
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6625  | https://doi.org/10.1038/s41598-022-10554-9

www.nature.com/scientificreports

Transcriptome analysis of fasudil 
treatment in the APPswe/
PSEN1dE9 transgenic (APP/PS1) 
mice model of Alzheimer’s disease
Hailong Yan1,5, Yuqing Yan1,2,5*, Ye Gao1, Nianping Zhang1, Gajendra Kumar3, Qingli Fang1, 
Ziqing Li1, Jiehui Li1, Yuna Zhang1, Lijuan Song2, Jiawei Wang1, Jingxian Sun1, 
Han‑Ting Zhang4* & Cun‑Gen Ma1,2*

Alzheimer’s disease (AD) is the most common cause of progressive dementia. In the present study, 
we showed hippocampal tissue transcriptome analysis in APPswe/PSEN1dE9 (APP/PS1, AD model) 
mice treated with fasudil (ADF) and compared with AD mice treated with saline (ADNS) and wild 
type mice (WT). The competing endogenous RNA (ceRNA) network was constructed and validated 
the differential expression of mRNA, lncRNA, miRNA, and circRNA. Our study showed differentially 
expressed mRNAs (DEMs) between WT and ADNS, while enriched in cell growth and death and 
nervous system pathways. DEMs between ADNS‑ADF were enriched in the nervous system, 
glycosaminoglycan biosynthesis‑keratan sulfate (KS) and Quorum sensing pathways. We validated 
four genes with RT‑PCR, whereas enrichment of Acyl‑CoA Synthetase Long Chain Family Member 4 
(Acsl4, ENSMUST00000112903) in Quorum sensing pathways, and BTG anti‑proliferation factor 1 
(Btg1, ENSMUST00000038377) in RNA degradation pathways were conducted. Expression of these 
two genes were higher in ADNS, but were significantly reduced in ADF. Histone H4 transcription factor 
(Hinfp, ENSMUST00000216508) orchestrate G1/S transition of mitotic cell cycle and co‑expressed with 
mmu‑miR‑26a‑2‑3p‑mediated ceRNA and mmu‑miR‑3065‑5p‑mediated ceRNA; Wnt family member 4 
(Wnt4, ENSMUST00000045747) was enriched in mTOR, Hippo and Wnt signaling pathway. Expression 
of these two genes were significantly lower in ADNS, and fasudil treatment reverse it. The present 
studies demonstrated four genes: Acsl4, Btg1, Hinfp, Wnt4 could be potential biomarkers of AD and 
the targets of fasudil treatment. These results will pave a novel direction for future clinic studies for AD 
and fasudil treatment.

Alzheimer’s disease (AD) is the most common neurodegenerative disease and one of the major sources of mor-
bidity and mortality in the aging  population1, and the etiology of which is multifaceted and poorly understood. It 
is urgently required to develop effective treatments for  AD2. In recent years, noncoding RNAs (ncRNAs), includ-
ing long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs), have emerged 
as a major class of regulatory molecules, which play a significant role in the pathogenesis of  AD3,4. The ncRNAs 
detected in the cerebrospinal fluid (CSF) have been reported as potential biomarkers for symptomatic and 
course-altering  therapy5–7, and are involved in multiple pathways associated with disease condition. However, it 
is important to pay attention and dissect the possible ncRNA-induced pathogenesis and drug targets to control 
the devastating dementia of AD in the  future8,9.

Long non-coding RNAs (lncRNAs) consist of > 200 nt regulating protein transcription and epigenetic modi-
fication in several  diseases10–12. LncRNA was initially considered as the "noise" of genome transcription, a by-
product of RNA polymerase II transcription with no biological  function13. However, studies have shown that 
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lncRNA is involved as important regulators such as X chromosome silencing, genomic imprinting, chromatin 
modification, transcriptional activation, transcriptional interference, and nuclear  transport14–17. For example, 
lncRNA n336694 and miR-106b are over expressed in brain tissues of AD  mice18. LncRNA MALAT1 appears 
to interact with miR-125b to inhibit neuron apoptosis and inflammation while promotes neurite outgrowth in 
 AD19,20. lncRNA ANRIL knockdown suppresses apoptosis and inflammation and enhances neurite extension 
via binding to microRNA-125a in the PC12 cellular model of  AD21.

miRNAs (around 22 nt in length) are typically associated with the 3′-untranslated region (UTR) of targeted 
mRNAs and repress their translation and/or  stability22 and also important regulators of gene expression at the 
post-transcriptional level; the levels of miRNA let-7 are enhanced in AD  patients23,24.

circRNAs are derivatives of precursor mRNAs (pre-mRNAs), and formed covalently by linked 5′ and 3′ ends 
called “back-splicing”, also known as “head to tail junction”25,26, which are abundant in the brain and play an 
important role in synaptopathologies. Neural circRNAs accumulate with age and have a beneficial role in neu-
ronal  repair27,28. Recently, it has been reported in a mouse model of AD that circRNA dysfunction (94 and 141 
circRNAs) dysregulates 3 circRNAs involved in amyloid-β plaque  clearance26.

Rho-associated protein kinase (ROCK) inhibitors are a series of compounds that target rho kinase. Rho 
kinase inhibitor fasudil, a small molecule targeting ROCK II, which has been reported by our previous studies 
as a treatment of AD, but none of the studies have analyzed the transcriptome after fasudil treatment in AD.

In the present study, we analyzed the diverse RNAs altered after fasudil treatment in AD mice model and 
investigated the function of those RNAs. We expected that our observation and functional analysis of the tran-
scriptome in AD will be an important finding for determining the neurological interaction in AD pathogenesis.

Results
Fasudil treatment altered the expression of Aβ and p‑Tau in hippocampus of APPswe/
PSEN1dE9 mice. Aβ and p-Tau are biomarkers of Alzheimer’s  disease29,30. Expression of Aβ and p-Tau in 
the hippocampus of WT, ADNS, and ADF mice were evaluated by immunostaining. Our results showed that 
ADNS induced Aβ1-42 plaques (1016.59) in the hippocampus; these were significantly reduced in ADF (437.8; 
p < 0.01), suggesting that fasudil reduced Aβ burden (p < 0.05) (Fig. 1A). Tau phosphorylation is a key factor 
playing an important role in the pathogenicity of  AD31. The expression of p-Tau (S404) in hippocampal neurons 
of ADNS was significantly increased as compared to WT (5029.2) (p < 0.01). However, it was reversed by fasudil 
(2353.7) as shown by immunofluorescent intensity quantification (p < 0.05), suggesting the protective effect of 
fasudil in terms of decreasing p-Tau formation in AD (Fig. 1B).

Transcriptome Analysis of hippocampal tissues of APPswe/PSEN1dE9 mice treated with fas‑
udil. Protein-coding (mRNAs) and noncoding RNAs (lncRNAs, miRNAs, circRNAs) associated with fasudil 
treatment in APPswe/PSEN1dE9 mice were analyzed using samples of hippocampal tissues from WT, ADF and 
ADNS (n = 3 in each group), as described below.

Analysis of differentially expressed protein‑coding transcripts (mRNA) in fasudil‑treated APP‑
swe/PSEN1dE9 mice. We obtained on average 17.17G of clean data for each library. The sequencing qual-
ity showed > 97.5% Q20 and > 93.1% Q30 (Supplementary Table 1). Out of all the sequencing libraries, we iden-
tified 65,151 protein-coding transcripts, including 57,726 known and 7,425 novel protein-coding transcripts. 
Overall, this resulted in 403 differentially expressed mRNAs (DEMs) between WT versus ADNS, including 192 
down-regulated (47.7%) and 211 up-regulated (52.4%), and 626 DEMs between ADNS versus ADF, including 
304 down-regulated (48.6%) and 322 up-regulated (51.4%) (Fig. 2A,B; Supplementary Table 2).

Further, we identified the biological functions of the DEMs between WT versus ADNS and ADNS versus 
ADF by gene ontology (GO) analysis. In both WT versus ADNS and ADNS versus ADF, our results showed that 
the most important molecular functions are binding and catalytic activity. In biological processes, the dominant 
GO terms were cellular process, single organism process, and biological regulation. The key cellular components 
involved were cell, cell part, organelle and membrane (Fig. 2C,D; Supplementary Table 3).

Analysis of differentially expressed protein‑coding transcripts (mRNA) in fasudil‑treated APP‑
swe/PSEN1dE9 mice. In the KEGG pathway analysis, DEMs between WT-ADNS were enriched in the cell 
growth and death pathways including the cell cycle and apoptosis pathway; 11 genes were associated with the 
above pathways (Fig. 2E; Supplement Table 4). DEMs between ADNS-ADF were enriched in the nervous system 
pathways including the neurotrophin signaling pathway, glutamatergic synapse, cholinergic synapse, long-term 
potentiation, retrograde endocannabinoid signaling, long-term depression, dopaminergic synapse, glycosami-
noglycan biosynthesis-keratan sulfate (KS) pathways. A total of 35 genes were associated with the above path-
ways. DEMs between ADNS-ADF were enriched in Glycosaminoglycan biosynthesis—keratan sulfate pathways 
and Quorum sensing pathways (Fig.  2F; Supplementary Table  4). Acyl-CoA Synthetase Long Chain Family 
Member 4 (Acsl4, ENSMUST00000112903) were enriched in Quorum sensing pathways. BTG anti-proliferation 
factor 1 (Btg1, ENSMUST00000038377) was enriched in RNA degradation pathways and significantly reduced 
in ADF. Wnt family member 4 (Wnt4, ENSMUST00000045747) was enriched in signal transduction pathways, 
including mTOR, Hippo and Wnt signaling pathway (Supplementary Table 4).

Analysis of lncRNA changes in fasudil‑treated APPswe/PSEN1dE9 mice. To identify the func-
tions of lncRNAs, the upstream and downstream genes of lncRNAs were analyzed. We observed 14,906 lncRNA 
transcripts, including 4311 annotated lncRNAs and 10,595 novel lncRNAs. The lncRNA transcripts corre-
sponded to 4,311 annotated lncRNA genes and 10,595 novel lncRNA genes (Supplementary Table 5). Overall, 46 
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differentially expressed lncRNAs between WT versus ADNS, including 24 down-regulated and 22 up-regulated, 
and 68 differentially expressed lncRNAs between ADNS versus ADF, including 39 down-regulated and 29 up-
regulated were observed. Additionally, 5 lncRNAs in the intersection of ADNS versus ADF and WT versus 
ADNS were detected (Fig. 3A,B,C; Supplementary Table 5).

Differentially expressed lncRNA co-located with mRNA in the KEGG enrichment indicates that majority 
of genes focused on the PI3K-AKT signal pathway in WT versus ADNS. Renin-angiotensin system (RAS) and 
endocrine and other factor-regulated calcium reabsorption were significant enriched signaling pathways in 
WT versus ADNS (p < 0.05) (Fig. 3D; Supplementary Table 6). The cytokine-cytokine receptor interaction and 
cGMP-PKG signaling pathway were dominant in ADF versus ADNS. Biosynthesis of unsaturated fatty acids and 

Figure 1.  Fasudil treatment reduced Aβ plaque deposition and phosphorylated tau tangles in the hippocampus. 
(A) Aβ1-42 plaques was checked in the hippocampus of the mice in each group. (a–c) WT, (d–f) ADNS, (g–i) 
ADF. Immunofluorescent intensity quantification of anti-Aβ1-42 showed significant increased intensity in ADNS 
group when compared with WT (p < 0.01) and the reverse in the Fasudil-treated mice, suggesting the protective 
effect on Aβ burden and therapeutic potential for clearance of Aβ plaques in AD with Fasudil treatment. (B) Tau 
phosphorylation at S404 was checked in the hippocampus of the mice in each group. (a–d) WT group, (e–h) 
ADNS group, (i–l) ADF group. Images (a–c, e–h, i–l) were taken at 10× (200 μm). The box area is enlarged, and 
the images (d, h, l) were taken at 60× (20 μm). DAPI (blue) was used for nuclei staining. Immunofluorescent 
intensity quantification of anti-Phospho-Tau (S404) showed a significant increase in intensity in the ADNS 
group when compared with WT (p < 0.01); the reverse was observed in the Fasudil-treated mice. Data is 
presented as Mean ± S.E.M. *p < 0.05, **p < 0.01 versus WT; #p < 0.05, ##p < 0.01 versus ADNS. The Dunnett’s test 
were used for statistical analysis.
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Figure 2.  Differentially expressed mRNAs in the hippocampal tissues from mice in each group. (A) The 
number of upregulated and downregulated mRNAs between WT and ADNS are shown; 403 (211 up and 192 
down) differentially expressed mRNAs (DEMs) between WT versus ADNS. (B) The number of upregulated 
and downregulated DEMs between ADF and ADNS are shown; 626 (322 up and 304 down) DEMs were 
identified between ADNS versus ADF. (C) GO annotations of 403 DEMs in WT versus ADNS. The mRNAs 
were significantly enriched in 1103 GO terms (p < 0.05). (D) GO analysis of 626 DEMs in ADNS versus ADF. 
The mRNAs were significantly enriched in 1199 GO terms (p < 0.05). (E) KEGG pathways involving the top 
20 terms in WT versus ADNS. A larger Rich Factor value indicates a higher degree of enrichment. DEMs 
between WT-ADNS were enriched from cell growth and death pathways including the cell cycle and apoptosis 
pathway. (F) KEGG pathways involving the top 20 terms in ADNS versus ADF. DEMs between ADNS-ADF 
were enriched from nervous system pathways including neurotrophin signaling pathway, glutamatergic synapse, 
cholinergic synapse, long-term potentiation and retrograde endocannabinoid signalling (KEGG pathways: 
https:// www. kegg. jp/ kegg/ kegg1. html).

https://www.kegg.jp/kegg/kegg1.html
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Figure 3.  Differentially expressed lncRNAs in hippocampal tissues from mice in each group. (A) The number 
of upregulated (22) and downregulated (24) lncRNAs between ADNS and WT are shown. (B) The number 
of upregulated (29) and downregulated (39) differentially expressed lncRNAs between ADF and ADNS are 
shown. (C) Venn showed 5 lncRNAs at the intersection of ADNS versus ADF and WT versus ADNS. (D) 
KEGG analysis involving the top 20 terms of differentially expressed lncRNA co-located with mRNA in WT 
versus ADNS. Most genes focus in PI3K-AKT signal pathway. (E) KEGG analysis involving the top 20 terms of 
differentially expressed lncRNA co-located with mRNA in ADNS versus ADF. Most genes focus in cytokine-
cytokine receptor interaction and cGMP-PKG signaling pathway. (F) KEGG analysis of differentially expressed 
lncRNA co-expressed with mRNA in WT versus ADNS. Most genes focus on the pathway of PI3K-Akt, MAPK, 
regulation of actin cytoskeleton and Rap1 signaling pathway. (G) KEGG analysis of differentially expressed 
lncRNA co-expressed with mRNA in ADNS versus ADF. Most genes focus on the pathway of phagosome, 
synaptic vesicle cycle and adipocytokine signaling pathway (KEGG pathways: https:// www. kegg. jp/ kegg/ kegg1. 
html).

https://www.kegg.jp/kegg/kegg1.html
https://www.kegg.jp/kegg/kegg1.html
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the pentose phosphate pathway were significantly enriched signaling pathways in ADF versus ADNS (p < 0.05) 
(Fig. 3E; Supplementary Table 6).

Differentially expressed lncRNA co-expressed with mRNA in KEGG enrichment analysis showed that large 
portion of genes focused on PI3K-Akt signaling pathway, MAPK signaling pathway, regulation of actin cytoskel-
eton and Rap1 signaling pathway in WT versus ADNS (Fig. 3F; Supplementary Table 6). There were enriched 
signaling pathways, such as styrene degradation, sesquiterpenoid and triterpenoid biosynthesis, phenylpropa-
noid biosynthesis in WT versus ADNS. Peroxiredoxin 6 (PRDX6) attenuates Aβ pathology in phenylpropanoid 
biosynthesis  pathway32. Our results showed LNC_000304, which in ADNS mice was significantly higher than 
WT, co-expressed with mRNA of Peroxiredoxin 6 (Prdx6, ENSMUST00000051925).

In ADNS versus ADF, most of genes were involved in the phagosome, synaptic vesicle cycle and adipocytokine 
signaling pathways (Fig. 3G; Supplementary Table 6). Also, nitrotoluene degradation and phenylpropanoid bio-
synthesis are enriched signaling pathways in ADNS versus ADF. Our results demonstrated that LNC_002258, 
which was significantly lower in ADF than ADNS, was co-expressed with mRNA (Novel_000141) in the phe-
nylpropanoid biosynthesis pathway.

Expression profiles of miRNAs in hippocampal tissues. We first determined whether the miRNA 
profile of ADNS and ADF was distinct as compared with WT by analysis of differentially expressed miRNAs. 
We observed 13 significantly and differentially expressed miRNAs, including 5 up-regulated (38.5%) and 8 
down-regulated (61.5%) in ADNS versus WT (Fig. 4A; Supplementary Table 7). There were 16 significantly and 
differentially expressed miRNAs, including 9 up-regulated (56.3%) and 7 down-regulated (43.8%), in ADF as 
compared with ADNS (Fig. 4B; Supplementary Table 7). There were 5 miRNAs at the intersection of ADNS ver-
sus ADF and WT versus ADNS (mmu-miR-141-3p, mmu-miR-183-5p, mmu-miR-182-5p, mmu-miR-96-5p, 
novel_339) (Fig. 4C; Supplementary Table 7).

Analysis of circRNA changes in fasudil‑treated APPswe/PSEN1dE9 mice. CircRNAs play a vital 
role in neurodegenerative diseases, particularly in  AD33. Our results illustrated 34 differentially expressed cir-
cRNAs in ADNS versus WT, including 17 up and 17 down (Fig. 4D and Supplementary Table 8). There were 
62 differentially expressed circRNAs in ADNS versus ADF, including 27 up and 35 down, (Fig. 4E and Sup-
plementary Table 8). There were 5 at the intersection of ADNS versus ADF and WT versus ADNS, including 
mmu_circ_0000295 in ADNS and the SRPBM was 168.8, while the SRPBM of ADF and WT was 0. The read-
outs of mmu_circ_0001551, mmu_circ_0006568 and mmu_circ_0010965, mmu_circ_0011161 were 0 in ADNS, 
while in WT were around 200 and in ADF returned to WT (Fig. 4F; and Supplementary Table 8).

Next, biological functions of the differentially expressed circRNAs between WT versus ADNS and ADNS 
versus ADF were identified by gene ontology (GO) and pathway enrichment analysis. Differentially expressed 
circRNAs between WT versus ADNS were significantly enriched in 521 GO terms (p < 0.05), and differentially 
expressed circRNAs between ADNS versus ADF were significantly enriched in 1226 GO terms (p < 0.05) (Sup-
plementary Table 9). Our results showed that the important biological process GO terms were cellular process, 
single organism process and biological regulation in both WT versus ADNS and ADNS versus ADF. The cellular 
components involved were cell, cell part, organelle, and membrane; the molecular functions consisted of binding, 
catalytic activity and the molecular function regulator (Fig. 4G,H and Supplementary Table 9).

KEGG analysis revealed that differential circRNA expression in WT versus ADNS was involved in sig-
nal transduction, including the VEGF signaling (ko04370), ErbB signaling (ko04012), and MAPK signaling 
(ko04010) pathways. The circRNAs were also involved in the immune system, including chemokine signaling 
(ko04062) and leukocyte transendothelial migration (ko04670). Two genes, including the transient receptor 
potential cation channel, subfamily C, member 4 (Trpc4, ENSMUSG00000027748: mmu_circ_0007002) and 
PTK2 protein tyrosine kinase 2 (Ptk2, ENSMUSG00000022607: mmu_circ_0003052), were involved in the axons 
guidance pathway (ko04360) and, for the latter, also in signal transduction, specifically in the VEGF signaling 
(ko04370) and ErbB signaling (ko04012) pathways (Fig. 4I and Supplementary Table 9).

Figure 4.  Differentially expressed miRNAs and circRNAs in hippocampal tissues from mice in each group. 
(A) The number of upregulated (5) and downregulated (8) miRNAs between ADNS and WT are shown. 
(B) The number of upregulated (9) and downregulated (7) differentially expressed miRNAs between ADF 
and ADNS are shown. (C) Venn showed 5 miRNAs at the intersection of ADNS versus ADF and WT versus 
ADNS. (D) The number of upregulated (17) and downregulated (17) circRNAs between ADNS and WT are 
shown. (E) The number of upregulated (27) and downregulated (35) differentially expressed circRNAs between 
ADF and ADNS are shown. (F) Venn showed 5 circRNAs at the intersection of ADNS versus ADF and WT 
versus ADNS. (G) GO analysis of 34 differentially expressed circRNAs in WT versus ADNS. The mRNAs were 
significantly enriched in 521 GO terms (p < 0.05). (H) GO analysis of the 62 differentially expressed circRNAs 
in ADNS versus ADF. The mRNAs were significantly enriched in 1226 GO terms (p < 0.05). (I) KEGG analysis 
of differentially expressed circRNAs in WT versus ADNS. KEGG analysis of differential cirRNA expression 
found in WT versus ADNS were involved in signal transduction, including the VEGF signalling pathway, ErbB 
signalling pathway, MAPK signalling pathway, et al.; they also were involved in the immune system, including 
Chemokine signalling pathway and Leukocyte transendothelial migration. (J) KEGG analysis of differential 
cirRNA expression found in ADNS versus ADF were involved in signal transduction, including the MAPK 
signalling pathway, Phosphatidylinositol signalling system, Phospholipase D signalling pathway, Rap1 signalling 
pathway, TGF-beta signalling pathway, and Wnt signalling pathway (KEGG pathways: https:// www. kegg. jp/ 
kegg/ kegg1. html).

◂

https://www.kegg.jp/kegg/kegg1.html
https://www.kegg.jp/kegg/kegg1.html
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However, KEGG analysis of the differential circRNA expression between ADNS and ADF showed the 
involvement of circRNAs in signal transduction, including the MAPK signaling (ko04010), phosphatidylinosi-
tol signaling (ko04070), phospholipase D signaling (ko04072), Rap1 signaling (ko04015), TGF-beta signaling 
(ko04350), and Wnt signaling (ko04310) pathways (Fig. 4J and Supplementary Table 9). Pantothenate kinase 
2 (Pank2, ENSMUSG00000037514: mmu_circ_0005875) was involved in pantothenate and CoA biosynthesis 
(ko00770). The calcium channel, voltage-dependent, P/Q type, alpha 1A (Cacna1a, ENSMUSG00000034656: 
mmu_circ_0010666 ) was involved in the synaptic vesicle cycle (ko04721), long-term depression (ko04730), 
taste transduction (ko04742), MAPK signaling pathway (ko04010), GABAergic synapse (ko04727), cholinergic 
synapse (ko04725), glutamatergic synapse (ko04724), dopaminergic synapse (ko04728), serotonergic synapse 
(ko04726), retrograde endocannabinoid signaling (ko04723), and calcium signaling pathway (ko04020) (Sup-
plementary Table 9).

Construction of the competing endogenous RNA (ceRNA) network. Construction analysis of the 
ceRNA network of all the miRNA, mRNA, lncRNA, and circRNA identified the top 300 ceRNA network, was 
shown in Fig. 5A and Supplementary Table 10. We also analyzed the ceRNA network for differential expression 
of miRNA, mRNA, lncRNA, and circRNA. The results indicated 7 miRNA-mediated ceRNA crosstalk between 
9 lncRNAs, 14 mRNAs and 3 circRNA (Fig. 5B; Supplementary Table 10).

Compared to WT, mmu-miR-200c-3p and mmu-miR-183-5p were significantly lower in ADNS while mmu-
miR-7080-3p was significantly higher in ADF; compared to ADF, mmu-miR-183-5p was also significantly lower 
in ADNS. Compared to ADNS, mmu-miR-338-3p, mmu-miR-1188-5p, mmu-miR-26a-2-3p, and mmu-miR-
3065-5p were all significantly lower while LNC_008211 and Histone H4 transcription factor (Hinfp, ENS-
MUST00000216508) in ADF were significantly higher (Supplementary Tables 2, 5 and 7).

The mmu-miR-200c-3p-mediated ceRNA crosstalk between LNC_008540, LNC_002795 and myosin VA 
(Myo5a, ENSMUST00000123128) was one of the three myosin V heavy-chain genes, belonging to the myosin 
gene superfamily. mmu-miR-183-5p was one of the AD-related miRNAs, mediating the ceRNA crosstalk between 
LNC_007479 and Btg1 (ENSMUST00000038377), which is involved in the PI3K/Akt/VEGF signal pathway. 
mmu-miR-7080-3p-mediated ceRNAs played an important role in the crosstalk between mmu_circ_0009050 
and 4 mRNAs (Fig. 5B; Supplementary Table 10).

The mmu-miR-338-3p-mediated ceRNA cross-talked between mmu_circ_0011540 and Wnt4 (ENS-
MUST00000045747). The mmu-miR-1188-5p-mediated ceRNA cross-talked between LNC_002190, 
LNC_008153, LNC_008211, and translocase of outer mitochondrial membrane 40-like (Tomm40l, ENS-
MUST00000005817), lymphocyte antigen 6 complex, and locus E (Ly6e, ENSMUST00000169343). The 

Figure 5.  The competing endogenous RNA (ceRNA) network of micRNA, mRNA, lncRNA, and cirRNA. (A) 
The top 300 ceRNA network of whole of miRNA, mRNA, lncRNA, and cirRNA. A yellow ellipse represents 
miRNA, blue triangle represents lncRNA (unknown: LNC, known: ENSMUST), and purple rhombus 
represents mRNA. No cirRNA were involved in the top 300. Lines represent correlations. (B) CeRNA network 
of differentially expressed miRNA, mRNA, lncRNA, and cirRNAs. mmu-miR-200c-3p-mediated ceRNA 
crosstalk between LNC_008540, LNC_002795 and myosin VA (Myo5a, ENSMUST00000123128). mmu-
miR-183-5p mediated ceRNA crosstalk between LNC_007479 and BTG anti-proliferation factor 1 (Btg1, 
ENSMUST00000038377). LNC_008211 is co-expressed with mmu-miR-1188-5p-mediated ceRNA and 
mmu-miR-26a-2-3p-mediated ceRNA. Histone H4 transcription factor (Hinfp, ENSMUST00000216508) is 
co-expressed with mmu-miR-26a-2-3p-mediated ceRNA crosstalk and mmu-miR-3065-5p -mediated ceRNA 
crosstalk.
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mmu-miR-26a-2-3p-mediated ceRNA cross-talked between LNC_001290, LNC_008211, LNC_009699, 
LNC_010428, WD repeat domain 48 (Wdr48, ENSMUST00000215307), and Hinfp (ENSMUST00000216508). 
The mmu-miR-3065-5p-mediated ceRNA cross-talked between mmu_circ_0005875 and Hinfp (ENS-
MUST00000216508), serine/arginine repetitive matrix 4 (Srrm4, ENSMUST00000076124), TSC22 domain fam-
ily, member 2 (Tsc22d2, ENSMUST00000099090), and Son DNA binding protein (Son, ENSMUST00000117633) 
(Fig. 5B; Supplementary Table 10).

We also observed that LNC_008211 co-expressed with mmu-miR-1188-5p-mediated ceRNA and mmu-miR-
26a-2-3p-mediated ceRNA. Hinfp (ENSMUST00000216508) co-expressed with mmu-miR-26a-2-3p-mediated 
ceRNA crosstalk and mmu-miR-3065-5p-mediated ceRNA crosstalk (Fig. 5B; Supplementary Table 10).

Validation of differentially expressed RNAs by real time quantitative PCR (RT‑PCR). To verify 
the specific differences in the abundance of certain RNAs in ADNS, WT and ADF, we selected LNC_009699, 
LNC_007479, mmu-miR-200c-3p, mmu-miR-183-5p, mmu_circ_0005875, Hinfp (ENSMUST00000216508), 
Btg1 (ENSMUST00000038377), Wnt4 (ENSMUST00000045747), and Acsl4 (ENSMUST00000112903) mRNAs 
from the constructed network to perform validation by RT-PCR. RT-PCR expression patterns of the 1 circRNA, 
2 lncRNAs, 2 miRNAs, and 4 mRNAs were similar to the high-throughput sequencing results and verified the 
reliability of sequencing results (Figs. 6; Supplementary Table 11).

Compared to ADNS, mmu_circ_0005875 and Hinfp (ENSMUST00000216508) were both significantly higher 
in ADF (Fig. 6A1,A2,B1,B2). Compared to WT, Wnt4 (ENSMUST00000045747) was significantly or tended to 
be lower in ADNS, which was reversed in ADF (Fig. 6D1,D2). Expression of Acsl4 (ENSMUST00000112903) 
was higher in ADNS, but were significantly reduced in ADF (Fig. 6E1,E2). Compared to WT, mmu-miR-200c-3p 
was significantly lower in ADNS, which was prevented in ADF (Fig. 6F1,F2). A similar case was observed for 
LNC_009699 (Fig. 6H1,H2). These data were consistent with the results obtained by the transcriptome sequenc-
ing and implied RNAs regulatory roles in AD development and fasudil treatment. We performed the RT-PCR 
in order to explore the function of LNC_007479 and mmu-miR-183-5p regulation of the expression of Btg1. 
Btg1 tended to be increased in ADNS relative to WT, but was significantly reduced in ADF (Fig. 6C1,C2). Com-
pared to WT, mmu-miR-183-5p was significantly lower while LNC_007479 higher in ADNS; all of which were 

Figure 6.  Validation of Differentially Expressed RNAs in hippocampal tissues from mice in each group. (A) 
Expression changes for select circRNA using RT-PCR (left) and high-throughput sequencing results (right) 
among WT, ADNS, and ADF samples. (B–E) Expression changes for select mRNAs using RT-PCR (left) and 
high-throughput sequencing results (right) among WT, ADNS, and ADF samples. (F,G) Expression changes for 
select miRNA using RT-PCR (left) and high-throughput sequencing results (right) among WT, ADNS, and ADF 
samples. (H,I) Expression changes for select lncRNAs using RT-PCR (left) and high-throughput sequencing 
results (right) among WT, ADNS, and ADF samples. *p < 0.05, **p < 0.01 versus WT; #p < 0.05, ##p < 0.01 versus 
ADNS. The Dunnett’s test were used for statistical analysis.
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reversed in ADF (Fig. 6G1,G2,I1,I2), suggesting that LNC_007479 is negatively related to mmu-miR-183-5p 
and positively to Btg1.

Discussion
Fasudil is the most commonly used Rho kinase inhibitor, as well as an effective calcium channel antagonist and 
vasodilator. It crosses the blood brain barrier and clinically used in the treatment of cerebral artery spasm after 
subarachnoid  haemorrhage34,35. Our previous published study showed that fasudil improve cognitive function in 
Morris water maze test and further we used same batches of mice, where feces were used for gut microbiota and 
metabolites, and hippocampus for transcriptome  study36. APPswe/PSEN1dE9 mice treated with fasudil showed 
significant decreased in latency to locate the platform, latency of first entrance into target zone and increased 
time spent in target zone. Morris water maze test suggested the reversal of learning and memory impairment 
of AD  mice36. Fasudil retains the BBB integrity by up-regulating expression of tight junction proteins ZO-1 and 
occludin has been reported by our  studies37–39. Activation of ROCK in astrocytes causes retraction and affects 
the BBB, where ROCK-2 is predominant isoform and acts as the key factor in the function and maintenance of 
 BBB39. Our previous studies have revealed the potent effect of fasudil in the CNS, preventing BBB leakage and 
Aβ  deposition40. We also reported protective effect of fasudil by clearing Aβ or p-Tau in primary  neurons41. In 
this study, fasudil treatment ameliorated Aβ and p-Tau in the hippocampus of APPswe/PSEN1dE9 mice and 
transcriptome changes in AD mice were similar to vehicle treatment control. We also observed that protein-
coding genes, miRNAs, circRNA, and lncRNA transcripts regulates the pathogenesis of AD. Recent studies have 
shown that lncRNAs, circRNAs, miRNAs, and mRNAs form large-scale ceRNA crosstalk networks, which have 
exciting implications in gene regulation at the transcriptional level during physiological and pathophysiological 
 processes42–46. Although lncRNAs and circRNAs have been identified and reported in several diseases, however, 
their functions remain largely  unknown47,48. We performed a full transcriptome analysis of lncRNAs, circRNAs, 
miRNAs, and mRNAs by using high-throughput sequencing to identify their functions.

DEMs in ADNS versus ADF were enriched in glycosaminoglycan biosynthesis-keratan sulfate (KS) pathways. 
KS is an extracellular glycan in the brain and plays an important role in AD and neuritis plaque  formation49. 
The maturation of N-glycan requires modification of GlcNAc by catalysis of Fucosyltransferase 8 (Fut8) and the 
action of Beta-1,4-Galactosyltransferase 4 (B4galt4). GlcNAc6ST1 regulates microglial functions in Alzheimer’s 
 pathology50. The increased Fut8 expression during aging could make the IGF-1 signaling pathway more sensitive 
in an older  organism51. Our results showed that B4galt4 (ENSMUST00000023482) was significantly higher in 
ADF compared to ADNS, suggesting that fasudil enhances the regulation of B4galt4 in the maturation process 
of N-glycan. In addition, the Fut8 transcript (ENSMUST00000062804) was significantly lower in ADF compared 
to ADNS (− 0.8-fold); in contrast, the other Fut8 transcript (ENSMUST00000171770) was significantly higher in 
ADF compared to ADNS (11.6-fold). FUT8 changed differentially, which is inconsistent with previous  studies51. 
This may be related to polymorphism, but needs further verification.

DEMs between ADNS-ADF were enriched in Quorum sensing pathways. Acsl4 (Ensmust00000112903) 
was found to be significantly increased in subarachnoid hemorrhage (SAH). Inhibition of Acsl4 expression 
reduces inflammatory responses, blood–brain barrier (BBB) damage, oxidative stress, and increases the num-
ber of surviving neurons after  SAH52. Acsl4 significantly increases protein damage, lipid peroxidation markers 
and related signaling molecules in hearts from AD  mice53. Our results showed significantly low Acsl4 (ENS-
MUST00000112903) in ADF as compared to ADNS, suggesting that fasudil alleviates the impairment caused 
by Acsl4 in AD mice. The transcriptome sequencing quantitative results are consistent with RT-PCR. It is worth 
discussing as candidate biomarkers that are positively altered in AD mice after treatment.

MicroRNAs are important post-transcriptional regulators of gene expression and implicated in numerous bio-
logical and pathological processes including neurodegenerative  diseases54. There are 5 miRNAs at the intersection 
of ADNS versus ADF and WT versus ADNS, including mmu-miR-141-3p, mmu-miR-183-5p, mmu-miR-182-5p, 
mmu-miR-96-5p, and novel_339. Our results showed that mmu-miR-183-5p in ADNS was significantly lower 
than that in WT and reversed in ADF. Several miRNAs are also decreased in the abundance in some diseases, 
which include 182 cluster such as miR-182-5p, miR-183-5p, and mmu-miR-200c-3p55.

We investigated the function of the lncRNAs and circRNAs in response to fasudil treatment in AD mice. Our 
results demonstrated that circRNAs were differentially expressed in the hippocampus, including 17 up and 17 
down in ADNS versus WT, and 27 up and 35 down in ADNS versus ADF. The recent identification of several 
circRNAs as vital regulators of miRNAs underlines the increasing complexity of ncRNA-mediated regulatory 
 networks56. LncRNAs are mainly involved in epigenetic modifications that regulate gene expression such as 
DNA methylation, histone acetylation, and transcriptional activation, with positive regulatory effects on target 
 genes44,57. A gene pair-based method incorporated with lncRNA-mediated gene regulatory networks has been 
established to identify module biomarkers associated with different brain regions and comprehensively develop 
biomarker prediction methods and therapeutic strategies for the treatment of AD  patients58. We demonstrated 
that protein-coding genes, miRNAs, circRNA, and lncRNA transcripts are candidate regulators for development 
of AD. Further studies are needed to verify this.

We also constructed a ceRNA network by integrating competing relationships between protein-coding tran-
script-miRNA and lncRNA transcript-miRNA pairs. Btg1 (ENSMUST00000038377), a member of the cell cycle 
inhibitory gene  family59, can inhibit cell proliferation, promote cell apoptosis, and regulate cell cycle progression 
and  differentiation60–62. Btg1 is expressed in the developing and adult  brain63, but its function in neural tissues 
is unclear. Our results demonstrated that the high level of Btg1 in ADNS was significantly reduced in ADF. 
Similarly, the high level of LNC_007479 in ADNS, which is positively correlated with Btg1, was significantly 
reduced in ADF. mmu-miR-183-5p had decreased expression in ADNS than WT and ADF and was negatively 
correlated with Btg1. There is a competitively inhibitory effect between LNC_007479 and mmu-miR-183-5p. 
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More specifically, mmu-miR-183-5p negatively regulates the Btg1 mRNA; LNC_007479 binding to mmu-miR-
183-5p weakens the inhibitive effect of the miRNA. Upregulation of miR-183-5p along with the downregulation 
of miR-206-3p and miR-381-3p may serve as putative biomarkers of 4,4′-methylene diphenyl diisocyanate (MDI) 
 exposure58. Several miRNAs, including mmu-miR-183-5p, are significantly decreased in a few diseases. Our 
results demonstrated that while few genes could be involved in the PI3K/Akt pathway, Btg1 appears to be one 
of these genes. Dysregulation of the PI3K/Akt pathway is implicated in a number of human diseases including 
cancer, diabetes, cardiovascular disease, and neurological diseases. Our previous results demonstrated that fas-
udil reversed Aβ1-42-induced apoptosis that could be related to  Btg141. Therefore, we believe that LNC_007479, 
miR-183-5p and Btg1 could be potential candidate biomarkers which are positively altered in AD mice, and 
reverse after fasudil treatment.

Hinfp is the only known transcription factor required for histone H4 gene expression, which binds directly to a 
unique H4 promoter-specific element to regulate histone H4 transcription at the G1/S phase  transition64,65. mmu-
miR-3065-5p-mediated ceRNAs crosstalk between mmu_circ_0005875 and Hinfp (ENSMUST00000216508). 
Our sequence result analysis showed that mmu_circ_0005875 of ADF was significantly higher compared to 
ADNS, and Hinfp in ADF was significantly higher than that in ADNS, and RT-PCR validated it same, suggest-
ing a positive relationship among them. In addition, mmu_circ_0005875 was positively correlated with Hinfp. 
Therefore, Hinfp could be a candidate biomarker that is positively altered in AD mice after treatment.

Wnt signaling pathway could be a potential target for the treatment of AD due to its close association in 
pathogenesis of AD. Loss of Wnt signaling enhance neuronal susceptiblity to Aβ—induced apoptosis, while 
activation of Wnt signaling prevent Aβ induced neuronal death and behavioural  deficit66,67. Our results showed 
Wnt4 (ENSMUST00000045747) mRNAs in ADF are significantly higher than in ADNS. A recent study in mouse 
model of AD reported that dickkOPF-1 (DKK-1), an inhibitor of a typical Wnt signaling pathway, is induced by 
Aβ and promotes the atypical Wnt-PCP  pathway68. Fasudil antagonize the Wnt-PCP pathway, restored balance 
between typical and atypical Wnt signaling pathways and reduces Aβ dependent synaptic  toxicity69. Regulation 
of Wnt signaling pathways in central nervous system is expected as powerful tools to control neural immune 
homeostasis. We also observed mmu-miR-200c-3p is ADNS significantly lower than WT, higher expression of 
LNC_009699 in ADF and WT as compared to ADNS. There is a probable competitive inhibitory effect between 
LNC_009699 and mmu-miR-200c-3p; mmu-miR-200c-3p negatively regulates Wnt4 (ENSMUST00000045747) 
mRNAs expression. These candidate biomarkers are positively altered in AD mice after treatment.

In conclusions, we discovered mRNAs, miRNAs, circRNAs and lncRNAs transcripts that are candidate regu-
lators of development of AD. We also constructed a ceRNA network by integrating competing relationships 
between protein-coding transcript-miRNA and lncRNA transcript-miRNA pairs. Further, we identified several 
lncRNA transcripts predicted to regulate the Acsl4, Btg1, Hinfp and Wnt4. The RT-PCR expression patterns were 
similar to high-throughput sequencing results, which verified the reliability of sequencing results. These four 
genes (ENSMUST00000112903, ENSMUST00000038377, ENSMUST00000216508 and ENSMUST00000045747) 
could be potential biomarkers of AD and the targets of fasudil treatment.

Materials and methods
Animals and treatment. Animal Ethics Committee of Shanxi Datong University approved all procedures. 
All the experiments were performed in compliance with the guidelines and regulations of the Administration 
Office of the International Council for Laboratory Animal Science and ARRIVE guidelines. Male APPswe/
PSEN1dE9 mice and the C57BL/6 background (8 months old) were obtained from Beijing Huafukang Biosci-
ence CO., LTD (HFK, Beijing, China). Mice were placed in the pathogen free facilities at the Institute of Brain 
Science, Shanxi Datong University, pen), separated in a temperature and humidity controlled room with 12-h 
light/12-h dark cycle. Animals had ad libitum access to food and water. The three groups of mice were selected: 
(1) vehicle-treated mice (ADNS) were administered normal saline (volume was adjusted similar to fasudil treat-
ment); (2) fasudil (ADF) mice were injected daily with fasudil (Tianjin Chase Sun Pharmaceutical Co., Ltd.), 
25 mg/kg/day, i.p. for 16 weeks; (3) age- and gender-matched C57BL/6 (WT) mice (8 months) were injected 
with the same volume of normal saline (n = 6 per group). 9 mice (n = 3) were sacrificed by cervical dislocation at 
the end of treatment, and the hippocampal tissues were rapidly collected, fixed with 4% cold paraformaldehyde 
and embedded in paraffin for immunofluorescence staining. Another, 9 mice (n = 3, biological replicate) were 
sacrificed at the end of treatment, and snap-frozen in liquid nitrogen and stored at − 80 °C for RNA extraction 
and RNA-sequencing.

Immunofluorescence staining for Aβ plaques and p‑Tau. The hippocampal sections were permeabi-
lized with 0.1% Triton X-100 for 15 min, and blocked with 1% bovine serum albumin (BSA) for 30 min at room 
temperature (RT). Sections were then incubated with anti-Tau (phospho-S404) (ab92676, mouse monoclonal 
primary antibodies, dilution of 1:200, Abcam, USA), anti-Aβ1-42 (GB111197, rabbit monoclonal primary anti-
bodies, 1:500, Servicebio, China) at 4ºC overnight. Slides were incubated with FITC or Cy3-conjugated second-
ary antibodies (Invitrogen, USA) for 1 h at RT. The modified coverslips were observed with a confocal micros-
copy (Olympus FV1000, Japan). Images were taken at 10× (200 μm) and 60× (20 μm).

RNA extraction and sequencing. The hippocampal samples were extracted using Trizol reagent (Thermo 
Fisher) (n = 3 mice per group). Purity and concentration was determined using the NanoPhotometer® spectro-
photometer (IMPLEN, CA, USA). The sample quality was assessed using Agilent Bioanalyzer 2100 and sequenc-
ing libraries were prepared using the concentration of total RNA (3 μg). Directional RNA Library Prep Kit for 
Illumina® (NEB, USA) following the manufacturer’s recommended protocol. The samples was performed on a 
cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia).
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mRNA and lncRNA‑Seq analysis. Raw data in fastq format was processed first by removing potential 
rRNA contamination by mapping to known rRNA gene sequences. Next, an in-house tool was used to remove 
low quality read pairs, which includes reads with adapter sequences, reads with consequtive Q value < 20 at the 
ends, and reads less than 50 bp. QC of the sequencing data was assessed using FastQC. Hisat2 was used to map 
reads to the reference genome. Reference genome and gene model annotation files were downloaded from the 
genome website  directly70. The mapped reads of each sample were assembled and convert to FPKM by StringTie 
(v1.3.1). We used three tools (CNCI, CPC2 and PLEK) to predict coding potential of each transcript. Tran-
scripts predicted without coding potential were selected as candidate lncRNAs and the remaining transcripts 
were deemed as mRNA. Transcripts not overlapping with known gene annotations were considered as “novel 
transcripts”. The Ballgown suite includes functions for interactive exploration of the transcriptome assembly, 
visualization of transcript structures and feature-specific abundance for each locus and post hoc annotation of 
assembled features to annotated  features71. DESeq2 was used to analyse differential gene expression for signifi-
cance analysis (p < 0.05 after Benjamin-Hochberg correction)72. Cuffdiff provides statistical routines for deter-
mining differential expression in digital transcript or gene expression data using a model based on the negative 
binomial  distribution73. We searched co-located (the screening range was less than 100 K between lncRNA and 
mRNA) and co-expressed (the correlation coefficient between lncRNA and mRNA was greater than 0.95) target 
genes of lncRNAs, and analyzed their functional annotations. Gene Ontology (GO)74 and  KEGG75 enrichment 
analysis of differentially expressed genes or lncRNA target genes were implemented by the GOseq R package and 
KOBAS software (http:// www. genome. jp/ kegg/). The terms with corrected p-values less than 0.05 were consid-
ered significantly enriched by differentially expressed  genes75–77.

circRNA‑Seq analysis. circRNA-seq analysis was performed by combining the results of two software, 
find-circ and CIRI2 to reduce false  positives78–80. Only the results predicted by both tools were used for subse-
quent analyses. Quantification was carried out using SRPBM (Spliced Reads per Billion Mapping)81. Differential 
circRNA expression was carried out using DESeq2 (p < 0.05). Functional annotation of circRNA was based on 
GO and KEGG annotation. Enrichment analysis was performed as described above in the methodology.

miRNA‑Seq analysis. The miRNA library was constructed using NEBNext® Multiplex Small RNA Library 
Prep Set for Illumina® (NEB, USA). Index codes were added to attribute sequences for each sample as per the 
manufacturer’s recommendations. Briefly, the cDNA library size was separated using PAGE gel and small RNA 
between 18 and 40 bp was excised and purified. Bowtie2 was used to compare miRNAs to the reference genome, 
and the distribution of miRNAs were  analyzed82.

Table 1.  Primer sequences used in the experiment. The forward and reverse primer of circ_0005875, Hinfp, 
Btg1, Wnt4, Acsl4, miR-200c-3p, miR-183-5p, LNC_009699, LNC_007479 were designed.

Primer sequence

circ_0005875-F AAG AGA GAG GCG GCC AGT AA

circ_0005875-R AAG GCC ATC AAG GAA GAA AGG 

Hinfp-F CCA GTC TCC GAA ACC CTC AA

Hinfp-R TAA AGG CAT CCA AGA ACA AAGG 

Btg1-F GCC ACC ATG ATA GGC GAG AT

Btg1-R ATC CGG TAG GAC ACT TCG TAGG 

Wnt4-F GGC TCC TGC GAG GTA AAG AC

Wnt4-R GAT GTC CTG CTC ACA GAA GTCC 

Acsl4-F CTT GAG CGT TCC TCC AAG TAGAC 

Acsl4-R AGC ACA TGA GCC AAA GGT AAGT 

miR-200c-3p-F CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG TCC ATC AT

miR-200c-3p-R ACA CTC CAG CTG GGT AAT ACT GCC GGG TAA T

miR-183-5p-F CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG ATT GAA TT

miR-183-5p-R ACA CTC CAG CTG GGT ATG GCA CTG GTA GAA 

LNC_009699-F AAG GCA TTA TAG GCT TGA ACGG 

LNC_009699-R ATA CCT TGA AGA CAA CAG TGGCC 

LNC_007479-F CGT AGT CCG TAG GAG GTC GATC 

LNC_007479-R GAA GAA GAA GTA TGT GAC GCT GTG T

U6-F CTC GCT TCG GCA GCACA 

U6-R AAC GCT TCA CGA ATT TGC GT

GAPDH-F CCT CGT CCC GTA GAC AAA ATG 

GAPDH-R TGA GGT CAA TGA AGG GGT CGT 

http://www.genome.jp/kegg/
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Construction of competing endogenous RNA (ceRNA) network. miRNAs, the target mRNAs, 
lncRNAs, and circRNAs with Pearson’s correlation coefficient < − 0.6 & p < 0.05 were selected for analysis. Based 
on the data of differentially expressed protein-coding transcripts, miRNA, and lncRNA transcripts, we used 
Miranda (v3.3a) to identify the biological targets of each miRNA from the protein-coding and lncRNA tran-
scripts that showed a significant negative correlation with miRNA  expression83. We subsequently obtained the 
protein-coding transcript-miRNA and lncRNA transcript-miRNA pairs and further constructed the competing 
endogenous RNA (ceRNA)  network78.

Quantitative real‑time quantitative PCR. To confirm the transcriptomic analysis results, circ_0005875, 
Hinfp, Btg1, Wnt4, Acsl4, miR-200c-3p, miR-183-5p, LNC_009699, LNC_007479 were subjected to real-time 
PCR. Total RNA was isolated using the RNA Extraction Kit (Servicebio, China), and cDNA was quantified 
by RT-PCR using ServicebioRT First Strand cDNA Synthesis Kit (Servicebio, China). The fold change in gene 
expression was calculated using the  2-ΔΔCt method with the house keeping genes, U6 as the miRNA internal 
control and GAPDH as the internal control of mRNA, lncRNA, and circRNA. The primer sequences we used 
are shown in Table 1.

Statistical analysis. SPSS software (International Business Machines Corporation, IBM, USA) was used 
for statistical analysis. All data was expressed as means ± SEM. Dunnett’s test was used to compare two groups, 
using ADNS as a control, WT and ADF were compared with ADNS. We used Dunnett’s post hoc test for analysis 
of immunofluorescent intensity quantification and quantitative RT-PCR analysis. A value of p < 0.05 was consid-
ered statistically significant.

Received: 24 November 2021; Accepted: 30 March 2022

References
 1. Zhou, M. et al. Mortality, morbidity, and risk factors in China and its provinces, 1990–2017: A systematic analysis for the Global 

Burden of Disease Study 2017. Lancet 394, 1145–1158. https:// doi. org/ 10. 1016/ S0140- 6736(19) 30427-1 (2019).
 2. Anand, R., Gill, K. D. & Mahdi, A. A. Therapeutics of Alzheimer’s disease: Past, present and future. Neuropharmacology 76(Pt A), 

27–50. https:// doi. org/ 10. 1016/j. neuro pharm. 2013. 07. 004 (2014).
 3. Maoz, R., Garfinkel, B. P. & Soreq, H. Alzheimer’s Disease and ncRNAs. Adv. Exp. Med. Biol. 978, 337–361. https:// doi. org/ 10. 

1007/ 978-3- 319- 53889-1_ 18 (2017).
 4. Idda, M. L., Munk, R., Abdelmohsen, K. & Gorospe, M. Noncoding RNAs in Alzheimer’s disease. Wiley Interdiscip. Rev. RNA 

https:// doi. org/ 10. 1002/ wrna. 1463 (2018).
 5. Millan, M. J. Linking deregulation of non-coding RNA to the core pathophysiology of Alzheimer’s disease: An integrative review. 

Prog. Neurobiol. 156, 1–68. https:// doi. org/ 10. 1016/j. pneur obio. 2017. 03. 004 (2017).
 6. Sorensen, S. S., Nygaard, A. B. & Christensen, T. miRNA expression profiles in cerebrospinal fluid and blood of patients with 

Alzheimer’s disease and other types of dementia - an exploratory study. Transl. Neurodegener. 5, 6. https:// doi. org/ 10. 1186/ s40035- 
016- 0053-5 (2016).

 7. Zhao, Y. et al. The Potential Markers of Circulating microRNAs and long non-coding RNAs in Alzheimer’s Disease. Aging Dis. 10, 
1293–1301. https:// doi. org/ 10. 14336/ AD. 2018. 1105 (2019).

 8. Ayers, D. & Scerri, C. Non-coding RNA influences in dementia. Noncoding RNA Res. 3, 188–194. https:// doi. org/ 10. 1016/j. ncrna. 
2018. 09. 002 (2018).

 9. Wu, Y. Y. & Kuo, H. C. Functional roles and networks of non-coding RNAs in the pathogenesis of neurodegenerative diseases. J. 
Biomed. Sci. 27, 49. https:// doi. org/ 10. 1186/ s12929- 020- 00636-z (2020).

 10. Dempsey, J. L. & Cui, J. Y. Long non-coding RNAs: A novel paradigm for toxicology. Toxicol. Sci. 155, 3–21. https:// doi. org/ 10. 
1093/ toxsci/ kfw203 (2017).

 11. Chen, X., Yang, J., Qian, L. & Cao, T. Aberrantly expressed mRNAs and long non-coding RNAs in patients with invasive ductal 
breast carcinoma: A pilot study. Mol. Med. Rep. 11, 2185–2190. https:// doi. org/ 10. 3892/ mmr. 2014. 2989 (2015).

 12. Ke, S. et al. Long noncoding RNA NEAT1 aggravates abeta-induced neuronal damage by targeting miR-107 in Alzheimer’s disease. 
Yonsei Med. J. 60, 640–650. https:// doi. org/ 10. 3349/ ymj. 2019. 60.7. 640 (2019).

 13. Chen, X. et al. Computational models for lncRNA function prediction and functional similarity calculation. Brief Funct. Genomics 
18, 58–82. https:// doi. org/ 10. 1093/ bfgp/ ely031 (2019).

 14. Dossin, F. et al. SPEN integrates transcriptional and epigenetic control of X-inactivation. Nature 578, 455–460. https:// doi. org/ 10. 
1038/ s41586- 020- 1974-9 (2020).

 15. MacDonald, W. A. & Mann, M. R. W. Long noncoding RNA functionality in imprinted domain regulation. PLoS Genet. 16, 
e1008930. https:// doi. org/ 10. 1371/ journ al. pgen. 10089 30 (2020).

 16. Grossi, E. et al. A lncRNA-SWI/SNF complex crosstalk controls transcriptional activation at specific promoter regions. Nat. Com-
mun. 11, 936. https:// doi. org/ 10. 1038/ s41467- 020- 14623-3 (2020).

 17. Barlow, D. P. & Bartolomei, M. S. Genomic imprinting in mammals. Cold Spring Harb. Perspect. Biol. https:// doi. org/ 10. 1101/ cshpe 
rspect. a0183 82 (2014).

 18. Huang, W., Li, Z., Zhao, L. & Zhao, W. Simvastatin ameliorate memory deficits and inflammation in clinical and mouse model 
of Alzheimer’s disease via modulating the expression of miR-106b. Biomed. Pharmacother. 92, 46–57. https:// doi. org/ 10. 1016/j. 
biopha. 2017. 05. 060 (2017).

 19. Ma, P. et al. Long non-coding RNA MALAT1 inhibits neuron apoptosis and neuroinflammation while stimulates neurite outgrowth 
and its correlation with MiR-125b mediates PTGS2, CDK5 and FOXQ1 in Alzheimer’s disease. Curr. Alzheimer Res. 16, 596–612. 
https:// doi. org/ 10. 2174/ 15672 05016 66619 07251 30134 (2019).

 20. Yang, W., Zhang, S., Li, B. & Zhang, Y. MALAT1 inhibits proliferation and promotes apoptosis of SH-SY5Y cells induced by 
Abeta25-35 via blocking PI3K/mTOR/GSK3beta pathway. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 34, 434–441 (2018).

 21. Zhou, B. et al. Long non-coding RNA ANRIL knockdown suppresses apoptosis and pro-inflammatory cytokines while enhancing 
neurite outgrowth via binding microRNA-125a in a cellular model of Alzheimer’s disease. Mol. Med. Rep. 22, 1489–1497. https:// 
doi. org/ 10. 3892/ mmr. 2020. 11203 (2020).

https://doi.org/10.1016/S0140-6736(19)30427-1
https://doi.org/10.1016/j.neuropharm.2013.07.004
https://doi.org/10.1007/978-3-319-53889-1_18
https://doi.org/10.1007/978-3-319-53889-1_18
https://doi.org/10.1002/wrna.1463
https://doi.org/10.1016/j.pneurobio.2017.03.004
https://doi.org/10.1186/s40035-016-0053-5
https://doi.org/10.1186/s40035-016-0053-5
https://doi.org/10.14336/AD.2018.1105
https://doi.org/10.1016/j.ncrna.2018.09.002
https://doi.org/10.1016/j.ncrna.2018.09.002
https://doi.org/10.1186/s12929-020-00636-z
https://doi.org/10.1093/toxsci/kfw203
https://doi.org/10.1093/toxsci/kfw203
https://doi.org/10.3892/mmr.2014.2989
https://doi.org/10.3349/ymj.2019.60.7.640
https://doi.org/10.1093/bfgp/ely031
https://doi.org/10.1038/s41586-020-1974-9
https://doi.org/10.1038/s41586-020-1974-9
https://doi.org/10.1371/journal.pgen.1008930
https://doi.org/10.1038/s41467-020-14623-3
https://doi.org/10.1101/cshperspect.a018382
https://doi.org/10.1101/cshperspect.a018382
https://doi.org/10.1016/j.biopha.2017.05.060
https://doi.org/10.1016/j.biopha.2017.05.060
https://doi.org/10.2174/1567205016666190725130134
https://doi.org/10.3892/mmr.2020.11203
https://doi.org/10.3892/mmr.2020.11203


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6625  | https://doi.org/10.1038/s41598-022-10554-9

www.nature.com/scientificreports/

 22. Kang, M. J. et al. HuD regulates coding and noncoding RNA to induce APP–> Abeta processing. Cell Rep. 7, 1401–1409. https:// 
doi. org/ 10. 1016/j. celrep. 2014. 04. 050 (2014).

 23. Paschon, V. et al. Interplay between exosomes, microRNAs and toll-like receptors in brain disorders. Mol. Neurobiol. 53, 2016–2028. 
https:// doi. org/ 10. 1007/ s12035- 015- 9142-1 (2016).

 24. Derkow, K. et al. Distinct expression of the neurotoxic microRNA family let-7 in the cerebrospinal fluid of patients with Alzheimer’s 
disease. PLoS ONE 13, e0200602. https:// doi. org/ 10. 1371/ journ al. pone. 02006 02 (2018).

 25. Floris, G., Zhang, L., Follesa, P. & Sun, T. Regulatory role of circular RNAs and neurological disorders. Mol. Neurobiol. 54, 
5156–5165. https:// doi. org/ 10. 1007/ s12035- 016- 0055-4 (2017).

 26. Greene, J. et al. Circular RNAs: Biogenesis, function and role in human diseases. Front Mol. Biosci. 4, 38. https:// doi. org/ 10. 3389/ 
fmolb. 2017. 00038 (2017).

 27. Constantin, L. Circular RNAs and neuronal development. Adv. Exp. Med. Biol. 1087, 205–213. https:// doi. org/ 10. 1007/ 978- 981- 
13- 1426-1_ 16 (2018).

 28. Mao, S. et al. Circ-Spidr enhances axon regeneration after peripheral nerve injury. Cell Death Dis. 10, 787. https:// doi. org/ 10. 1038/ 
s41419- 019- 2027-x (2019).

 29. Ritchie, C. et al. CSF tau and the CSF tau/ABeta ratio for the diagnosis of Alzheimer’s disease dementia and other dementias in 
people with mild cognitive impairment (MCI). Cochrane Database Syst. Rev. 3, CD010803. https:// doi. org/ 10. 1002/ 14651 858. 
CD010 803. pub2 (2017).

 30. Mila-Aloma, M. et al. Amyloid beta, tau, synaptic, neurodegeneration, and glial biomarkers in the preclinical stage of the Alzhei-
mer’s continuum. Alzheimers Dement. 16, 1358–1371. https:// doi. org/ 10. 1002/ alz. 12131 (2020).

 31. Busche, M. A. & Hyman, B. T. Synergy between amyloid-beta and tau in Alzheimer’s disease. Nat. Neurosci. 23, 1183–1193. https:// 
doi. org/ 10. 1038/ s41593- 020- 0687-6 (2020).

 32. Kolaj, I., Imindu Liyanage, S. & Weaver, D. F. Phenylpropanoids and Alzheimer’s disease: A potential therapeutic platform. Neu-
rochem. Int. 120, 99–111. https:// doi. org/ 10. 1016/j. neuint. 2018. 08. 001 (2018).

 33. Mo, D. et al. Circular RNA encoded amyloid beta peptides-a novel putative player in Alzheimer’s disease. Cells https:// doi. org/ 10. 
3390/ cells 91021 96 (2020).

 34. Ishida, T., Takanashi, Y. & Kiwada, H. Safe and efficient drug delivery system with liposomes for intrathecal application of an 
antivasospastic drug, fasudil. Biol. Pharm. Bull. 29, 397–402. https:// doi. org/ 10. 1248/ bpb. 29. 397 (2006).

 35. Olson, M. F. Applications for ROCK kinase inhibition. Curr. Opin. Cell Biol. 20, 242–248. https:// doi. org/ 10. 1016/j. ceb. 2008. 01. 
002 (2008).

 36. Yan, Y. et al. Inhibition of rho kinase by fasudil ameliorates cognition impairment in APP/PS1 transgenic mice via modulation of 
gut microbiota and metabolites. Front Aging Neurosci. 13, 755164. https:// doi. org/ 10. 3389/ fnagi. 2021. 755164 (2021).

 37. Fujii, M. et al. Inhibition of Rho kinase by hydroxyfasudil attenuates brain edema after subarachnoid hemorrhage in rats. Neuro-
chem. Int. 60, 327–333. https:// doi. org/ 10. 1016/j. neuint. 2011. 12. 014 (2012).

 38. Huang, X. N., Fu, J. & Wang, W. Z. The effects of fasudil on the permeability of the rat blood-brain barrier and blood-spinal cord 
barrier following experimental autoimmune encephalomyelitis. J. Neuroimmunol. 239, 61–67. https:// doi. org/ 10. 1016/j. jneur oim. 
2011. 08. 015 (2011).

 39. Niego, B. et al. Selective inhibition of brain endothelial Rho-kinase-2 provides optimal protection of an in vitro blood-brain bar-
rier from tissue-type plasminogen activator and plasmin. PLoS ONE 12, e0177332. https:// doi. org/ 10. 1371/ journ al. pone. 01773 
32 (2017).

 40. Yan, Y. et al. Therapeutic potentials of the Rho kinase inhibitor Fasudil in experimental autoimmune encephalomyelitis and the 
related mechanisms. Metab. Brain Dis. 34, 377–384. https:// doi. org/ 10. 1007/ s11011- 018- 0355-7 (2019).

 41. Gao, Y. et al. The Rho kinase inhibitor fasudil attenuates Abeta1-42-induced apoptosis via the ASK1/JNK signal pathway in primary 
cultures of hippocampal neurons. Metab. Brain Dis. 34, 1787–1801. https:// doi. org/ 10. 1007/ s11011- 019- 00487-0 (2019).

 42. Salmena, L., Poliseno, L., Tay, Y., Kats, L. & Pandolfi, P. P. A ceRNA hypothesis: The Rosetta Stone of a hidden RNA language?. Cell 
146, 353–358. https:// doi. org/ 10. 1016/j. cell. 2011. 07. 014 (2011).

 43. Wei, D. M. et al. Potential ceRNA networks involved in autophagy suppression of pancreatic cancer caused by chloroquine diphos-
phate: A study based on differentiallyexpressed circRNAs, lncRNAs, miRNAs and mRNAs. Int. J. Oncol. 54, 600–626. https:// doi. 
org/ 10. 3892/ ijo. 2018. 4660 (2019).

 44. Wei, J. W., Huang, K., Yang, C. & Kang, C. S. Non-coding RNAs as regulators in epigenetics (Review). Oncol. Rep. 37, 3–9. https:// 
doi. org/ 10. 3892/ or. 2016. 5236 (2017).

 45. Fu, X. Z. et al. Whole-transcriptome RNA sequencing reveals the global molecular responses and ceRNA regulatory network of 
mRNAs, lncRNAs, miRNAs and circRNAs in response to copper toxicity in Ziyang Xiangcheng (Citrus junos Sieb. Ex Tanaka). 
BMC Plant Biol. 19, 509. https:// doi. org/ 10. 1186/ s12870- 019- 2087-1 (2019).

 46. Li, J. et al. Whole-Transcriptome RNA Sequencing Reveals the Global Molecular Responses and CeRNA Regulatory Network of 
mRNAs, lncRNAs, miRNAs and circRNAs in Response to Salt Stress in Sugar Beet (Beta vulgaris). Int. J. Mol. Sci. https:// doi. org/ 
10. 3390/ ijms2 20102 89 (2020).

 47. Huang, M. et al. Comprehensive analysis of differentially expressed profiles of lncRNAs and circRNAs with associated co-expression 
and ceRNA networks in bladder carcinoma. Oncotarget 7, 47186–47200. https:// doi. org/ 10. 18632/ oncot arget. 9706 (2016).

 48. Wang, L. et al. Circular RNA circRHOT1 promotes hepatocellular carcinoma progression by initiation of NR2F6 expression. Mol. 
Cancer 18, 119. https:// doi. org/ 10. 1186/ s12943- 019- 1046-7 (2019).

 49. Melrose, J. Keratan sulfate (KS)-proteoglycans and neuronal regulation in health and disease: The importance of KS-glycodynamics 
and interactive capability with neuroregulatory ligands. J. Neurochem. 149, 170–194. https:// doi. org/ 10. 1111/ jnc. 14652 (2019).

 50. Zhang, Z. et al. Deficiency of a sulfotransferase for sialic acid-modified glycans mitigates Alzheimer’s pathology. Proc. Natl. Acad. 
Sci. U S A 114, E2947–E2954. https:// doi. org/ 10. 1073/ pnas. 16150 36114 (2017).

 51. Vanhooren, V. et al. Alteration in N-glycomics during mouse aging: A role for FUT8. Aging Cell 10, 1056–1066. https:// doi. org/ 
10. 1111/j. 1474- 9726. 2011. 00749.x (2011).

 52. Qu, X. F. et al. Acyl-CoA synthetase long chain family member 4 plays detrimental role in early brain injury after subarachnoid 
hemorrhage in rats by inducing ferroptosis. CNS Neurosci. Ther. 27, 449–463. https:// doi. org/ 10. 1111/ cns. 13548 (2021).

 53. Zhu, Z. Y. et al. Mitochondrial aldehyde dehydrogenase (ALDH2) rescues cardiac contractile dysfunction in an APP/PS1 murine 
model of Alzheimer’s disease via inhibition of ACSL4-dependent ferroptosis. Acta Pharmacol. Sin. https:// doi. org/ 10. 1038/ s41401- 
021- 00635-2 (2021).

 54. Szafranski, K., Abraham, K. J. & Mekhail, K. Non-coding RNA in neural function, disease, and aging. Front Genet. 6, 87. https:// 
doi. org/ 10. 3389/ fgene. 2015. 00087 (2015).

 55. Boese, A. S. et al. MicroRNA abundance is altered in synaptoneurosomes during prion disease. Mol. Cell Neurosci. 71, 13–24. 
https:// doi. org/ 10. 1016/j. mcn. 2015. 12. 001 (2016).

 56. Yang, L. et al. mmu_circ_0000790 is involved in pulmonary vascular remodeling in mice with HPH via MicroRNA-374c-mediated 
FOXC1. Mol. Ther. Nucleic Acids 20, 292–307. https:// doi. org/ 10. 1016/j. omtn. 2019. 12. 027 (2020).

 57. Tsai, C. Y. et al. Cross-talk between mitochondrial dysfunction-provoked oxidative stress and aberrant noncoding RNA expression 
in the pathogenesis and pathophysiology of SLE. Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ ijms2 02051 83 (2019).

 58. Lin, C. C., Law, B. F., Siegel, P. D. & Hettick, J. M. Circulating miRs-183-5p, -206-3p and -381-3p may serve as novel biomarkers 
for 4,4’-methylene diphenyl diisocyanate exposure. Biomarkers 24, 76–90. https:// doi. org/ 10. 1080/ 13547 50X. 2018. 15083 08 (2019).

https://doi.org/10.1016/j.celrep.2014.04.050
https://doi.org/10.1016/j.celrep.2014.04.050
https://doi.org/10.1007/s12035-015-9142-1
https://doi.org/10.1371/journal.pone.0200602
https://doi.org/10.1007/s12035-016-0055-4
https://doi.org/10.3389/fmolb.2017.00038
https://doi.org/10.3389/fmolb.2017.00038
https://doi.org/10.1007/978-981-13-1426-1_16
https://doi.org/10.1007/978-981-13-1426-1_16
https://doi.org/10.1038/s41419-019-2027-x
https://doi.org/10.1038/s41419-019-2027-x
https://doi.org/10.1002/14651858.CD010803.pub2
https://doi.org/10.1002/14651858.CD010803.pub2
https://doi.org/10.1002/alz.12131
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1016/j.neuint.2018.08.001
https://doi.org/10.3390/cells9102196
https://doi.org/10.3390/cells9102196
https://doi.org/10.1248/bpb.29.397
https://doi.org/10.1016/j.ceb.2008.01.002
https://doi.org/10.1016/j.ceb.2008.01.002
https://doi.org/10.3389/fnagi.2021.755164
https://doi.org/10.1016/j.neuint.2011.12.014
https://doi.org/10.1016/j.jneuroim.2011.08.015
https://doi.org/10.1016/j.jneuroim.2011.08.015
https://doi.org/10.1371/journal.pone.0177332
https://doi.org/10.1371/journal.pone.0177332
https://doi.org/10.1007/s11011-018-0355-7
https://doi.org/10.1007/s11011-019-00487-0
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.3892/ijo.2018.4660
https://doi.org/10.3892/ijo.2018.4660
https://doi.org/10.3892/or.2016.5236
https://doi.org/10.3892/or.2016.5236
https://doi.org/10.1186/s12870-019-2087-1
https://doi.org/10.3390/ijms22010289
https://doi.org/10.3390/ijms22010289
https://doi.org/10.18632/oncotarget.9706
https://doi.org/10.1186/s12943-019-1046-7
https://doi.org/10.1111/jnc.14652
https://doi.org/10.1073/pnas.1615036114
https://doi.org/10.1111/j.1474-9726.2011.00749.x
https://doi.org/10.1111/j.1474-9726.2011.00749.x
https://doi.org/10.1111/cns.13548
https://doi.org/10.1038/s41401-021-00635-2
https://doi.org/10.1038/s41401-021-00635-2
https://doi.org/10.3389/fgene.2015.00087
https://doi.org/10.3389/fgene.2015.00087
https://doi.org/10.1016/j.mcn.2015.12.001
https://doi.org/10.1016/j.omtn.2019.12.027
https://doi.org/10.3390/ijms20205183
https://doi.org/10.1080/1354750X.2018.1508308


15

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6625  | https://doi.org/10.1038/s41598-022-10554-9

www.nature.com/scientificreports/

 59. Farioli-Vecchioli, S. et al. Btg1 is required to maintain the pool of stem and progenitor cells of the dentate gyrus and subventricular 
zone. Front Neurosci. 6, 124. https:// doi. org/ 10. 3389/ fnins. 2012. 00124 (2012).

 60. Yan, W., Li, S. X., Gao, H. & Yang, W. Identification of B-cell translocation gene 1-controlled gene networks in diffuse large B-cell 
lymphoma: A study based on bioinformatics analysis. Oncol. Lett. 17, 2825–2835. https:// doi. org/ 10. 3892/ ol. 2019. 9900 (2019).

 61. Zhao, Y. et al. BTG1 expression correlates with the pathogenesis and progression of ovarian carcinomas. Int. J. Mol. Sci. 14, 
19670–19680. https:// doi. org/ 10. 3390/ ijms1 41019 670 (2013).

 62. Li, Y., Huo, J., He, J., Zhang, Y. & Ma, X. BTG1 inhibits malignancy as a novel prognosis signature in endometrial carcinoma. 
Cancer Cell Int. 20, 490. https:// doi. org/ 10. 1186/ s12935- 020- 01591-3 (2020).

 63. Kamaid, A. & Giraldez, F. Btg1 and Btg2 gene expression during early chick development. Dev. Dyn. 237, 2158–2169. https:// doi. 
org/ 10. 1002/ dvdy. 21616 (2008).

 64. Xie, R. et al. The histone gene activator HINFP is a nonredundant cyclin E/CDK2 effector during early embryonic cell cycles. Proc. 
Natl. Acad. Sci. U S A 106, 12359–12364. https:// doi. org/ 10. 1073/ pnas. 09056 51106 (2009).

 65. Ghule, P. N. et al. Maternal expression and early induction of histone gene transcription factor Hinfp sustains development in 
pre-implantation embryos. Dev. Biol. 419, 311–320. https:// doi. org/ 10. 1016/j. ydbio. 2016. 09. 003 (2016).

 66. Palomer, E., Buechler, J. & Salinas, P. C. Wnt signaling deregulation in the aging and Alzheimer’s brain. Front Cell Neurosci. 13, 
227. https:// doi. org/ 10. 3389/ fncel. 2019. 00227 (2019).

 67. Esposito, G., De Filippis, D., Carnuccio, R., Izzo, A. A. & Iuvone, T. The marijuana component cannabidiol inhibits beta-amyloid-
induced tau protein hyperphosphorylation through Wnt/beta-catenin pathway rescue in PC12 cells. J. Mol. Med. (Berl) 84, 253–258. 
https:// doi. org/ 10. 1007/ s00109- 005- 0025-1 (2006).

 68. Killick, R. et al. Clusterin regulates beta-amyloid toxicity via Dickkopf-1-driven induction of the wnt-PCP-JNK pathway. Mol. 
Psychiatry 19, 88–98. https:// doi. org/ 10. 1038/ mp. 2012. 163 (2014).

 69. Sellers, K. J. et al. Amyloid beta synaptotoxicity is Wnt-PCP dependent and blocked by fasudil. Alzheimers Dement. 14, 306–317. 
https:// doi. org/ 10. 1016/j. jalz. 2017. 09. 008 (2018).

 70. Pertea, M., Kim, D., Pertea, G. M., Leek, J. T. & Salzberg, S. L. Transcript-level expression analysis of RNA-seq experiments with 
HISAT, StringTie and Ballgown. Nat. Protoc. 11, 1650–1667. https:// doi. org/ 10. 1038/ nprot. 2016. 095 (2016).

 71. Frazee, A. C., Sabunciyan, S., Hansen, K. D., Irizarry, R. A. & Leek, J. T. Differential expression analysis of RNA-seq data at single-
base resolution. Biostatistics 15, 413–426. https:// doi. org/ 10. 1093/ biost atist ics/ kxt053 (2014).

 72. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: A Bioconductor package for differential expression analysis of digital 
gene expression data. Bioinformatics 26, 139–140. https:// doi. org/ 10. 1093/ bioin forma tics/ btp616 (2010).

 73. Trapnell, C. et al. Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching 
during cell differentiation. Nat. Biotechnol. 28, 511–515. https:// doi. org/ 10. 1038/ nbt. 1621 (2010).

 74. Young, M. D., Wakefield, M. J., Smyth, G. K. & Oshlack, A. Gene ontology analysis for RNA-seq: Accounting for selection bias. 
Genome Biol. 11, R14. https:// doi. org/ 10. 1186/ gb- 2010- 11-2- r14 (2010).

 75. Kanehisa, M. et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36, D480-484. https:// doi. org/ 10. 
1093/ nar/ gkm882 (2008).

 76. Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M. & Tanabe, M. KEGG: Integrating viruses and cellular organisms. 
Nucleic Acids Res. 49, D545–D551. https:// doi. org/ 10. 1093/ nar/ gkaa9 70 (2021).

 77. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. https:// doi. org/ 10. 1093/ 
nar/ 28.1. 27 (2000).

 78. Thomson, D. W. & Dinger, M. E. Endogenous microRNA sponges: Evidence and controversy. Nat. Rev. Genet. 17, 272–283. https:// 
doi. org/ 10. 1038/ nrg. 2016. 20 (2016).

 79. Memczak, S. et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 495, 333–338. https:// doi. org/ 
10. 1038/ natur e11928 (2013).

 80. Gao, Y., Zhang, J. & Zhao, F. Circular RNA identification based on multiple seed matching. Brief Bioinform. 19, 803–810. https:// 
doi. org/ 10. 1093/ bib/ bbx014 (2018).

 81. Tan, W. L. et al. A landscape of circular RNA expression in the human heart. Cardiovasc. Res. 113, 298–309. https:// doi. org/ 10. 
1093/ cvr/ cvw250 (2017).

 82. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. https:// doi. org/ 10. 1038/ 
nmeth. 1923 (2012).

 83. John, B. et al. Human MicroRNA targets. PLoS Biol. 2, e363. https:// doi. org/ 10. 1371/ journ al. pbio. 00203 63 (2004).

Acknowledgements
This work was supported by research grants from the National Natural Science Foundation of China (No. 
81473577 to CGM) and the Department of Science and Technology, Shanxi Province of China (202103021224315 
to YQY, 20210302124400 to YG) for the sample analysis. Science and Technology Innovation Project of Uni-
versities, Shanxi Province of China (2020L0493 to HLY, 2019L0765 to YG), Datong Municipal Science and 
Technology Bureau (2020061 to HLY) for animal treatment. Leading Team of Medical Science and Technology, 
Shanxi Province (2020TD05 to CGM) and Young Scientists Cultivation Project of Shanxi University of Chinese 
Medicine (2021PY-QN-09 to LJS) for and PhD Initiation Grant of Datong University (2019-B-07 to HLY) for 
research organization. We thank Wuhan Frasergen Bioinformatics Co. Ltd for technical support with sequenc-
ing and data analysis.

Author contributions
H.L.Y. and Y.Q.Y. designed the study, carried out the animal tests, data analysis, outlined and drafted the manu-
script. Y.G., N.P.Z., Q.L.F., Z.Q.L., L.J.S. participated in animal tests and data analysis. J.H.L., Y.N.Z., J.W.W., J.X.S. 
performed the animal treatment experiments. Y.Q.Y., Y.G., C.G.M., G.K. and H.T.Z. revised and finalized the 
manuscript. All authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 10554-9.

Correspondence and requests for materials should be addressed to Y.Y., H.-T.Z. or C.-G.M.

https://doi.org/10.3389/fnins.2012.00124
https://doi.org/10.3892/ol.2019.9900
https://doi.org/10.3390/ijms141019670
https://doi.org/10.1186/s12935-020-01591-3
https://doi.org/10.1002/dvdy.21616
https://doi.org/10.1002/dvdy.21616
https://doi.org/10.1073/pnas.0905651106
https://doi.org/10.1016/j.ydbio.2016.09.003
https://doi.org/10.3389/fncel.2019.00227
https://doi.org/10.1007/s00109-005-0025-1
https://doi.org/10.1038/mp.2012.163
https://doi.org/10.1016/j.jalz.2017.09.008
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1093/biostatistics/kxt053
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1093/nar/gkm882
https://doi.org/10.1093/nar/gkm882
https://doi.org/10.1093/nar/gkaa970
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1038/nrg.2016.20
https://doi.org/10.1038/nrg.2016.20
https://doi.org/10.1038/nature11928
https://doi.org/10.1038/nature11928
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1093/cvr/cvw250
https://doi.org/10.1093/cvr/cvw250
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1371/journal.pbio.0020363
https://doi.org/10.1038/s41598-022-10554-9
https://doi.org/10.1038/s41598-022-10554-9


16

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6625  | https://doi.org/10.1038/s41598-022-10554-9

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transcriptome analysis of fasudil treatment in the APPswePSEN1dE9 transgenic (APPPS1) mice model of Alzheimer’s disease
	Results
	Fasudil treatment altered the expression of Aβ and p-Tau in hippocampus of APPswePSEN1dE9 mice. 
	Transcriptome Analysis of hippocampal tissues of APPswePSEN1dE9 mice treated with fasudil. 
	Analysis of differentially expressed protein-coding transcripts (mRNA) in fasudil-treated APPswePSEN1dE9 mice. 
	Analysis of differentially expressed protein-coding transcripts (mRNA) in fasudil-treated APPswePSEN1dE9 mice. 
	Analysis of lncRNA changes in fasudil-treated APPswePSEN1dE9 mice. 
	Expression profiles of miRNAs in hippocampal tissues. 
	Analysis of circRNA changes in fasudil-treated APPswePSEN1dE9 mice. 
	Construction of the competing endogenous RNA (ceRNA) network. 
	Validation of differentially expressed RNAs by real time quantitative PCR (RT-PCR). 

	Discussion
	Materials and methods
	Animals and treatment. 
	Immunofluorescence staining for Aβ plaques and p-Tau. 
	RNA extraction and sequencing. 
	mRNA and lncRNA-Seq analysis. 
	circRNA-Seq analysis. 
	miRNA-Seq analysis. 
	Construction of competing endogenous RNA (ceRNA) network. 
	Quantitative real-time quantitative PCR. 
	Statistical analysis. 

	References
	Acknowledgements


