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Purpose: Vascular dementia (VaD) is the second most common dementia in the world. An increasing number of studies have
demonstrated the important role of long non-coding RNAs (IncRNAs) in VaD. Our previous investigation demonstrated that
Trimethylamine-N-oxide (TMAO) exacerbates cognitive impairment and neuropathological alterations in VaD rats. Thus, we
hypothesized that TMAO could play an injury role in VaD by regulating IncRNAs.

Materials and Methods: The rats using the bilateral common carotid artery (2VO) model were administered TMAO (120 mg/kg) for
8 consecutive weeks, 4 weeks preoperatively and 4 weeks postoperatively. High-throughput sequencing was conducted to investigate
the effects of TMAO treatment on IncRNA expression in rat hippocampus and bioinformatics analysis was performed to identify
potential downstream targets. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to detect the levels of
IncRNA fetal-lethal noncoding developmental regulatory RNA (Fendrr), miR-145-5p, and paxillin (PXN). Learning and spatial
memory capacities were measured, as well as inflammatory factors. Nissl staining was used to observe neuronal injury in the CAl
area of the hippocampus. Furthermore, we used the Fendrr loss-of-function assay, miR-145-5p gain-of-function assays and PXN loss-
of-function assay to explore the mechanisms by which TMAO acts on VaD.

Results: TMAO administration upregulated IncRNA Fendrr expression in the rat hippocampus, while the damaging effects of TMAO
were counteracted after knockdown of Fendrr. Fendrr exhibits highly expressed in 2VO rats and sponged miR-145-5p, which targets
PXN. Silencing of Fendrr or PXN, or promotion of miR-145-5p improved neurological function injury, reduced neuronal damage, as
well as repressed inflammation response. Inhibition of miR-145-5p abrogated up Fendrr knockdown mediated influence on 2VO rats.
Conclusion: The results of this study indicated that TMAO inhibits the miR-145-5p/PXN axis by increasing the Fendrr expression,
thus exacerbating the development of VaD.
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Introduction

Vascular dementia (VaD) is characterized by the loss of cognitive function caused by cerebrovascular and cardiovascular
pathologic changes, mainly manifested as learning and memory dysfunction.' It has a poor prognosis, with a 5-year
mortality rate of 61%, significantly higher than most dementia types.” The available therapeutic agents for VaD are
cholinesterase inhibitors, but these drugs may cause a large range of adverse events, including headache, joint pain and
gastrointestinal reactions, etc.,” while whether they can improve the patients is uncertain. Meanwhile, previous studies
have found that several regulatory mechanisms participate in the pathologic process of VaD, including inflammation,
apoptosis, and oxidative stress.*> Therefore, there is an urgent need to further explore the pathological changes of VaD

and the need for possible therapeutic targets.
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Recently, several studies have suggested that gut microbiota may be one of the major risk factors for VaD
susceptibility.®” A study by Liu et al was the first to show that vascular dementia is mediated by gut microbiota and
its metabolites.® Trimethylamine N-oxide (TMAO) is a specialized metabolite processed by the intestinal microbiota. The
intestinal microbiota processed certain ingested substances such as L-carnitine into trimethylamine (TMA), which is
followed by transformation to TMAO via hepatic flavin monooxygenase 3 (FMO3) within the intestines.’ Importantly,
studies have displayed that higher circulating TMAO is associated with cognitive decline and dementia.'®'" For instance,
plasma concentrations of TMAO were positively related to NIHSS scores after stroke.'? Gao et al stated that elevated
plasma TMAO levels in APP/PS1 mice were correlated with worsening cognitive ability and AD pathology.'® In
addition, another study indicated that TMAO reduces antioxidant enzymes and accelerates brain aging by inducing
neuronal aging, synaptic damage, and inhibiting the mTOR signaling pathway, leading to cognitive dysfunction."* Our
previous study figured out that TMAO could impair cognitive function and activate the NLRP3 inflammasome in VaD
rats.'* However, the mechanism by which TMAO promotes VaD injury is currently unknown.

Long noncoding RNA (IncRNA) is a class of non-coding RNA with a length of more than 200 nucleotides, which
plays an important role in almost every level of gene function and regulation.'> Among them, IncRNA Fendrr has been
described as involved in neural stem cells differentiation,'® and neural stem cell-driven cell rejuvenation and/or repair
enhances neural networks and improves cognitive performance.'” Importantly, IncRNA Fendrr has recently been found to
be strongly associated with cerebrovascular diseases. For instance, IncRNA Fendrr could upregulate VEGFA via miR-
126, which promoted apoptosis of cerebral microvascular endothelial cells and thus exacerbated hypertensive intracer-
ebral hemorrhage in mice.'"® Also, IncRNA Fendrr was observed to be involved in pyroptosis and inflammation of
microglia in diabetes-cerebral ischemia/reperfusion (I/R) mice.'” Nevertheless, the role of Fendrr in cognitive impair-
ment and its effect on neuroinflammation in VaD have not yet been explored.

Multiple studies have cleared that IncRNA can act as a miRNA sponge to negatively regulate its expression, thereby
regulating the expression of multiple downstream mRNAs.?* 2 Through database prediction, we found that miR-145-5p
is a potential binding target of Fendrr, and miR-145-5p has been recorded to be downregulated in multiple brain regions
of VaD-related rodent models.”> More importantly, miR-145-5p expression is associated with inflammatory response
after ischemic injury.”**> The above studies suggest that miR-145-5p may be associated with VaD neuroinflammation.
A previous study have indicated that miR-145-5p targets the paxillin (PXN) gene.”® PXN is a molecular adaptor protein
located on human chromosome 12q24.31, which plays an important role in physiological processes such as nervous
system development, embryonic development, and vascular development.”” In addition, PXN is also involved in
pathological processes such as oxidative stress, inflammation, and endothelial cell barrier dysfunction.”®?’
Remarkably, in a previous study, Zhao et al have demonstrated that PXN is upregulated in cortical tissues of 2VO
rats.>> However, the expression and function of PXN in the hippocampus of VaD have not been reported. Based on this,
we propose a reasonable hypothesis that TMAO can promote neuroinflammation after VaD by regulating IncRNA Fendrr
to sponge miR-145-5p targeting PXN.

Materials and Methods
Ethics Statement

All animal experiments were approved by the Animal Ethics Committee of Nanjing First Hospital (protocol number:
DWSY-2104386) and were carried out according to the National Institutes of Health “Guidelines for Care and Use of the
Laboratory Animals”. All efforts were made to minimize the number of rats used and their suffering.

VaD Animal Model and Corresponding Treatment

Healthy adult male SD rats (8 weeks old; weight 280-300 g) were provided by the Model Animal Research Center of
Nanjing University (Nanjing, China) and raised under a 12-h dark/light cycle, appropriate temperature, suitable humidity
and ad libitum feed. 4% isoflurane anesthetized the rats before surgery. TMAO was administered and 2VO model was
established following our previous research protocol.'® In brief, The rats were anesthetized and bilateral common carotid
arteries were isolated and ligated gently. The sham operation group performed the same procedure, but did not include
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the ligating step. After surgery, all rats were given lidocaine (10%) applied locally to the incision, ketoprofen (10 mg/kg,
twice a day for two days) for analgesia and intramuscular penicillin (for one week) to prevent infection. The 2VO rats
were continuously administered TMAO before and after surgery, while the rats were instilled with sterile water in the
sham group.

TMAO (catalog number: 317594, purity: 95%, CAS: 1184-78-7) was purchased from Sigma-Aldrich. The lentivirus
vectors (LV-sh-Fendrr, agomir-145-5p, antagomir-145-5p, and LV-sh-PXN) and lentiviral vector negative control were
supplied by GenePharma (Shanghai, China). As previously reported,*® lentivirus vectors were injected into the CAl area
of hippocampus 7 days before 2VO surgery. First, the stereotaxic device fixed the anesthetized rats (RWD LifeScience,
CA, USA). Injection axes were as flows with reference to bregma: mediolateral, +£3.2 mm; anteroposterior, —4.52 mm;
dorsoventral —3.16 mm using coordinates under the surface of skull. Two microliters of lentiviral vector were injected
into the hippocampal CA1 region using a 10 pL syringe (Hamilton). After the injection was over, the needle was held in
place for a moment and then removed extremely slowly to prevent the solution from flowing back. After removal of the
needle, the drill holes were closed with bone wax and the incisions were sutured to rehabilitate the rats. Figure 1 presents
a schematic timeline of experiments.

LncRNA Sequencing

The Gene Denovo Biotechnology Co., Ltd (Guangzhou, China) provided the RNA-sequencing analysis. Total RNA was
extracted from rat hippocampal tissue using the Trizol kit (Life Technologies, CA, USA) and the sample RNA quality
was evaluated by a 2100 Bioanalyzer (Agilent Technologies, CA, USA). After removing the ribosomal RNA, the total
RNA obtained was reverse-transcribed to cDNA and then quantified as well as pooled using the ABI StepOnePlus Real-
Time PCR System (Life Technologies). Finally, we performed up-sequencing according to the PE150 mode of Illumina
novaseq 6000. Raw reads containing splice or low-quality bases were filtered by fastp (version 0.18.0). Ribosomal RNA
(rRNA) was removed using the comparison tool bowtie2, and clean reads of paired ends were compared to a reference
genome (Rattus norvegicus Ensembl release106) using HISAT2 (version 2.1.0). StringTie software was used to perform
quantitative analysis of IncRNA. Genes differential expression analysis was performed by DESeq2 software. Parameter |
log2(Foldchange)| > 1 and P-value < 0.05 were defined as significantly differentially expressed IncRNAs. The sequen-
cing database is archived in GenBank (GSE249873).

Functional Enrichment Analysis

The predicted differentially expressed mRNAs were analyzed by Gene Ontology (GO) analyses and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis using the R package clusterProfiler. The p-value of < 0.05 was deemed
significant for statistical analysis.

Open Field Test (OFT)

Open Field Test (OFT) is a simple behavioral test experiment that reflects the autonomous and exploratory behavior of
experimental animals in unfamiliar environments. The basic principle is to place rats in an unfamiliar, open environment
and record their activities. Briefly, the rats were placed in the center of a square black box and were allowed to move
freely. The camera connected to an Any-maze® tracker recorded and calculated (New Soft Information Technology Co.,

Adaptation TMAO daily administration: 120 mg/kg i.g.
Day -7 0 21 28 51 52 56 57
A A A A A A
Lentivirus 2VO surgery OFT MWM  Sacrifice
injection

Figure | Schematic timeline of the animal study.
Abbreviations: OFT, Open Field Test; MWM, Morris Water Maze Test.
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Ltd. ™, Shanghai, China) the time spent by the rats and the total travel distance into the center. After each trial, the
chamber was wiped with 75% ethanol and left to dry to avoid olfactory cues.

Morris Water Maze Test (MWM)

The water maze device, which is equally divided into four quadrants was employed and a transparent circular stage was
under the water surface. Every rat was exposed to four training trials on 5 successive days. The rats were randomly put in
the water from four quadrants each day until they found the stage and stayed for 15 s out of 60 s. When the stage was not
found less than 60 s, the rats were brought into the stage. On the second day of the last trial, the path length of the rats to
reach the stage was recorded by the video tracker (Noldus Information Technology B.V.™, Wageningen, Netherlands)
after moving out of the stage, and the means of the four trials were determined.

Niss| Staining

Nissl staining was used to detect Nissl bodies in neurons. The paraffin-embedded brain tissues of rats were cut into
5 um-thick sections, which were stained with Nissl staining solution for 1 h at 56 °C (Solarbio, Beijing, China) after
dewaxing and rehydration. Next, the sections were dried with gradient concentrations of ethanol, rinsed with xylene, and
sealed with neutral gum. Six fields of hippocampus were randomly selected on each coronal section using an Olympus
microscope (Olympus™, Tokyo, Japan) for quantitative analysis. Nuclei with round cell bodies, cytoplasmic Nissl
material and nucleoli visible were identified as normal neurons, whereas nuclei with disorganized arrangement, Nissl
material disappearance, nuclei surrounded by voids and unrecognizable nucleoli were identified as damaged neurons.
Nissl positive neurons % = positive neurons/total neurons x100%.

Luciferase Report Assay

The wild-type (wt) or mutant-type (mut) 3'-UTRs of Fendrr or PXN were cloned into the pmirGLO vector (Promega,
USA). HEK-293 T cells were seeded in 24-well plates. When the fusion reached 70-80%, cells were co-transfected with
wt or mut 3'-UTRs of Fendrr or PXN luciferase reporter plasmids, together with agomir-NC or agomir-145-5p by
Lipofectamine 2000. The cells were harvested 24 h after transfection, and assayed for luciferase activity.

Fluorescence in situ Hybridization (FISH)

FISH was applied to assay the localization of Fendrr, miR-145-5p and PXN expression in the sections of hippocampal
tissue of 2VO rats with the FISH kit in accordance with the instructions of the manufacturer. In brief, the sections of
paraffin-embedded hippocampus were soaked in xylene I (Guoyao, Shanghai, China) for 15 min, in xylene II for 15 min,
and subsequently in pure ethanol (Guoyao, Shanghai, China) for 5 min. Then, the sections were digested with proteinase
K (20 pg/mL, Servicebio, Wuhan, China) solution at 37°C for 25 min. For each section was added with the pre-
hybridization solution (Riobo biotech, Guangzhou, China) for 1 h at 37°C. Hybridization buffer (Riobo biotech,
Guangzhou, China) with 50 nM biotin-labeled IncFendrr (Gene Pharma, Shanghai, China) or miR-145-5p (Gene
Pharma, Shanghai, China) was heated to 65 °C for 5 min and added dropwise to the sections, which were then allowed
to hybridize at 37 °C overnight with or without anti-PXN (1:1000; #50195; CST; Boston, MA, USA). After washes and
blocking, sections were incubated with DAPI (Servicebio, Wuhan, China) to stain the cell nuclei. The sections were
observed with a Nikon upright fluorescence microscope (Nikon, Tokyo, Japan) and photographed. The sequence of the
Fendrr probe was as follows: ATGTTCTAAATGTTTCTTGATTCTG; The sequence of the mir-145-5p probe was as
follows: AGGGATTCCTGGGAAAACTGGAC.

RNA Immunoprecipitation (RIP) Assay

Ago2-RIP assays were carried out using an EZ-Magna RIP RNA kit (#17-704, Millipore, MA, USA). Hippocampal
tissue was lysed in RIP lysis buffer and incubated with negative control IgG (Millipore, MA) or anti-Ago2 (#ab32381,
Abcam) conjugated magnetic beads. Immunoprecipitated RNA was isolated by Proteinase K buffer and analyzed by RT-
qPCR.
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Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA of rat hippocampal tissues was isolated using Trizol reagent (Invitrogen, CA, USA). The obtained total RNA
was reverse-transcribed to cDNA using the cDNA Synthesis Supermix kit (Takara, Japan). Then, the target genes were
quantified with SYBR® Premix Ex TaqTM II (Takara, Japan) on the ABI 7500 fast real-time PCR system (Applied
Biosystems, USA). The expression of target genes was analyzed by the 2 **T method using U6 and B-actin as internal
references for miRNA and mRNA, respectively. Primer sequences are listed in Supplemental Table S1.

Western Blot Analysis

Rat hippocampal tissues were homogenized with RIPA lysate buffer and the protein concentration was quantified with
a BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.™, Carlsbad, CA, USA). Equal amounts of samples were used to
perform sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The total protein was transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore), which is blocked with 5% skimmed milk for 2 hours. PVDF membrane was
incubated with anti-PXN (1:1000; #50195; CST; Boston, MA, USA) or B-actin (1:1000, #4970; CST, Boston, MA,
USA), overnight at 4 °C, and anti-rabbit IgG HRP (1:4000; CST, Boston, MA, USA) for 2h at room temperature. The
bands were finally visualized with the ECL kit (Millipore™, Merck, Darmstadt, Germany) and using the Image J to
quantify the protein band density. All data were standardized to B-actin.

Enzyme-Linked Immunosorbent Assay (ELISA)

TNF-q, IL-1pB and IL-6 ELISA kits (Abcam, MA, USA) were used in accordance with the manufacturer’s instructions to
evaluate the inflammatory cytokine levels in the hippocampus. The levels of these cytokines were measured by
absorbance using a micro enzyme-linked immunosorbent assay reader (Tecan, USA).

Statistical Analysis

The experiment data were represented as the mean + SD and analyzed by Prism 8 software (GraphPad™, San Diego, CA,
USA). Comparison between the two groups was made using the -test, and comparison among multiple groups was
adopted using one-way or two-way analysis of variance (ANOVA) followed by Tukey’s post-test. Each experiment was
repeated at least 3 times. Data were deemed to be statistically significant when P < 0.05.

Results
TMAO Promoted Hippocampal Inflammatory Response Within 2VO Rats

To identify the role of TMAO treatment on function and signaling pathways in 2VO rats, we carried out GO enrichment
analysis and KEGG signaling pathway analyses of the differential genes (DEGs) from transcriptome analysis. Figure 2A—
C shows the top ten enriched GO terms. Biological processes are primarily associated with immune responses, defense
responses, stimulus responses, and immune system processes. Most of the genes in cellular components are involved in
the external side of plasma membrane and cell surface. Among the molecular functions, protein binding, immune
receptor activity and receptor binding are significantly affected. The KEGG pathway analysis indicated that the DEGs
were predominantly enriched in the B cell receptor signaling pathway, formation of neutrophil extracellular traps, NF-
kappa B signaling pathway, Fc gamma R-mediated phagocytosis, and NOD-like receptor signaling pathway. Besides,
other enrichment pathways involved the Toll-like receptor signaling pathway, the JAK-STAT signaling pathway and the
PI3K-Akt signaling pathway (Figure 2D). These pathways have been confirmed to regulate cellular immunity and
inflammatory responses.>' * Based on the above, we examined the levels of TNF-a, IL-1B and IL-6 in the hippocampus
of TMAO-treated 2VO rats, and the results showed that TMAO treatment significantly increased the secretion of
inflammatory factors in the 2VO rats hippocampus (Figure 2E-G).

TMAO Up-Regulates Hippocampal IncRNA Fendrr Expression in 2VO Rats
In order to explore the detailed mechanisms underlying the action of TMAO on 2VO rats, we performed high-throughput
sequencing of hippocampus from 2VO rats and 2VO rats administered with TMAOQO. First, principal component analysis
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Figure 2 TMAO promoted hippocampal inflammatory response within 2VO Rats. GO enrichment analysis was performed using. (A) biological process (BP), (B) cellular
component (CC) and (C) molecular function (MF). The x-axis indicates the number of genes enriched and the y-axis indicates the GO terms. The color represents
significance. (D) KEGG enrichment analysis was performed. The inflammation-related indexes (E) TNF-a, (F) IL-1B, (G) IL-6 in the hippocampus of 2VO rats were detected
by ELISA (n = 6). Datasets reflect the mean = SD. ** P < 0.01 versus the 2VO+Vehicle group.

(PCA) was performed on the expression levels of IncRNAs to investigate the relationship between the two groups (2VO
and 2VO+TMAO) samples. It can be found that the DEGs clusters of the samples in 2VO and 2VO+TMAO groups were
separated (Figure 3A), indicating that different treatments have a significant effect on transcriptome profiles. The volcano
plot revealed that a total of 56 differentially expressed IncRNAs were identified, of which 19 IncRNAs upregulated and
37 IncRNAs down-regulated (Figure 3B). The heat map showed the DEGs of the top 15 up-regulated and down-regulated
IncRNAs (Figure 3C). According to previous reports, Fendrr could activate intracerebral inflammation in mice with
diabetic cerebral I/R injury.'® Furthermore, the knockdown of Fendrr reduced pro-inflammatory cytokine secretion in
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caerulein or lipopolysaccharide-induced acute pancreatitis (AP) mouse model.** Hence, we hypothesized that the
detrimental effect of TMAO on VaD was dependent on Fendrr. At first, Fendrr expression was measured by RT-qPCR
in the hippocampal tissues of 2VO and TMAO-treated 2VO rats, and the expression of Fendrr was found to be obviously
elevated in the 2VO group, which was more pronounced in the TMAO-treated 2VO rats (Figure 3D). Next, we predicted
and validated the subcellular localization of Fendrr. The IncLocator software result indicated that Fendrr was localized in
both the nucleus and the cytoplasm and was mainly located in the cytoplasm (Figure 3E). As predicted, FISH
experiments further confirmed that Fendrr was located in the cytoplasm (Figure 3F).

Knockdown of Fendrr Can Significantly Improve Neurological Function Injury in 2VO
Rats

To investigate the effects of Fendrr on neurological function in 2VO rats, lentivirus vectors knocking down Fendrr (LV-sh
-Fendrr) and the negative control LV-sh-NC were injected stereotactically into the bilateral hippocampus of rats and the
the knockout efficiency of Fendrr was measured. RT-qPCR result indicated that Fendrr expression was significantly
reduced following sh-Fendrr intervention (Figure 4A). Next, OFT and MWM assays were performed to evaluate the
spatial learning and memory capacity of the rats, and our findings revealed that the total distance traveled and the
percentage of time spent in the center were substantially higher in the sh-Fendrr group when compared to the sh-NC
group (Figure 4B-D). Later, MWM dataset suggested that the mean escape latency was decreased when Fendrr was
knocked down (Figure 4E). A notable difference in swimming speed did not exist between the two groups (Figure 4F).
These observations together demonstrated that knockdown of Fendrr could significantly improve the cognitive function
deficits of 2VO rats. Furthermore, Nissl staining assessed the effect of Fendrr knockdown on hippocampal neuronal
damage in 2VO rats. Injected with sh-Fendrr considerably increased the Nissl-positive cells in the CAl region of
hippocampus in comparison with the rats injected with sh-NC (Figure 4G and H). Afterward, we tested the inflammatory
parameters levels in rat hippocampus by ELISA and found that in 2VO rats injected with sh-Fendrr, TNF-a, IL-1p and
IL-6 were suppressed in comparison with vector group (Figure 41-K). In summary, these data indicated that down-
regulation of Fendrr inhibited the inflammatory response in hippocampal tissue and attenuated cognitive impairment in
2VO rats.

Fendrr Negatively Regulates miR-145-5p Expression

There is increasing evidence that IncRNAs can be competing endogenous RNAs (ceRNAs) to bind miRNAs by sequence
complementarity, which in turn is involved in the regulation the occurrence and development of disease.*> >’ The
experiments described above have shown that Fendrr is mainly localized in the cytoplasm, so we speculated that Fendrr
can sponge miRNAs via ceRNA. As shown in Figure 5A, through miRDB database prediction, it was found that there are
14 miRNAs that may be potential targets of Fendrr. Among them, only miR-145-5p was studied and reported to find its
expression decreased in the cortex of 2VO rats.”® Besides, some studies have reported that miR-145-5p had a negative
correlation with inflammation. For instance, miR-145-5p could attenuate the apoptosis, oxidative stress and inflammatory
response through the inhibition of NOH-1, eventually reducing myocardial I/R damage.** The exosomes containing miR-
145-5p could attenuate inflammatory responses via regulating the TLR4/NF-«B signaling pathway in spinal cord injury.®
Hence, we selected miR-145-5p as the downstream research target of Fendrr. RNAhybrid (https://bibiserv.cebitec.uni-

bielefeld.de/rnahybrid/) was used to predict, and the results implied the potential binding sites between miR-145-5p and

Fendrr. The minimum free energy was found < —25kcal/mol (Figure 5B). In addition, the binding sites in the Starbase
database (http://starbase.sysu.edu.cn) were consistent with the predicted results (Figure 5C). Afterward, the binding

relationship was further validated by dual luciferase reporter assays and RIP assays. The luciferase activity of Fendrr-WT
was greatly reduced with transfection of agomir-145-5p in the dual luciferase reporter, whereas Fendrr-MUT showed no
significant difference (Figure 5D). RIP experiments demonstrated enhanced enrichment of Fendrr and miR-145-5p under
Ago?2 treatment under Ago2 treatment (Figure SE). Moreover, we detected their co-localization in hippocampal tissue by
FISH, and discovered that Fendrr and miR-145-5p co-localized in the cytoplasm of hippocampal tissue (Figure 5F).
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Figure 4 Knockdown of Fendrr can significantly improve neurological function injury in 2VO rats. (A) The schematic diagram of lentiviral vectors injected stereotactically
into the bilateral hippocampus of rats and the efficiency of knockdown of Fendrr expression was tested by RT-qPCR (n = 6). (B) Representational movement tracks, (C)
total distance traveled and (D) time spent in the center in each group were measured using the OFT (n = 18). (E) The escape latency and (F) swimming speeds in each group
were recorded by MWM (n = 18). (G) Neuronal damage in the CAl region of the hippocampus was assessed by Nissl staining in each group of rats. Scale bar, 20 ym (n = 6).
(H) The bar chart shows the quantification of the Nissl-positive cells (n = 6). The inflammation-related indexes () TNF-a, (J) IL-1B, (K) IL-6 in the hippocampus of 2VO rats
were detected by ELISA (n = 6). Datasets reflect the mean + SD. * P < 0.05 and ** P < 0.01 versus the 2VO+sh-NC group.

Furthermore, we examined the expression of miR-145-5p in 2VO rats injected with sh-Fendrr and detected upregulation
of miR-145-5p (Figure 5G). Shortly, miR-145-5p is a target gene of Fendrr and can be negatively regulated by Fendrr.

Upregulation of miR-145-5p Can Reduce Neurological Function Injury in 2VO Rats

Based on the above studies, we first detected miR-145-5p expression in hippocampus of rats in sham-operated and 2VO
groups, and the outcomes showed that miR-145-5p did display low levels in 2VO rats (Figure 6A). We implemented
miR-145-5p up-regulation assay in rats and the RT-qPCR outcome indicated that the expression of miR-145-5p was
amplified by the injection with agomir-145-5p (Figure 6B). In behavioral tests, we observed that the total distance
traveled and the percentage of time spent in the center was significantly increased in agomir-145-5p group (Figure 6C—
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E), while the mean escape latency was significantly lowered (Figure 6F). Significant differences in swimming speed did
not exist between the two groups (Figure 6G). Histological observation of brain tissues depicted an increase in the
number of Nissl bodies in the CAl region of rat hippocampal after treatment of agomir-145-5p (Figure 6H and I).
Besides, ELISA assay results uncovered obvious decreases in TNF-a, IL-1p, and IL-6 concentrations in 2VO rats with
overexpression of miR-145-5p (Figure 6J-L). Therefore, the amplification of miR-145-5p was found to improve
neurological function recovery in 2VO rats.

PXN is the Target of miR-145-5p

In order to have a further investigation of the possible targets of miR-145-5p, we used three bioinformatics tools,
TargetScan, miRDB and miRMap to predict the targets of miR-145-5p. There were a sum of 122 genes located in cross-
sets of three databases (Figure 7A). In addition, we plotted the corresponding IncRNA-miRNA-mRNAs interaction
network on the basis of predicted results (Figure 7B). Among these candidate genes, Trim2, PXN, and Nedd4l were
reported to be significantly upregulated in the cortex of 2VO rats.*>** Then, the minimum free energies of binding
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Figure 6 Upregulation of miR-145-5p can reduce neurological function injury in 2VO rats. (A) The expression of miR-145-5p in hippocampus of rats was tested by RT-qPCR
(n = 6). (B) The efficiency of upregulation of miR-145-5p expression was tested by RT-qPCR (n = 6). (C) Representational movement tracks, (D) total distance traveled and
(E) time spent in the center in each group were measured using the OFT (n = 18). (F) The escape latency and (G) swimming speeds in each group were recorded by MWM
(n = 18). (H) Neuronal damage in the CAl region of the hippocampus was assessed by Nissl staining in each group of rats. Scale bar, 20 pm (n = 6). (I) The bar chart shows
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between them and miR-145-5p were —31.5, —35.1, and —32.8 kcal/mol, respectively, predicted by the RNAhybrid
(Figure 7C), which suggested that PXN is most likely to bind to miR-145-5p. Also, Targetscan database predictions
indicated that a potential binding region existed between miR-145-5p and PXN (Figure 7D). Similarly, dual luciferase
reporter gene assays further clarified the binding of miR-145-5p to PXN. The luciferase activity was clearly decreased in
cells transfected with agomir-145-5p and WT-PXN (Figure 7E). RIP experiment displayed the augmented enrichment of
miR-145-5p and PXN under Ago2 treatment (Figure 7F). In addition, FISH analysis revealed that miR-145-5p and PXN
co-localize in the cytoplasm of the hippocampus tissues (Figure 7G). Next, we detected the miR-145-5p effect on PXN
level, and found that the expression of PXN was inhibited after miR-145-5p up-regulation in RT-qPCR and Western Blot
assay (Figure 7H-J). The above results demonstrated that PXN is a downstream target of miR-145-5p.
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Knockdown of PXN Can Reduce Neurological Function Injury in 2VO Rats
To explore the effect of PXN on VaD, we first found that PXN expression in the hippocampus of 2VO rats were increased
by RT-qPCR and Western Blot (Figure 8A—C). Then LV-sh-NC and LV-sh-PXN were injected into the bilateral
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hippocampus was assessed by Nissl staining in each group of rats. Scale bar, 20 pm (n = 6). (M) The bar chart shows the quantification of the Nissl-positive cells (n = 6). The
inflammation-related indexes (N) TNF-q, (O) IL-1B, (P) IL-6 in the hippocampus of 2VO rats were detected by ELISA (n = 6). Datasets reflect the mean * SD. * P < 0.05
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hippocampus of 2VO model rats, respectively. RT-qPCR and Western Blot confirmed that injection of sh-PXN
significantly lowered the expression of PXN in 2VO rats (Figure 8D-F). After silencing PXN, it was found that the
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learning and spatial memory abilities of rats were significantly reduced (Figure 8G-J). The specific performances were an
increase in the percentage of time spent in the center and the total distance traveled, and a decrease of the mean escape
latency. A notable difference in swimming speed did not exist between the two groups (Figure 8K). Moreover, in 2VO
rats injected with sh-PXN, there were increased Nissl bodies in the hippocampal CA1 region (Figure 8L and M). The
inflammatory parameters were also explored in the hippocampus, with the results presenting that concentrations of TNF-
a, IL-1B and IL-6 were suppressed (Figure 8N—P). Overall, down-regulating PXN promoted the recovery of neurologic
function in 2VO rats.

Inhibition of miR-145-5p Reversed the Fendrr Knockdown-Mediated Influence on
2VO Rats

In the hippocampus of 2VO rats, we noticed that PXN expression went down-regulate after treatment of sh-Fendrr
(Figure 9A—C). In this regard, to verify whether Fendrr affects VaD through miR-145-5p/PXN axis, rats were stereo-
tactically injected with sh-Fendrr and antagomir-145-5p and the negative control lentivirus vectors into the bilateral
hippocampus, respectively. In 2VO rats, injection of sh-Fendrr would enhance neurological function, including the
improvement of behavioral tests and the increase in the number of Nissl bodies in the CA1 region of the hippocampus,
while the effects of sh-Fendrr would be weakened by antagomir-145-5p (Figure 9D-J). In addition, the silenced miR-
145-5p reversed the decrease in PXN expression by sh-Fendrr (Figure 9K—M) and suppression of inflammatory response
(Figure 9N—P). In summary, Fendrr exacerbated neurological impairment and inflammatory responses in 2VO rats by
targeting PXN via sponge miR-145-5p.

TMAO Aggravated the Neurological Function of 2VO Rats by Upregulating Fendrr
Targeting miR-145-5p

To investigate whether TMAO exacerbates VaD injury by regulating Fendrr/miR-145-5p expression, we stereotactically
injected the sh-Fendrr and antagomir-145-5p into the bilateral hippocampus of TMAO-administrated 2VO rats. After sh-
Fendrr injection, the 2VO rats administered with TMAO have the increased percentage of time spent in the center and
total distance traveled, while the decreased mean escape latency. But, these effects of sh-Fendrr were reversed via the
inhibition of miR-145-5p (Figure 10A-D). Notable differences in swimming speed did not exist among groups
(Figure 10E). Nissl staining elicited that sh-Fendrr ameliorated hippocampal tissue damage in TMAO-treated 2VO
rats, but the inhibition of miR-145-5p expression remarkably abolished this effect (Figure 10F and G). Besides, injection
of sh-Fendrr attenuated the upregulation of PXN in TMAO-treated 2VO rats, but injection of antagomir-145-5p reversed
this expression (Figure 10H-J). The decrease in miR-145-5p counteracted the suppressive effects of Fendrr on the
inflammatory cytokines in TMAO-treated 2VO rats (Figure 10K—M). Collectively, TMAO impaired neural function in
2VO rats by affecting the expression of Fendrr/miR-145-5p.

Discussion

VaD, featuring degradation of memory and cognitive capacity, is the second most common form of dementia due to
chronic cerebral underperfusion.*” In our previous investigation, we demonstrated that increased circulating TMAO
could exacerbate cognitive impairment in VaD rats.'* However, the molecular mechanism of the TMAO-promoted VaD
injury remains unknown. The current research is the first to confirm that upregulation of Fendrr induced by TMAO is
implicated in the pathogenesis of VaD. TMAOQ aggravated neuro-inflammation and cognitive dysfunction via Fendrr/
miR-145-5p/PXN axis in VaD rats (Figure 11).

Several new evidence emphasizes that pathological changes in VaD lead to excessive neuroinflammation, which
further causes various forms of cell death including neurons.*' ™ There are two ways to induce VaD in experimental
animals: temporary occlusion of the middle cerebral artery or permanent occlusion of the common carotid artery.** Of
these, the 2VO rat model is one of the most widely used animal models of VaD,** which can reproduce the CCH situation
and cognitive impairment observed in VaD patients. Notably, a previous study conducted the GO and KEGG enrichment
analysis of differentially expressed miRNA/TF-associated genes in the cortex of 2VO rats and found that these genes
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Figure 9 Inhibition of miR-145-5p reversed the Fendrr knockdown-mediated influence on 2VO rats. (A) The PXN expression was examined by RT-qPCR after the down-regulation
of Fendrr (n = 6). (B) The PXN expression was examined by Western Blot after the down-regulation of Fendrr. (C) The bar chart shows quantification for PXN expression (n = 6). (D)
Representational movement tracks, (E) total distance traveled and (F) time spent in the center in each group were measured using the OFT (n = 24). (G) The escape latency and (H)
swimming speeds in each group were recorded by MWM (n = 24). (I) Neuronal damage in the CAl region of the hippocampus was assessed by Nissl| staining in each group of rats. Scale
bar, 20 um (n = 6). (J) The bar chart shows the quantification of the Nissl-positive cells (n = 6). (K) The PXN expression was examined by RT-qPCR after the down-regulation of Fendrr
and down-regulation of miR-145-5p (n = 6). (L) The PXN expression was examined by Western Blot after the down-regulation of Fendrr and down-regulation of miR-145-5p (n = 6).
(M) The bar chart shows quantification for PXN expression (n = 6). The inflammation-related indexes (N) TNF-a, (O) IL-1B, (P) IL-6 in the hippocampus of 2VO rats were detected by
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Figure 10 TMAO aggravated the neurological function of 2VO rats by upregulating Fendrr targeting miR-145-5p. (A) Representational movement tracks, (B) total distance
traveled and (C) time spent in the center in each group were measured using the OFT (n = 24). (D) The escape latency and (E) swimming speeds in each group were
recorded by MWM (n = 24). (F) Neuronal damage in the CAl region of the hippocampus was assessed by Nissl staining in each group of rats. Scale bar, 20 ym (n = 6). (G)
The bar chart shows the quantification of the Nissl-positive cells (n = 6). (H) The PXN expression was detected by RT-qPCR after the down-regulation of Fendrr and down-
regulation of miR-145-5p in TMAO-treated 2VO rats (n = 6). (I) The PXN expression was detected by Western Blot after the down-regulation of Fendrr and down-
regulation of miR-145-5p in TMAO-treated 2VO rats (n = 6). (J) The bar chart shows quantification for PXN expression (n = 6). The inflammation-related indexes (K) TNF-
a, (L) IL-1B, (M) IL-6 in the hippocampus of TMAO-treated 2VO were detected by ELISA (n = 6). Datasets reflect the mean + SD. * P < 0.05 and ** P < 0.01 versus the
TMAO+sh-NC+antagomir-NC group; * P < 0.05 and * P < 0.01 versus the TMAO+sh-Fendrr+antagomir-NC group.
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Figure 11 The mechanism of action of TMAO on neuroinflammation after VaD. TMAO can promote neuroinflammation and aggravate neural damage in vascular dementia
by regulating the IncRNA Fendrr/miR-145-5p/PXN axis.

were primarily connected to hypoxia, inflammation and apoptosis pathways of VaD.?* Similarly, we performed KEGG
analysis of DEGs in the hippocampus of TMAO-treated 2VO rats and found that pathways involving target genes were
also associated with the regulation of inflammation and cellular immunity. Inflammasomes are important mediators and
key switches of inflammation, among which the most representative is the NLRP3 inflammasome. As part of the innate
immune system, the NLRP3 inflammasome has been shown to participate in the pathogenesis of CCH-induced VaD by
regulating neuroinflammation.*® NLRP3 binds to ASC as a scaffold, thereby recruiting and activating caspase-1.
Activated caspase-1 catalyzes the degradation of pro-interleukin-1p (IL-1pB) and pro-interleukin-18 (IL-18) into biologi-
cally active mature forms,*’ ultimately leading to an inflammatory response and upregulating the gene expression of
several inflammatory mediators.*® Besides, our previous study has already uncovered that the protein expression of
NLRP3 and IL-1B in the hippocampus of 2VO rats was significantly upregulated, and further increased after TMAO
treatment.'* Accordingly, we examined the changes in inflammatory mediators TNF-o, IL-1p, and IL-6 in the hippo-
campus of 2VO rats. The results suggested that the levels of TNF-a, IL-1pB, and IL-6 in the hippocampus of rats in the
2VO group were markedly elevated, and their expression was further augmented after TMAO administration. This is
consistent with the findings of others. Zhang et al have manifested that the high levels of circulating TMAO enhanced the
release of inflammatory mediators and increased the NF-kB activity in inflammatory model rats.*’ In addition, elevated
circulating TMAO levels downregulated IL-10, exacerbated vascular oxidative stress and inflammation, and resulted in
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endothelial dysfunction.’® Altogether, the above data indicate that TMAO can activate relevant inflammatory pathways
and promote the release of neuro-inflammatory mediators in the VaD rat model.

Thereafter, we explored the molecular mechanisms by which TMAO promotes neuroinflammation in VaD. As
recorded, TMAO could promote atherosclerosis through regulating the IncRNA enriched abundant transcript 1
(NEAT1).>" The link between IncRNAs and cognitive impairments has recently gained attention. LncRNA
MALAT1 has been observed to target miR-9-3p to upregulate SAP97 in the VaD mice, thereby promoting VaD
progression.”? The knockdown of IncRNA XIST alleviated BACE! alteration via miR-124/BACE1 signaling pathways
in the 2VO-induced Alzheimer’s disease model.”®> We analyzed the hippocampus of rats in the 2VO and TMAO-
administrated 2VO groups by high-throughput sequencing to screen for differentially expressed IncRNAs. Significantly,
the expression of Fendrr in hippocampus of 2VO rats was remarkably elevated after TMAO administration. Fendrr was
initially found to be associated with the development of a variety of human malignant tumors, such as prostate cancer,
renal cell carcinoma and cervical cancer.>*>® Of interest, available evidence suggests that Fendrr may regulate pyroptosis
and inflammation of microglia in diabetes-cerebral I/R mice.' Fendrr could modulate inflammation by binding PRC2 to
inhibit the epigenetic role of ATG7 in acute pancreatitis.>* Nevertheless, the function of Fendrr in VaD is unclear. In this
study, we demonstrated that Fendrr expression was significantly increased in the hippocampus of 2VO rats, and TMAO
exacerbated this increase in expression. Knockdown of Fendrr inhibited 2VO model-induced deficits in spatial learning
and memory, neuronal damage, and elevated inflammatory mediators.

There is growing evidence that IncRNAs could act as sponges for miRNAs and thus mediate gene expression
regulation functions.>®>” Our prediction analysis indicated that Fendrr had binding sites with miR-145-5p. Dual
luciferase reporter gene, RIP and FISH assays confirmed the interaction between Fendrr and miR-145-5p. Qi et al
discovered that miR-145-5p expression was significantly downregulated in MCAO mice whereas suppressing miR-145-
5p enhanced the levels of proinflammatory factors TNF-a and NO in activated microglia cells.>® Overexpression of miR-
145-5p could attenuate inflammatory responses in mouse cardiomyocytes hypoxia/reoxygenation (H/R) modeling.”” To
be noted, a sequencing report found that miR-145-5p is lowly expressed in the cortex of 2VO rats.>> However, the
potential effect of miR-145-5p in VaD has not been identified by the researchers. Similar to previous studies, our data
showed that miR-145-5p was downregulated in 2VO-induced VaD model rats. Additionally, restoring miR-145-5p
expression suppressed 2VO-induced cognitive impairment, neuronal death and inflammation levels. To our knowledge,
we report for the first time the protective effect of miR-145-5p against VaD. To determine whether the effect of Fendrr is
dependent on miR-145-5p, we simultaneously injected antagomiR-145-5p and sh-Fendrr into the bilateral hippocampus
of 2VO rats, and the results showed that inhibition of miR-145-5p reversed the anti-inflammatory and protective effects
of sh-Fendrr on VaD.

Paxillin, as a multi-domain adaptor protein, is expressed in almost all tissues and plays an important role in cell
motility, migration, adhesion and growth control.®® Indeed, miR-145-5p was reported to target PXN to attenuate cardiac
hypertrophy caused by angiotensin I1.°" Another literature also stated that miR-145 may act as a colon cancer inhibitor by
targeting PXN.%? Besides, a sequencing result observed that PXN was notably elevated in the cortex of 2VO rats.*® In
this study, we found elevated levels of PXN in the hippocampus of 2VO rats and confirmed that its expression was
negatively regulated by miR-145-5p. Moreover, loss-of-function assay of PXN showed that PXN depletion alleviated the
neurological impairment in 2VO rats, as evidenced by total distance traveled and the percentage of time spent in the
center, and Nissl bodies, and a decrease in mean escape latency. Interestingly, a study by Wang et al pointed out that
Paxillin enhanced NLRP3 deubiquitination by recruiting USP13, thereby activating the NLRP3 inflammasome on ATP
processing and K efflux.®® Similarly, it has been claimed that upregulation of PXN may promote inflammation and the
development of acute ischemic stroke.®*®> This hints at an inextricable relationship between PXN and neuroinflamma-
tion. Not surprisingly, we discovered that knockdown of PXN was able to reduce the secretion of inflammatory factors
TNF-a, IL-1B, and IL-6 by ELSIA assay. Finally, we simultaneously injected sh-Fendrr and antagomiR-145-5p into the
bilateral hippocampus of TMAO-treated 2VO rats. The results suggested that the down-expression of Fendrr ameliorated
the damaging effects of TMAO on 2VO rats, but suppression of miR-145-5p expression reversed this effect. Thus, these
evidences indicated that TMAO exacerbates VaD neural damage by regulating the expression of the Fendrr/miR-145-5p/
PXN axis, which provides a potential therapeutic target for VaD and a new idea for the treatment of VaD.
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There were some limitations in the present study. First, VaD patients are mostly elderly, and the clinical manifesta-
tions of males and females are similar, while our study only used adolescent male rats. Therefore, factors such as gender
and age need to be considered for further research. Secondly, while this study includes some cognitive assessments, it
would be more convincing to add additional functional tests such as novel object recognition (NOR). More behavioral
tests should be included in the future to verify the changes in cognitive function. Finally, this study mainly focused on the
effects of TMAO on VaD neuroinflammation at the transcriptome level, and other potential protein interactions and
pathways regulatory mechanisms need to be further explored in future research.

In summary, the present study elucidated, for the first time, that TMAO exacerbates neuroinflammation in VaD
through the IncRNA Fendrr/miR-145-5p/PXN axis. Down-regulating Fendrr attenuates the VaD-induced cerebral injury
via ceRNA interaction with miR-145-5p to suppress PXN expression. This offers a new insight into the mechanism of
TMAO damage to VaD, which may facilitate a deeper comprehension of the pathological process of VaD and provide
new options for clinical prevention or treatment.
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