wang et al (18). Mice in the 
AD+NS group (N=8) were treated with NS (0.9%) 0.5 ml/d. 
The treatments were administered by intraperitoneal injec‑
tion once per day for 4 weeks. At the end of treatment, a 
total of 6 and 7 mice were obtained in the AD+TG group 
and AD+NS group, respectively. From each group, 3 samples 
were selected randomly for lncRNA and mRNA microarray 
analysis. Any surviving animals (n=3 in the AD+TG group 
and n=4 in the AD+NS group) at the end of the experiment 
were euthanized by exposure to carbon dioxide (CO2) over‑
dose with the CO2 displacement rate of 30‑70% of the cage 
volume per min. Death was confirmed based on a lack of 
heartbeat and brain death (no environmental response, pupil 
reflex to light or spontaneous breathing).

Tissue collection and RNA extraction. General anesthesia was 
performed by intraperitoneal injection of 0.2% sodium pento‑
barbital (40 mg/kg). Hippocampal tissues were isolated from 

mouse brains and stored at ‑80˚C until required for further 
analysis. TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.) 
was used to extract total RNA from hippocampal tissues. Then, 
DNAse I was used to remove DNA contamination. The quality 
of RNA was quantified using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, Inc.).

Microarray analysis. PCR amplification and fluorescence 
labeling of total RNA from 6  samples [AD+NS (n=3) 
and AD+TG (n=3)] were performed using an Agilent 
expression spectrum chip kit (Agilent, California, USA). 
The labeled cRNA was purified with an RNA extrac‑
tion and purification kit (Sigma‑Aldrich, St. Louis, 
USA). A total of 600 µg cRNA was hybridized using an 
Agilent‑085631 microarray (Agilent Technologies, Inc.) 
with the following conditions: 65˚C for 17 h at 3.354 x g. 
Feature Extraction Software version  12.0 (Agilent 
Technologies, Inc.) was used to read the data. The Limma 
package (release 3.16; https://www.bioconductor.org/pack‑
ages/release/bioc/html/limma.html) (32) in R‑4.2.3 software 
(https://cran.r‑project.org/bin/windows/base/) (33,34) was 
used for normalization. The differentially expressed 
lncRNAs, circRNAs, and mRNAs with a fold change ≥2 
and P<0.05 were selected and identified. Clustering analyses 
were performed with hierarchical and average linkage algo‑
rithms using Mev version 4.9.0 (35).

Reverse transcription‑quantitative (RT‑q)PCR. Four lncRNAs, 
mRNAs, and circRNAs were randomly selected and identi‑
fied by qPCR. Trans‑script II First‑strand cDNA Synthesis 
SuperMix Kit (Sigma‑Aldrich, St. Louis, USA) was used for 
reverse transcription according to the manufacturer's protocol. 
The TB Green Premix ExTaq™ kit (Takara Bio, Inc.) was used 
for qPCR. The reaction conditions were as follows: 95˚C for 
5 min, followed by 38 cycles of 94˚C for 30 sec, 58˚C for 30 sec 
and 72˚C for 60 sec. The relative expression levels of lncRNAs 
and mRNAs were analyzed using the 2‑ΔΔCq method (36) and 
normalized to GAPDH. Amplification was performed on an 
ABI7500 quantitative PCR instrument (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The sequences of the primers 
are listed in Table I.

Co‑expression network analysis. Pearson's correlation anal‑
ysis was used to calculate the correlation coefficients (r) and 
P‑values. The screening criteria were r>|0.85| and P<0.05. The 
co‑expression network was generated using Circos software 
(version 0.69‑6; http://circos.ca/software/download/) (37).

PPI network of the differentially expressed mRNAs. The PPI 
network of differentially expressed mRNAs was generated 
using STRING (version 11.5) (38) (https://cn.string‑db.org/) 
with a threshold score >0.4.

Functional classification and pathway analysis. Gene 
Ontology (GO) analysis  (39,40) (http://geneontology.
org/page/go‑database) from three aspects [biological process 
(BP), cellular component (CC), and molecular function (MF)], 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis (http://www.kegg.jp/) (41) were used to deter‑
mine the roles of the differentially expressed mRNAs. P<0.01 
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was used as the selection criterion to analyze the difference in 
mRNAs involved in the pathways.

Cis/trans target gene prediction of lncRNA. All coding genes 
within 100k bp upstream and downstream of differentially 
expressed lncRNAs were selected as the target gene for 
cis‑regulation. Cis‑regulation was assessed using the FEELNC 
software version 0.2.1 (42). Trans‑regulation was predicted 
using RIsearch version 2.0 (Center for non‑coding RNA in 
Technology and Health, Department of Veterinary and Animal 
Sciences, Faculty for Health and Medical Sciences, University 

of Copenhagen Frederiksberg, Denmark) (43,44) (https://rth.
dk/resources/risearch/) with the following parameters: Number 
of interacting bases between lncRNA and gene, <10; binding 
free energy, <‑100.

lncRNA‑target‑transcription factor (TF) network analysis. 
Potential lncRNA binding TFs were predicted based on the 
JASPAR database (http://jaspar.genereg.net/). The gene‑TF 
pairs provided by the GTRD database (http://gtrd.biouml.
org/) and the co‑expression relationship of lncRNA‑mRNA 
pairs were used to construct the 3‑element regulatory network 

Table I.  Sequences of the primers used for quantitative PCR detection of the selected lncRNAs, circRNAs, and mRNAs.

Gene names	 Forward, 5'‑3'	 Reverse, 5'‑3'

NONMMUG042458.2	 GACACTGGCGTGAAAAAGGAAC	 GACAATCAAGGCAGGAGGAG
NONMMUG004800.3	 CCTCCACCCCTACAGGAAGAG	 GACAGGAGCAAAAGTGACTT
NONMMUG007415.2	 GAAATGGCAACTCAGCGGAGAG	 GAAATTATCCAGGATGAGAAAG
NONMMUT141368.1	 GTCTCGGTGGGCGGGCATG	 GTGTCTGAGACAAAAGGGAG
Skint8	 ACCACTCCCA CAAGACACCT	 GAAGGAGGCCATTGGAGAAG
Lce1b	 AGATGTCCTG CCAGCAGAAC	 GGTGGTTGCTGCAGTTCTGG
Padi4	 GGTGAAAGCAGCCAGCAGCAG	 GAATGGACTTTGAGGATGAC
Slc4a9	 CTTCATTCAACTAAATGAGC TG	 AGCCCAGAACTGAGAGGACA GCT
MMU_CIRCpedia_20654	 ACATGAGCCTTCAGAGATAC	 CAGAGGCAACAACTACCC
mmu_circ_0010693	 GGAACATTTCCATCAACATT	 CTCTGAATTACTGC
MMU_CIRCpedia_214399	 TGATGTCATCCTGATAGTTG	 GGTTGACATCGACCAA
mmu_circ_0010830	 AGGATATTCACAGACATGC	 GAACATTGAGCCTACTCAAG

Figure 1. The hierarchical clustering of the DE lncRNAs, mRNAs, and circRNAs in AD (n=3/group) and AD treated with TG (n=3/group). Clustering analysis 
of the (A) DElncRNAs, (C) DEmRNAs and (E) DEcircRNAs. qPCR validation of 4 randomly selected (B) DElncRNAs, (D) DEmRNAs, and (F) DEcircRNAs. 
The qPCR results were consistent with the microarray data. **P<0.05. DE, differentially expressed; AD, Alzheimer's disease.
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of the lncRNA‑TF‑mRNA. The top 500 relationship pairs 
were extracted, and the regulatory network diagram of 
lncRNA‑TF‑mRNA was drawn using the network software.

Prediction of circRNA‑miRNA interactions. The interaction 
between circRNA and related miRNAs was predicted using 
miRDB database (http://www.mirdb.org/). The miRNA 
response element (MRE) of different circRNAs was studied. 
Target miRNAs were selected based on complementary 
pairing sequences. Cytoscape software (version.3.9.1)  (45) 
(http://circos.ca/software/download/) was used to construct 
the circRNA‑miRNA network.

Statistical analysis. Data were analyzed using SPSS 22.0 
(IBM Corp.). Data are presented as the mean ± SD, and a 
Student's t‑test was used to compare differences between the 
two groups. All tests were two‑sided, and P<0.05 was consid‑
ered to indicate a statistically significant difference.

Results

Differentially expressed lncRNAs, mRNAs, and circRNAs in 
the Aβ25‑35‑induced AD mouse model treated with TG. In total, 
108,510 lncRNAs, 15,321 circRNAs, and 43,093 mRNAs were 
obtained by high‑throughput sequencing. Compared with the 
control group, 661 lncRNAs, 64 circRNAs, and 503 mRNAs 
were significantly differentially expressed following TG treat‑
ment, including 422, 341, and 34 upregulated, as well as 81, 
320, and 30 downregulated mRNAs, lncRNAs, and circRNAs, 
respectively. Amongst them, NONMMUG090228.1 
(FC=268.27) and NONMMUG011123.2 (FC=‑36.51) were the 
most upregulated and downregulated lncRNAs, respectively, 
Pou4f1 (FC=26.01) and Gm14781 (FC=‑10.75) were the most 
upregulated and downregulated mRNAs, respectively, and 
MMU_CIRCpedia_35174 (FC=5.47) and mmu_circ_0007187 
(FC=‑4.04) were the most upregulated and downregulated 
circRNAs, respectively. The lncRNA, mRNA, and circRNA 

Figure 2. The top 20 lncRNA‑mRNA interactions based on the network analysis. Red circles represent dysregulated lncRNAs, green squares represent 
dysregulated mRNAs.
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expression patterns in different samples are shown in 
Fig. 1A‑C.

To verify the microarray results, the expression of 4 
randomly selected lncRNAs (2 upregulated and 2 downregu‑
lated), 4 mRNAs (2 upregulated and 2 downregulated), and 4 
circRNAs (2 upregulated and 2 downregulated) using qPCR. 
The results showed that the expression trend of the selected 
genes was consistent with the microarray analysis (Fig. 1D‑F).

Co‑expression of lncRNAs with mRNAs, and circRNAs with 
mRNAs. Overall, 648 network nodes and 152,453 connec‑
tions (64,141 negative and 88,312 positive interactions) were 
identified in the lncRNA‑mRNA co‑expression network. The 
correlations between the top 20 (10 up and 10 downregulated) 
dysregulated lncRNAs and mRNAs are shown in Fig. 2. In 
total, 19,553 pairs of mRNA‑circRNA interactions were 
identified (8,871 negative and 10,682 positive interactions) in 
the circRNA‑mRNA co‑expression network. The correlations 
between the top 10 (5 up and 5 downregulated) dysregulated 
lncRNAs and mRNAs are shown in Fig. 3.

PPI network of differentially expressed mRNAs. The PPI 
network analysis conducted on the top 200 differentially 

expressed mRNAs consisted of 139 nodes and 88 edges, with 
an average node degree of 1.27 (Fig. 4; Table SI). Amongst the 
mRNAs, Pou4f1, Egr2, Mag, and Nr4a1 were the hub genes 
in the PPI network. The protein‑encoding genes in the PPI 
network were primarily enriched in ‘Oligodendrocyte devel‑
opment’ (GO: 0014003), ‘Myelination’ (GO: 0042552), and 
‘Glial cell development’ (GO: 0021782), and were involved in 
the ‘Glutathone metabolism’ pathway (mmu00480).

GO and KEGG analysis of lncRNAs co‑expressed with 
mRNAs. Overall, 499 genes were identified, including 396 
genes annotated by BP, 402 genes annotated by CC, and 398 
genes annotated by MF. There were 284 terms with P‑values 
≤0.05. ‘Extracellular region’ (GO:0005576, P=9.9x10‑7), 
‘immune system process’ (GO:0002376, P=1.2x10‑6), and 
‘inflammatory response’ (GO:0006954, P=4.6x10‑6) had the 
lowest P‑values (Fig. 5A; Table SII).

In total, 171 genes were annotated using KEGG pathway 
analysis, with 28 pathways having P‑values ≤0.05. The top 
three pathways with minimum P‑values were ‘Neuroactive 
ligand‑receptor interaction’ (path: MMU04080, P=0.00013), 
‘Mineral absorption’ (path: mmu04978, P=0.00034), and 
‘Malaria’ (path: mmu05144, P=0.00095). KEGG pathway 

Figure 3. The top 10 circRNA‑mRNA interactions based on the network analysis. Yellow circles represent dysregulated circRNAs, red triangles represent 
dysregulated mRNAs.
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analysis suggested that lncRNAs were also involved in the 
‘TNF signaling pathway’, ‘PI3K‑Akt signaling pathway’, and 
‘Wnt signaling pathway’ (Fig. 5B; Table SIII).

Cis/trans target genes of lncRNAs. The top 20 cis‑regulatory 
results are shown in Fig. 6A, and 46 cis‑regulated pairs were 
identified, most of which were positive regulation pairs (91.3%). 
Additionally, the top 500 trans‑regulated results are shown in 
Fig. 6B, where 748 trans‑regulation pairs were identified.

LncRNA‑Target‑TF network. In total, 98 TFs and 75 mRNAs 
were predicted to regulate or be the target of the top 20 
cis‑lncRNAs. Among the TFs, Cebpa (n=170), Zic2 (n=166), 
and Rxra (n=159) were predicted to regulate most of the 
lncRNAs. The 2 most related lncRNA‑mRNA and lncRNA‑TF 
pairs according to the P‑value were used to construct the 
lncRNA‑target‑TF network (Fig. 7).

Enrichment analysis of circRNA host genes. Overall, 61 
circRNA host genes were analyzed. Of these, 51 were anno‑
tated by BP, 53 genes were annotated by CC, and 52 genes 
were annotated for MF. ‘Multicellular organism development’ 
(GO: 0007275, P=2.1x10‑5), ‘negative regulation of vascular 
endothelial cell proliferation’ (GO: 1905563, P=6.2x10‑5), and 

‘B‑cell receptor signaling pathway’ (GO: 0050853, P=7.8x10‑5) 
had the smallest P‑values (Fig. 8A). In addition, 61 genes were 
identified in this study, and 17 genes were annotated as KEGG 
pathways. The top three pathways with minimum P‑values 
were ‘Alanine, aspartate, and glutamate metabolism’ (path: 
mmu00250, P=0.0028), ‘Natural killer cell‑mediated cyto‑
toxicity’ (path: mmu04650, P=0.0033), and ‘B‑cell receptor 
signaling pathway’ (path: mmu04662, P=0.01, Fig. 8B).

CircRNA‑miRNA interactions. Overall, 275 miRNAs that bind 
to the 64 circRNAs were predicted. The top 4 differentially 
expressed circRNAs (2 upregulated and 2 downregulated) 
were mmu_circ_0007187, mmu_circpedia_35174, mmu_circ‑
pedia_35014, and mmu_circpedia_15204, and they were 
shown to bind to 5 miRNAs. The top 2 circRNA‑miRNA 
interaction pairs are shown in Table II.

Discussion

In the present study, hippocampal tissues of AD+NS mice 
and AD+TG mice were used for microarray analysis. In total, 
661 differentially expressed lncRNAs, 503 differentially 
expressed mRNAs, and 64 differentially expressed circRNAs 
were screened using bioinformatics analysis. A total of 12 

Figure 4. Protein‑protein interaction network based on the top 200 differentially expressed mRNAs.
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Figure 5. KEGG pathway and GO enrichment analysis of differentially expressed lncRNAs. The top 30 most enriched GO categories and pathways were 
calculated and plotted. (A) GO enrichment analysis and (B) KEGG pathway analysis. KEGG, Kyoto encyclopedia of genes and genomes.
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Figure 6. The trans‑ and cis‑ regulation of lncRNAs and genes. (A) the top 20 cis regulated lncRNAs and genes. mRNAs and lncRNAs are shown on the left 
and right Y‑axis respectively. The X‑axis shows the distance between the mRNA and lncRNA in the genome; negative values represent an upstream position 
and positive value represent a downstream position. Same colored bars represent the same lncRNAs. (B) The top 500 trans regulated lncRNAs and genes. 
The red node represents lncRNAs, the green node represents genes, and the node size represents connectivity (the number of connections of a node with other 
nodes). The larger the node size, the greater its connectivity. *P<0.05, **P<0.01.
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RNAs (four lncRNAs, four mRNAs and four circRNAs) were 
randomly selected and analyzed using RT‑qPCR, and the 
results were consistent with the microarray analyses.

There were 661 differentially expressed lncRNAs (341 
upregulated and 320 downregulated) identified between the 
AD+NS mouse group and the AD mouse model treated with TG. 
Abnormal regulation of lncRNAs may cause cancer, epilepsy, 
heart disease, and neurodegenerative diseases (46‑48). In addi‑
tion, an increasing number of lncRNAs have been associated 
with the pathogenesis of AD. The innate immune system and 
inflammatory signaling are critical for homeostasis, repair, and 
neuroprotection. Excess oxygen free radicals and proinflamma‑
tory cytokines trigger an inflammatory cascade that ultimately 
leads to neurodegeneration (49). LncRNA‑cox‑2 is located 
downstream of cyclo‑oxygenase 2 (COX2) and was reported 
to activate and inhibit the expression of various immune genes 
in macrophages and regulate NF‑κB, which in turn affects 
aging and age‑related diseases, including AD (50). In addition, 
the accumulation of mitochondrial superoxide free radicals 
and transformation to hydrogen peroxide can cause oxidative 
stress, the release of cytochrome C and apoptosis, which are 

also important mechanisms of AD (51). Several mitochondrial 
lncRNAs, including LNCND5, LNCND6, and LNCCYTB, 
may be involved in the regulation of mitochondrial genes and 
in maintaining normal mitochondrial function, which has been 
shown to be associated with neurodegenerative diseases (52). 
In our previous study, multiple lncRNAs associated with 
the pathogenesis of AD induced by LPS were detected. 
NONMMUT034127.2 and NONMMUT079254.1 were the 
most differentially expressed lncRNAs in the LPS‑induced 
AD mouse model (53). In the present study, it was found that 
NONMMUG090228.1 and NONMMUG011123.2 were the 
most differentially expressed lncRNAs in an AD mouse model 
treated with TG, which indicated that these two lncRNAs may 
participate in the development of AD. However, to confirm 
this hypothesis, functional identification of the two lncRNAs 
in AD is necessary.

Four hub genes, Pou4f1, Egr2, Mag, and Nr4a1, were 
identified in the PPI network. Notably, these genes were shown 
to be involved in the formation, differentiation, maturation, 
apoptosis, and autophagy of neurons. POU4F1 (POU Class 4 
Homeobox 1) is an important molecule in the POU TF family 

Figure 7. lncRNA‑target‑TF network of the 2 most differently expressed lncRNAs. Red circles, lncRNAs; green squares, target mRNAs; purple triangles, TFs. 
TFs, transcription factors.
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and is expressed in central neural precursor cells in the early 
stage of embryonic development (54). The TF POU4F1 can 
bind to the promoter region of the Bcl‑2 gene to regulate 
its expression and interact with the P53 protein to regulate 
its transcriptional activity (55). Thus, the TF POU4F1 can 
promote the differentiation of the nervous system and inhibit 

the apoptosis of nerve cells. In the present study, Pou4f1 
expression was significantly increased in the AD+TG group, 
which indicated that TG may exert a neuroprotective effect 
by inhibiting neuronal apoptosis via the regulation of Pou4f1. 

The NR4A1 nuclear receptor belongs to the orphan 
nuclear receptor subfamily NR4As. Studies have shown that 

Figure 8. KEGG pathway and GO enrichment analysis of differently expressed circRNA host genes. The top 30 most enriched GO categories and pathways 
were calculated and plotted. (A) GO and (B) KEGG pathway enrichment analyses. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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NR4A1 is involved in long‑term memory formation (56). In 
the central nervous system, NR4A1 expression in the hippo‑
campus increases after learning tasks related to hippocampal 
memory (57). The NR4A1 receptor is related to a variety of 
signaling molecules involved in memory formation, such 
as ERK, CREB, and BDNF (58). NR4A1 deficiency leads 
to late‑phase long‑term potentiation (L‑LTP) and impaired 
long‑term memory formation (59). In the present study, Nr4a1 
expression was significantly increased in the AD+TG group, 
which indicated that TG may also improve memory in AD by 
regulating Nr4a1. 

EGR2 plays an important role in peripheral nerve 
myelination, T‑cell maturation, posterior brain segmentation, 
and lipid biosynthesis (60), whereas MAG plays an important 
role in maintaining myelin integrity and inhibiting axon 
regeneration in the central nervous system (61). Therefore, 
the results indicate that TG may ameliorate AD by regulating 
Pou4f1, Egr2, Mag, and Nr4a1 expression.

Furthermore, 64 differentially expressed circRNAs 
(34 upregulated and 30 downregulated) were identified between 
the AD+NS and AD+TG groups. circRNAs tend to accumu‑
late in the aging brain, as well as in cells with low proliferation 
rates (such as neurons), especially neurons with synaptic 
development and differentiation (30,62). Zhang et al (63) found 
that there were several differentially expressed circRNAs in 
the brains of patients with AD. Knockdown/overexpression 
of some of these differentially expressed circRNAs was also 
assessed in AD cells and animal models to reduce AD‑like 
pathological manifestations, suggesting that circRNAs may 
be involved in the regulation of AD pathology (64). Neuronal 
injury and apoptosis are the most intuitive pathological mani‑
festations of neurodegenerative diseases, such as AD (65). 
Abnormal deposition of Aβ, neuroinflammation, oxidative 
stress injury, abnormal autophagy levels, and other factors 
can lead to neuronal injury and apoptosis (66,67). circRNAs 
are hypothesized to be involved in the above pathogen‑
esis, as well as in AD. In previous studies, circHIPK2 (68), 
circ‑0002468 (69), circ HDAC9 (70), and circ‑0000950 (71) 
were shown to be involved in neuronal injury and to affect the 
pathogenesis and pathological process of AD. Circ‑7 (72), hsa_
circ RNA‑405619, and hsa_circ RNA‑000843 (73) were shown 
to participate in Aβ metabolism. In addition, circNF1‑419 (74) 
and circHECTD1 (75) were shown to participate in autophagy 
and to affect the occurrence and development of AD. In the 
present study, 64 differentially expressed circRNAs were 
identified between the hippocampus of AD+NS mice and AD 
mice treated with TG. mmu_CIRCpedia_35174 and mmu_
circ_0007187 were the most upregulated and downregulated 
circRNAs, respectively, which indicated that TG may treat 
AD by regulating the expression of these two circRNAs. 
However, the relationships of mmu_CIRCpedia_35174 and 
mmu_circ_0007187 with AD remain to be determined. 
Therefore, it is necessary to investigate the functions of these 
two circRNAs in AD treated with TG in the future.

In summary, several dysregulated lncRNAs, mRNAs, and 
circRNAs that may serve as potential biomarkers or targets 
in AD treated with TG were identified. Future studies should 
elucidate the detailed mechanisms underlying the regulation 
of the identified differentially expressed lncRNAs, mRNAs, 
and circRNAs.
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