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Abstract
Background: Aimed at investigate the dysregulated genes, pathways and networks involved in hyperuricemia-
induced mild cognitive impairment (MCI) through performing whole transcriptome sequencing, revealing the
potential mechanism of hyperuricemia-induced MCI.

Results: A total of 463 DEGs, including 391 mRNA, 31 lncRNA, 8 cirRNA, and 33 miRNA were differentially
expressed in HUA rats compared with the common rats by calculating the gene fragments per kilobase million
(FPKM) in each sample and conducting differential gene analysis. The GO enrichment analysis showed 10 GO
terms were signi�cantly enriched, and the KEGG pathway enrichment analysis showed ECM-receptor interaction,
PI3K-Akt signaling pathway, protein digestion and absorption, neuroactive ligand-receptor interaction and
morphine addiction were signi�cantly enriched.

Conclusions: Hyperuricemia can cause a certain degree of abnormal gene expression and modulate signaling
pathways in the hippocampus.

Background
Hyperuricemia (HUA) is a symptom of high uric acid (UA) caused by excessive UA production or decreased
excretion. HUA is a metabolic problem that has become increasingly common worldwide, and its association with
hypertension has been studied for more than 130 years [1]. UA is the end product of purine metabolism, which is
predominantly performed by the proximal tubules [2]. Two main sources of purine in humans have been
identi�ed: one is the synthesis of endogenous purine, and the other is the intake of a purine-rich diet [3, 4]. Purines
are natural compounds present in all cells of the body and substantially all eatables [5]. If the intake of seafood
and meat is too high, high levels of serum uric acid (SUA) may occur, but the total protein consumption is not [6].
SUA is the most plentiful spontaneous antioxidant in human plasma [7]. Its antioxidant properties prevent
damage caused by free radicals, reducing the risk of MCI and dementia associated with oxidative stress [8].
Normally, 30% of UA in the human body is excreted from the intestine and bile duct, and 70% is excreted through
the kidney [9, 10]. HUA was de�ned as a UA concentration > 7.0 mg/dl [11–13]. Although SUA seems to be a
signi�cant antioxidant in the human body and is thought to protect the human body when present at normal
levels, an in-depth analysis of whether UA is adversely active, acting as a pro-oxidant and activator of phlogistic
pathways, is needed [14–18]. The body maintains a balance between the production and excretion of UA every
day to maintain the normal level of UA. In recent years, the incidence of HUA has increased rapidly [19, 20].

Despite increasing evidence for a direct correlation of HUA with cognitive function, our understanding of the
syndrome is limited, and few therapeutic options are available [21]. In recent research, scholars found that HUA
exerts a certain effect on cognitive function [22]. We chose to generate a rat model by feeding them special diets.
Extensive evidence has shown the validity of the Morris water maze (MWM) as a method for assessing
hippocampus-dependent reference memory and spatial guidance [23], its speci�city as an evaluation of place
memory, and its relative immunity to motivational differences across a series of experimental therapies that are
secondary to the key purpose of the study, such as pharmacological treatment, lesions, and genetic manipulation.
Therefore, after the model was successfully established, we administered an MWM test to all rats to assess the
effects of HUA on MCI. We measured the blood biochemical parameters of all rats to con�rm the successful
establishment of the model. Then, we performed a whole transcriptome analysis of rat hippocampal tissues after
the modeling cycle. The hippocampus is a component of the limbic system in the brain, and the exact location is
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between the thalamus and medial temporal lobe. The hippocampus is mainly responsible for the storage,
orientation and conversion of long-term memory [24].

A whole transcriptome analysis aims to assess the sum of all RNA that a particular cell can transcribe in a
particular state and involves mRNA and noncoding RNA (ncRNA) [25]. Research on ncRNAs mainly focuses on
miRNAs, lncRNAs and circRNAs, with regulatory effects identi�ed based on second-generation sequencing
technology. The whole transcriptome sequence is studied, and mRNAs, lncRNAs, circRNAs, and miRNAs are
analyzed. Through a pairwise association analysis, ternary association analysis and multivariate association
analysis, the research is more systematic, and the changes in transcriptional regulation underlying biological
phenomenon are explored in depth.

Previous studies have claimed that UA in human vascular cells and endothelial cells upregulates C-reactive
protein (CRP), an in�ammation marker [26, 27]. Furthermore, various illnesses caused by HUA are related to
activation of the Toll-like receptor 4 (TLR4)/nuclear factor (NF)-κB signaling pathway [22]. TLRs are important
protein molecules involved in nonspeci�c immunity (innate immunity) and a bridge between nonspeci�c
immunity and speci�c immunity [28]. Based on accumulating evidence, UA-induced activation of TLR4 damages
hippocampus-dependent spatial relation memory in an in�ammation-dependent manner and diminish the
hippocampal pyramidal neuron dendrite length [29, 30]. An erstwhile study suggested that SUA functions as a
mighty in�ammatory stimulus that is transported across the blood-brain barrier [23, 31]. A few studies have
shown that an increase in UA levels might affect cognitive functioning by inducing cerebrovascular changes [32,
33]. Here, we established a HUA model in which rats were provided with a high-UA diet (HUAD) and were used as
the experimental group, while the rats in the control group were provided with normal basic feed as the control
group. RNA-seq was used to identify differentially expressed RNAs and methodically analyze the genetic
background of HUA-induced MCI. We found that HUA altered gene expression in the hippocampus and modulated
a series of signaling pathways to induce encephalopathy.

We construct models to explore the real cause of the effects of HUA on the function of the hippocampus and to
identify the speci�c targets. In summary, in this study, we performed whole-transcriptome sequencing to screen
the differentially expressed mRNAs, lncRNAs, miRNAs and circRNAs. Therefore, based on the bioinformatics
analysis, mRNA-lncRNA-miRNA networks were established, and then we identi�ed the biological functions of the
target genes.

Results

Establishment of a rat HUA model
Serum UA levels were measured by performing a clinical biochemical analysis. A three-fold increase in the serum
UA concentration, from 1.89 µmol/L in control rats to 5.54 µmol/L in HUA rats, was observed, which indicated
that we successfully created a rat HUA model (Fig. 1A).

HUA-induced MCI
With the increase in trial days, the escape latency of the two groups was shortened. In contrast to the normal
control group, the escape latency of the HUA group was relatively longer (Fig. 1B), and the target quadrant
residence time was shorter (Fig. 1C). Thus, HUA induces MCI in rats. The histopathological examination showed
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in�ammation in the hippocampus of the HUA group. The histological results indicated that the increasing
in�ammatory cells in�ltrated into the hippocampus (Fig. 1G-I), in�ammatory cells were observed in the
hippocampus of HUA rats comparted to control group (Fig. 1D-F). Based on these histological results, the HUAD
resulted in in�ammation in the rat hippocampus.

Summary of Whole-transcriptome sequencing results
After the HUA model was established, we sent hippocampal samples from the control group and HUA group for
whole-transcriptome sequencing to obtain a deeper understanding of HUA (Fig. 2). Whole genome sequencing
produced 500.32 M raw reads (73.29 G bases) of data. After quality control and �ltering, 496.04 M clean reads
(70.61 G bases) were maintained for the subsequent analysis, with an average of 82.67 M reads and 11.77 G
bases in each sample; the average GC level of the integrated sample was 46.93%. The general amount of rRNA
was 26.56 M reads, which comprised an average of 3.52% of clean reads. The average GC content of the entire
sample was 49.02%. The upper data indicate that we obtained high-quality RNA-seq statistics. Consequently,
93.04% of clean reads were mapped to the human reference genome, and the alignment rates at exonic, intronic,
and intergenic regions were 53.90%, 28.13% and 18.08%, respectively. The Pearson correlation analysis and PCA
chart was shown (Fig. 3A and B). Easily indicated that the correlation coe�cient of approximately 88.89% of the
sample was greater than 0.8, indicating a gene expression correlation for each sample.

Identi�cation of differentially expressed ncRNAs
The gene fragments per kilobase million (FPKM) in each sample were calculated to conduct an analysis of
differentially expressed genes [|log 2 (fold change) | value > 1, false discovery rate (FDR) < 0.05 was regarded as
the threshold]. We identi�ed 423 differentially expressed transcripts, which included 115 upregulated ncRNAs
[log2 (fold change) > 1, FDR < 0.05] and 308 downregulated ncRNAs [log2 (fold change) < -1 FDR < 0.05] (Fig. 4A).
These transcripts showed obviously disparate expression in the hippocampus between the HUA samples and
control samples. Heatmaps of differentially expressed transcript clusters showed that these transcripts were
signi�cantly differentially expressed in the HUA and control samples (Fig. 4B). Compared with the control group,
391 mRNAs, 33 miRNAs, 31 lncRNAs and 8 circRNAs were differentially expressed in the HUA group. One hundred
ten mRNAs, 7 miRNAs, 5 lncRNAs and 5 circRNAs were upregulated, while 281 mRNAs, 26 miRNAs, 26 lncRNAs
and 3 circRNAs were downregulated in the HUA group.

Screening and analysis of differentially expressed mRNAs
Based on the established thresholds [log2 (fold change) > 0.585, FDR < 0.05], 391 differentially expressed mRNAs
were screened, including 110 upregulated genes [log2 (fold change) > 0.585, FDR < 0.05] and 281 downregulated
genes [log2 (fold change) <-0.585 FDR < 0.05] (Fig. 5A). All the differentially expressed genes showed signi�cant
changes in the HUA and control samples (Fig. 5B). These results indicate that the differentially expressed mRNAs
we screened have obviously different characteristics. We executed an enrichment analysis and functional
annotation of genes encoding differentially expressed mRNAs. The GO enrichment analysis annotated
differentially expressed genes that were enriched in 388 biological processes (BPs), 62 cellular components
(CCs), and 117 molecular functions (MFs) in the HUA group compared with the control group. Here, we chose the
signi�cant GO terms (P value < 0.01) in the BP-level GO results to construct the functional regulatory network
(Fig. 5C). Afterwards, we chose the signi�cant GO terms (P < 0.01) in the BP-level GO results to construct the
functional regulation network (Fig. 6A). An in-depth analysis of enriched KEGG pathways indicated that the



Page 5/19

differentially expressed genes (parental genes) in the HUA group were obviously associated with 23 KEGG
pathways, including ECM-receptor interaction, PI3K-Akt signaling pathway, protein digestion and absorption,
neuroactive ligand-receptor interaction and morphine addiction, compared with the control group. The top 20
KEGG pass ways are illustrated (Fig. 5D). The signal transduction relationship between pathways at the macro
level was observed. We also discovered the core pathways affected by the experiment and regulatory
mechanisms between signaling pathways (Fig. 6B).

Screening and analysis of differentially expressed lncRNAs,
circRNAs and miRNAs
Similarly, in our study, 31 differentially expressed lncRNAs were identi�ed, including 5 upregulated lncRNAs [log2
(fold change) > 1, FDR < 0.05] and 26 downregulated lncRNAs [log2 (fold change) < -1, FDR < 0.05]. Heatmaps of
differentially expressed lncRNA clusters showed noticeable differences in the expression of these lncRNAs in the
HUA and control samples (Fig. 7A-B). Eight differentially expressed circRNAs were obtained, of which 5 were
upregulated and 3 were downregulated. Figure 7 shows the statistical (Fig. 7C) and cluster analyses (Fig. 7D) of
the differentially expressed circRNAs. The differential expression analysis identi�ed 33 differentially expressed
miRNAs, including 7 upregulated and 26 downregulated miRNAs. Figure 7 also includes a volcano plot (Fig. 7E)
and cluster analysis (Fig. 7F) of the differentially expressed miRNAs.

lncRNA ceRNA and circRNA ceRNA network maps
We used the 3 differentially expressed miRNAs with the most interactions (including 3 downregulated mRNAs,
rno-miR-653-3p, rno-miR-351-5p, and rno-miR-322-5p) to recognize ceRNAs with the greatest plausible role in
HUA. The network comprises 16 differentially expressed genes (downregulated genes included rno-miR-653-3p,
rno-miR-351-5p, and rno-miR-322-5p; upregulated genes included Car12, Camkv, Tmem198, Pipn1, Dyrk2, Fibcd1,
Crym, Ptpru, Syt17, Chst8, LOC100910821, LOC102548116, and LOC100911522). Two of the miRNAs were
regulated by 1 differentially expressed lncRNA (Fig. 6C).

Veri�cation of representative lncRNAs, miRNAs and mRNAs
Four mRNAs, one lncRNA and three miRNAs that emerged in the ceRNA network were chosen and veri�ed using
real-time quantitative polymerase chain reaction (RT-qPCR) to con�rm the RNA-seq results. Crym, Fibcd1, Camkv,
and Ptpru were upregulated. The results for the miRNAs showed that the expression of miR-653-3p, miR-322-5p
and miR-351-5p was downregulated in the hippocampal samples from rats in the HUA group compared to the
control rats. Meanwhile, the expression of LOC102548116 was upregulated in hippocampal samples from rats in
the HUA group compared to control rats. Thus, the RT-qPCR results revealed that the relative expression levels of
the selected ncRNAs were the same as the RNA-seq data (Fig. 8), indicating the reliability of the RNA-seq results.

Discussion
With the development of whole transcriptome analysis and molecular biotechnology, ncRNAs and mRNAs have
attracted additional attention in the past few years [34]. Multiple studies have shown that ncRNAs play an
essential role in different biological processes and are differentially expressed in many illnesses.



Page 6/19

Our results are like previous reports that a higher level of SUA is cross-sectionally related to worse focus,
operating memory, executive functioning, and psychomotor speed [7, 35, 36]. The current study �rst analyzed the
whole transcriptome pro�les of the hippocampus from HUA and normal rats using high-throughput sequencing
and performed a subsequent evaluation of ncRNAs and mRNAs to identify the differentially expressed ncRNAs
and mRNAs, as well as to investigate the latent biological features and the correlation between these ncRNAs,
mRNAs and HUA.

A total of 25,834 RNAs was identi�ed, comprising 15,701 mRNAs, 680 miRNAs, 3,354 lncRNAs and 6,108
circRNAs. Most remarkably, 1 KEGG pathway was related to injury to the brain, and various types of N-glycan
biosynthesis signaling pathways were related to asparagine (including high-mannose type glycans, N-glycans,
paucimannose type glycans and glycohormones). Among these pathways, glycohormones play an essential role
in the production of asparagine. An analysis of the major KEGG results revealed that the pathways related to the
formation of asparagine were among the most substantially altered. A previous study also proposed that
asparagine endopeptidase (AEP) is a lysosomal cysteine proteinase that is activated during aging and
proteolytically reduces tau, abolishes its microtubule �tting characteristics, and triggers neurodegeneration and
tau aggregation [37].

Although signi�cant �ndings were reported in these studies, restrictions should also be noted. In our research, we
analyzed data from 6 groups of rats, and since one of the samples was obviously different from the other groups,
we excluded this sample from subsequent analyses. In summary, we identi�ed a particular degree of HUA injury
to the hippocampus at the genetic level. Changes in gene expression led to changes in gene equilibrium and the
expression of molecules involved in various signaling pathways. These results improve our understanding of the
global genetic responses to HUA in the rat hippocampus and provide a novel theoretical basis and tactics to treat
HUA-induced MCI using gene therapy.

We analyzed 3 differentially expressed miRNAs (rno-miR-653-3p, rno-miR-351-5p and rno-miR-322-5p). Their
correlations were regulated by several lncRNAs and circRNAs, such as Chst8 (up)-, rno-miR-322-5p (down)-, and
LOC100911522-derived lncRNAs (up). This �nding suggests that the mechanism of HUA is regulated by many
ceRNAs.

Conclusions
We concluded that HUA is associated with particular models of gene expression and the activation or
suppression of hippocampal signaling pathways. A de�nite level of HUA can induce injury to the hippocampus at
the genetic level. These consequences thus provide a new theoretical foundation and strategy to treat
arthrolithiasis or other diseases associated with HUA using gene therapy.

Materials And Methods
All methods were carried out in accordance with relevant guidelines and regulations.

Ethics statement
The studies were conducted in compliance with ARRIVE guidelines 2.0 (https://arriveguidelines.org/). and in
compliance with all applicable guidelines and regulations. During the experiment, all animal-related procedures
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were performed following related guidelines and regulations of the Ethics Committee for Animal Research of the
Southwest Minzu University (Approval No.2019-12). Animals were handled in rigorous accordance with good
animal practice, and all effects were made to relieve unnecessary suffering and distress of animals. All animal
experiments were conducted according to the regulations for the Administration of Affairs Concerning
Experimental Animals (Ministry of Science and Technology, China, revised in June 2004).

Construction of the rat HUA model
Speci�c pathogen-free (SPF) male Wistar rats (7–8 weeks old; 180–220 g weight) were purchased from Vital
River Laboratories. Twenty-four rats were separated and housed in groups of 2 per cage in clear plastic cages
with wire grid lids in a colony with a 12 h light and dark cycle (lights on from 7:00 A.M. to 7:00 P.M.) in an
invariable environment with a temperature of (22 ± 2) ℃, humidity (55 ± 5) %, and noise < 85%. The animals were
provided free access to food and water. We provided the HUAD containing 2% UA and 2% oxonic acid (OA) to rats
for periods ranging from 1 day to 12 weeks to establish the HUA model, while the rats in the control group were
provided normal basic feed. In this study, we performed a statistical analysis 6 groups of rats, and because the
sample size was small and one of the samples was obviously different from the other, we excluded this group in
the subsequent analyses; thus, we may have underestimated the changes.

Serum biochemical analysis
After anesthetizing with intraperitoneal injection of pentobarbital sodium (20 g/140 µL), rats were euthanatized
then blood and hippocampal tissues were harvested for subsequent experiments. Serum was obtained after
coagulation (4°C, 60 min) and centrifugation (3000 r/min, 15 min, 4°C). A clinical chemical analysis of the serum
was carried out using a Cobas C 311 biochemistry analyzer (Basel, Switzerland) purchased by F. Hoffmann-La
Roche, Ltd., and appropriate kits with the following parameters: SUA. Serum biochemical test reagents were
purchased from Mike Industrial Co., Ltd. (Chengdu, Sichuan, China). All assays of biochemical parameters were
performed in strict accordance with the instructions provided with the corresponding blood biochemical kit.

Determination of learning and memory function in rats
All rats were allowed to practice �nding the �xed platform for 5 successive days (4 trials/day). Afterwards, rats
were allowed to circumnavigate the pool and search for the hidden platform for a maximum of 60 sec. The
latencies were recorded, and the progress of the test was video-taped. On day 5, the rats were offered a 60 sec
test to determine whether they retained the spatial location of the platform. We recorded the numbers of animals
crossing the exact location of the platform and the time spent in the target quadrant.

Histological examination
Hippocampal specimens were �xed with neutral-buffered 4% paraformaldehyde, embedded in para�n wax, and
sectioned. We stained the sections of para�n-embedded hippocampal tissues with hematoxylin-eosin for the
histological analysis, and observed the results using an Olympus BX53F microscope (Olympus, Japan) equipped
with a DP80 digital camera.

High-throughput sequencing
Six hippocampal samples (three from the HUA group and three from the control group) were designated for the
whole transcriptome analysis using high-throughput sequencing. All analyses of RNA-Seq data were conducted
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with the assistance of NovelBio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The summary data of RNA-
seq are listed in Table 1.

Table 1
Summary of RNA-seq data

Sample Raw reads Clean
reads

Ratio

(%)

GC

(%)

Mapped
ratio

(%)

Exonic

(%)

Intronic

(%)

Intergenic

(%)

Control1 91242138 90807840 99.52 46.78 93.7 55.65 26.59 17.90

Control2 92601642 92143398 99.50 46.86 93.2 50.78 31.20 18.15

Control3 104445682 103940076 99.51 46.83 92.5 47.30 33.96 18.85

Hyperuricemia1 87488902 87066068 99.51 46.93 93.4 58.69 23.51 17.93

Hyperuricemia2 73345770 71971916 98.13 46.42 92.6 53.98 28.46 17.69

Hyperuricemia3 75498478 74206686 98.29 47.74 92.7 59.21 23.21 17.72

Total 500.32M 496.04M / / / / / /

Average 83.39M 82.67M 99.08 46.93 93.02 54.27 27.82 18.04

Quality control
First, we used Fast-QC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) software for an overall
evaluation of the quality of the sequencing data, including the quality of base value distribution, quality value
position distribution, GC content, RT-qPCR duplicate content, and KMER frequency. These evaluation metrics
allowed us to obtain insights into the sequencing data itself prior to the mutation detection.

Mapping statistics
We use Hisat2 software to compare RNA-seq data with database version Rnor6. Hisat2 is an e�cient and fast
RNA-seq data analysis tool, a new index building method based on BWT and small-scale indexing that is built
every 56 kb, combined with adjustment strategies that quickly and accurately locate each read to a site in the
genome. These small indexes are combined with some adjustment strategies that quickly and accurately locate
each read ratio in the genome. Hisat2 support genomes of any size. For miRNA mapping, we used an
internationally recognized BWA algorithm to compare the �ltered CleanRead to the sheep miRbase
(http://www.mirbase.org/) [38, 39] database and to the Rfam database. Furthermore, we predicted the potential
miRNAs.

The GO analysis and pathway analysis
GO analysis is mainly used to query gene functions and relationships between functions and genes that perform
the functions based on GO (http:\\www.geneontology.org\). The mRNAs examined in the differential mRNA and
ceRNA analyses were annotated based on the database, and all the GO terms in which the genes were enriched
were obtained using Fisher’s test to compute the signi�cance level (P value) of each GO. The differentially
expressed mRNAs and mRNAs were identi�ed in the ceRNA analysis using the database to access all the genes
involved in GO terms. Fisher’s exact test was used to calculate the P value of each GO and to screen the
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signi�cant GO terms with different enriched genes with the condition of P < 0.05. Generally, Fisher’s exact test is
utilized to categorize GO terms by calculating the FDR to calibrate the P value.

A pathway analysis is an approach to detect signi�cant pathways in which differentially expressed genes are
involved according to gene annotation databases, and thus we performed a pathway analysis to query the signal
transduction pathways and regulatory relationships in which genes were involved using KEGG
(http://www.genome.jp/Kegg/) to download pathway annotations of microarray-identi�ed genes. Accordingly, the
critical goal of the pathway analysis is to obtain a complete database and complete pathway annotations.
Initially, pathway annotation was performed on the differentially expressed mRNAs and mRNAs identi�ed in the
ceRNA analysis based on the KEGG database to assess all the pathways in which the genes were involved.
Fisher’s exact test based on a hypergeometric distribution was used to calculate the P value of each pathway, and
then the signi�cant pathways represented by different genes were screened with P < 0.05 as the standard.

Coexpression network
Currently, gene coexpression networks are widely used to investigate the system-level functions of genes [40]. We
integrated the predicted target genes to ensure the lncRNA/circRNA, miRNA and mRNA results from the joint
analysis of the same lncRNAs/circRNAs and the same level of up- and downregulation. The ceRNA joint networks
were constructed using Cytoscape [41]. The ceRNA network discloses the patterns and features of different
ncRNAs, as well as the regulatory relationships between various ncRNAs that bind to common miRNA binding
sites to regulate gene expression through miRNA sponge mechanisms [42]. Then, we constructed gene co
expression networks based on the normalized signal intensity of speci�cally expressed genes. We calculated the
Pearson correlation coe�cients and selected the signi�cantly correlated pairs to construct the network for each
pair of genes.

RNA extraction and quantitative PCR
In this validation step, we selected 10 hippocampal samples from the HUA group (n = 5) and control group (n = 5)
to verify 8 signi�cantly differentially expressed ncRNAs using RT-qPCR. Total RNA was extracted from rat
hippocampal samples using TRIzol reagent (Takara, Dalian, China) according to the manufacturer’s protocol.
RNA was transcribed into cDNAs using Prime Script™ II Reverse Transcriptase (Takara) according to the
manufacturer’s instructions. RT-qPCR was performed using SYBR1 Premix Ex Taq™ II (Takara) according to the
manufacturer’s protocol with a Step One Plus™ Real-Time PCR System (ABI, Applied Biosystems, Foster City, CA).
Gene expression was calculated using the 2-ΔΔCt method [43]. All experiments were performed independently
three times. The RT-qPCR primer sequences are listed in Table S1.

Statistical analysis
Data reported in this study are presented as the means ± standard deviations. Student’s t-test was used to verify
the differences between two groups. The association between samples was analyzed using Pearson’s correlation
analysis. GraphPad 9.0 was employed to draw graphs. P value < 0.05 was considered statistically signi�cant.

Abbreviations
MCI: Mild cognitive impairment; RNA-Seq: RNA-sequencing; DEGs: Differentially expressed genes; ceRNA:
Competitive endogenous RNA; qRT-PCR: Quantitative real-time polymerase chain reaction; UA: Uric acid; HUA:
Hyperuricemia; SUA: Serum uric acid; MWM: Morris water maze; ncRNA: Noncoding RNA; CRP: C-reactive protein;
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TLR4: Toll-like receptor 4; mRNA: Message RNAs; miRNA: Micro RNA; lncRNA: Long non-coding RNA; circRNA:
Circular RNA; HUAD: High-UA diet; FPKM: Fragments per kilobase million; FDR: False discovery rate; BPs:
Biological processes; CCs: Cellular components; MFs: Molecular functions; GO: Gene Ontology; KEGG: Kyoto
Encyclopedia of Genes; SPF: Speci�c pathogen-free; OA: Oxonic acid; AEP: Asparagine endopeptidase;
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Figures

Figure 1

Characteristics of rats fed a normal or HUA diet and the results of the Morris water maze test. A. Differences in
the SUA concentration and B. Escape latency. C. Time spent in the target area of the Morris water maze test were
observed. **P < 0.01 and ***P < 0.001 compared with the control group. The hippocampus of HUA rats showed
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clear in�ammation. D. Microscopic images of the hippocampus of the control group × 5 magni�cation. E. Control
group × 10 magni�cation. F. Control group × 20 magni�cation. G. HUA group × 5 magni�cation. H. HUA group ×
10 magni�cation. I. HUA group × 20 magni�cation.

Figure 2

Flowchart for the whole transcriptome sequencing analysis.
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Figure 3

The Pearson correlation coe�cients between samples and principal component analysis. A. Pearson’s correlation
coe�cients (PCCs) between samples; the closer the R2 value is to 1, the stronger the correlation between
samples. B. Principal component analysis (PCA).

Figure 4
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Identi�cation and further analysis of DEGs in the hippocampus of MCI rats compared with control rats. A.
Volcano plot comparing HUA rats and the rats in the control group. Red points indicate upregulated RNAs [log2
(fold change) > 1, FDR < 0.05], while blue nodes indicate downregulated ncRNAs [log2 (fold change) > -1, FDR <
0.05]. Gray dots refer to normally expressed ncRNAs. B. A heatmap analysis was performed to determine
differential expression between the HUA group and the control group. Each line represents a single ncRNA, and
each column represents a tissue sample. 

Figure 5

The identi�cation and further analysis of DEGs in the hippocampus of MCI rats compared with control rats. A.
Volcano plot comparing HUA rats and the rats in the control group. Red points indicate upregulated mRNAs [log2
(fold change) > 1, FDR < 0.05], while blue nodes indicate downregulated mRNAs [log2 (fold change) > -1, FDR <
0.05]. Gray dots refer to normally expressed mRNAs. B. A heatmap analysis was performed to determine the
differentially expressed genes between the HUA group and the control group. Each line indicates a single mRNA,
and each column indicates a tissue sample. C. Gene Ontology analysis of DEGs, including MF, CC and BP
classi�cations. The horizontal axis represents the enrichment value at the functional level, and the vertical axis
represents the entry name corresponding to the GO term in the Gene Ontology database. D. Kyoto Encyclopedia of
Genes and Genomes pathway analysis of DEGs. The size of the bubble shows the number of genes related to the
pathways; the bubble color indicates the P value.
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Figure 6

Hierarchical tree diagram of salient functions and signaling pathway regulatory networks and the competing
endogenous RNA network for the 3 miRNAs with maximum interactions. A. Hierarchical tree diagram among
salient functions and GO trees of signi�cant GO terms (P < 0.01). Green indicates signi�cant GO terms in which
downregulated genes are enriched, red indicates signi�cant GO terms in which upregulated genes are enriched,
and yellow indicates signi�cant GO terms in which both upregulated and downregulated genes are enriched. B.
Signaling pathway regulatory network. The up- and downregulated pathway terms are shown (P < 0.05). Green
indicates the signi�cant pathway term enriched in downregulated genes, red indicates the signi�cant pathway
term enriched in upregulated genes, and yellow indicates the signi�cant pathway term enriched in both
upregulated and downregulated genes. C. The lncRNA-miRNA-mRNA competing endogenous RNA network.
Multiple colors represent up- and downregulation of miRNAs, lncRNAs and mRNAs in the HUA sample compared
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with the control group. Vee, rounded rectangle, and ellipse represent differentially expressed lncRNAs, miRNAs
and mRNAs, respectively.

Figure 7

Differentially expressed lncRNAs, miRNAs and circRNAs in the rat renal HUA model. Volcano plot of differentially
expressed lncRNAs (A), miRNAs (C) and circRNAs (E) between rats suffering from HUA and normal control rats.
Red nodes refer to lncRNAs that were upregulated [log2 (fold change) > 1, FDR < 0.05], while blue nodes represent
lncRNAs that were downregulated [log2 (fold change) < -1, FDR < 0.05]. Gray points indicate the lncRNAs and
miRNAs showing normal expression. Hierarchical clustering analysis of lncRNAs (B), miRNAs (D) and circRNAs
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(F). showing differential expression between the HUA group and the control group. The closer the color to red, the
higher of expression. In contrast, green denotes downregulated expression pro�les.

Figure 8

RT-qPCR validation of representative mRNAs, lncRNAs and miRNAs. The relative expression of mRNAs (A-D),
lncRNAs (E) and miRNAs (F-H) were validated in hippocampal samples from HUA rats (n = 5) and control rats
using RT-qPCR for comparison to the RNA-seq results. Student’s t-test was used to compare quantitative data
between groups. Variance in means was considered statistically signi�cant at *P < 0.05.
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