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Abstract. Calcium oxalate stones account for >80% of urinary 
stones, however the mechanisms underlying their formation 
remains to be elucidated. Hyperoxaluria serves an important 
role in the pathophysiological process of stone formation. In 
the present study, differences in the miRNA expression profiles 
between experimental hyperoxaluric rats and normal rats were 
analyzed, in order to identify target genes and signaling path-
ways involved in the pathogenesis of hyperoxaluria. Ethylene 
glycol and ammonium chloride was fed to male hyperoxaluric 
rats (EXP) and normal age-matched male rats (CON). The 
oxalate concentration in the urine of each experimental rat 
was collected every 24 h and measured on day 14. Three rats 
exhibiting the highest concentrations were selected for micro-
array analysis. Microarray analysis was performed to evaluate 
differences in the expression of microRNA (miRNA) in the 
kidney tissues from EXP and CON groups, and miRNAs that 
exhibited a >2-fold or a <0.5-fold alteration in expression 
between these groups were screened for differential expression 
patterns according to the threshold P-values. Reverse tran-
scription-quantitative polymerase chain reaction analysis was 
employed to confirm the microarray results. In order to predict 
the potential role of miRNAs in pathophysiological processes, 
gene ontology (GO), pathway and target prediction analyses 
were conducted. A total of 28 miRNAs were observed to be 
differentially expressed (>2-fold change) between EXP and 
CON groups. Among these miRNAs, 20 were upregulated and 
8 were downregulated. GO and pathway analyses revealed that 

the insulin resistance and phosphatidylinositol-bisphosphonate 
3-kinase/AKT serine threonine kinase signaling pathways 
were potentially associated with miRNA regulation in this 
setting. In conclusion, the results of the present study identi-
fied differentially expressed miRNAs in hyperoxaluric rats, 
and provided a novel perspective for the role of miRNAs in the 
formation of calcium oxalate stones.

Introduction

Urolithiasis is a common urological disease that has a high recur-
rence rate (1). The incidence of urolithiasis in China is between 
1 and 10%. As calcium oxalate stones are present in 80-90% of 
cases, there is marked interest in elucidating the mechanisms 
underlying the formation of these stones. MicroRNAs (miRNAs) 
are a type of small non-coding RNA, that functions to silence 
mRNA expression and the post-transcriptional regulation of 
gene expression through base-pairing with complementary 
sequences within target mRNA molecules (2,3). miRNAs target 
mRNA sequences for cleavage and inhibit translation by binding 
to the 3'-untranslated region of target mRNAs (4). It is estimated 
that >30% of protein-encoding gene translation is regulated by 
miRNAs (5). However, to the best of our knowledge, no studies 
have investigated an association between miRNAs and the 
development of hyperoxaluria (a form of urolithiasis) in vivo. 
The present study hypothesized that the deregulation of miRNA 
expression may partially elicit cytotoxic effects in the kidneys. 
To the best of our knowledge, this is the first study that has 
investigated the miRNA expression profiles underlying forma-
tion in kidney tissues in vivo. The aim of the present study was 
to determine the differences in the miRNA expression profiles 
between hyperoxaluric rats and normal rats using miRNA 
microarray technology and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) analysis, and to examine 
the interaction of miRNAs and genes using gene ontology (GO) 
and pathway analysis. The results may provide an insight into 
the mechanisms underlying the pathogenesis of calcium oxalate 
stone formation.

Materials and methods

Animal models. A total of 20 male Sprague-Dawley rats 
(275-300 g) were obtained from the Animal Experimental 
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Center of Tongji Medical College, Huazhong University of 
Science and Technology (Wuhan, China), and were accli-
mated to 12 h light/dark cycles at 23˚C for 1 week prior to the 
start of experiments in a specific pathogen‑free animal house 
with a relative humidity of 45-55%. Rats were maintained 
on a diet consisting of standard laboratory chow (Wuhan 
WanQianJiaXing Bio-Technology Co., Ltd., Wuhan, China) 
and had free access to the food. Rats were randomly divided 
into two equal groups of 10; the experimental (EXP) and 
control (CON) groups. Rats in the EXP group had free access 
to drinking water containing 1% (v/v) ethylene glycol and 
0.5% ammonium chloride for a period of two weeks in order 
to induce hyperoxaluria. Rats in the CON group were provided 
with tap water for two weeks. At this point, urine specimens 
were collected from rats at 24-h intervals using a metabolism 
cage, and ion chromatography (883 Basic IC plus; Metrohm 
AG, Herisau, Switzerland) was performed to evaluate oxalate 
levels according to the methods described previously (6). A 
total of three rats exhibited relatively high concentrations of 
urine oxalate levels, and all rats were anesthetized by intraper-
itoneal injection of pentobarbital (40 mg/kg) prior to surgery. 
Rats were placed in a supine position, and the kidneys were 
removed before they were sacrificed by neck dislocation under 
anesthesia at the end of surgery. Kidney tissues were fixed 
with 4% paraformaldehyde (cat. no. G1101; Wuhan Goodbio 
technology Co., Ltd., Hubei, China), paraffin‑embedded and 
divided into 4-µm sections, before they were subject to von 
Kossa staining by treating with 2% silver nitrate and 5% sodium 
thiosulfate according to the standard staining protocol. Kidney 
tissues were then visualized using an inverted light microscope 
(IX71; Olympus Corporation, Tokyo, Japan). The present study 
was conducted in strict accordance with the Guide for the Care 
and Use of Laboratory Animals of the National Institute of 
Health (NIH publication no. 85-23, 1985) (7). Experiments 
were approved by the Tongji Medical College Council on the 
Animal Care Committee of Huazhong University of Science 
and Technology (Wuhan, China). Surgeries were performed 
under sodium pentobarbital anesthesia, and every effort was 
made to minimize suffering.

RNA isolation. Kidneys were removed, washed in several 
volumes of RNase-free water, decapsulated, and stored over-
night at 4˚C in 5 volumes of RNAwait (Beijing Solarbio Science 
and Technology, Co., Ltd., Beijing, China). Samples were 
preserved at ‑80˚C. RNA was extracted using the miRNeasy 
Mini kit (Qiagen, GmbH, Hilden, Germany) according to the 
manufacturer's instructions. RNA quality was determined 
using a NanoDrop ND-1000 Spectrophotometer (NanoDrop 
Technologies; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA).

miRNA microarray analysis. The Affymetrix GeneChip 
miRNA 4.0 array (Affymetrix, Inc., Santa Clara, CA, 
USA), which contains 728 rat miRNAs, was employed for 
the purposes of this study (Genminix Informatics Co. Ltd., 
Shanghai, China). Total RNA (1 µg) from each sample was 
labeled with biotin using the Genisphere FlashTag™ Biotin 
HSR RNA Labeling for Affymetrix GeneChip miRNA array 
kit (Genisphere, Inc., Hatfield, PA, USA). Labeled miRNA was 
hybridized to the array for 16 h at 48˚C using a plate shaker at 

60 rpm. The GeneChip was scanned using the Hewlett-Packard 
GeneArray Scanner G3000 7G (Hewlett-Packard, Palo 
Alto, CA, USA). Expression data were analyzed using the 
Affymetrix Expression Console software (version, 1.3.1; 
Affymetrix, Inc.) and normalized with the robust multiarray 
averaging method (8). In order to compare miRNA expression 
levels between EXP and CON groups, the random variance 
model (RVM) t-test was applied to identify differentially 
expressed genes. This is due to the fact that the RVM t-test 
increases the degrees of freedom when there is a small sample 
size. Following significant difference and false discovery 
rate (FDR) analyses, the differentially expressed genes were 
selected according to the P-value threshold, where P<0.05 
was considered to indicate a significant difference (9,10). The 
results of the miRNA microarray analysis were deposited in 
the NCBI Gene Expression Omnibus data repository (GEO; 
series accession number, GSE72135).

RT‑qPCR analysis. The expression of differentially expressed 
miRNAs identified by the microarray analysis, was verified 
using RT-qPCR analysis. Pre-designed stem-loop miRNA 
RT-qPCR primer sets that detect miR-214-3p, miR-146b-5p, 
miR-31a-5p, miR-369-5p and miR-141-5p expression levels, 
were purchased from Invitrogen (Thermo Fisher Scientific, 
Inc.; Table I). Total RNA was reverse transcribed using the 
RevertAid First Strand cDNA Synthesis kit (cat. no. K1622; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. qPCR was performed using SYBR Green I 
(Invitrogen; Thermo Fisher Scientific, Inc.) and the CFX96™ 
Real-Time System (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). Target miRNA expression levels were quantified relative 
to U6 expression levels. qPCR was performed in a reaction 
volume of 20 µl consisting of 10 µl SYBR green mix (Beijing 
Novogene Bioinformatics Technology Co., Ltd., Beijing, 
China), 2 µl cDNA, 0.8 µl primers and 7.2 µl diethylpyrocar-
bonate double-distilled H2O. Reaction mixtures were incubated 
in eight‑strip tubes for 10 min at 95˚C, followed by 40 cycles 
of 90˚C for 5 sec, 60˚C for 30 sec and 4˚C indefinitely. Target 
miRNA levels were quantified using the 2‑ΔΔCq method (11). For 
each target gene, samples were analyzed in triplicate.

Target prediction and function analysis. GO terms (www.
geneontology.org) and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG; www.genome.jp/kegg/) pathway annotation 
databases were employed to identify potential miRNA target 
genes and provide an insight into the function of miRNAs. 
GO analysis was conducted to organize genes into hierarchical 
categories and determine the miR-gene regulatory network (12). 

GOs with a P-value of <0.001 and with a FDR of <0.05 were 
selected Fisher's exact test was then used to provide the P-value 
for each GO term, which represented the probability that the 
observed counts may have been due to chance. In addition, 
pathway analysis was utilized to identify potential pathways of 
the differentially expressed genes, using the KEGG database. 
In order to identify enriched pathways, Fisher's exact test and 
the χ2‑test were performed, and the threshold for significance 
was defined by P<0.001 and FDR<0.05 (13,14).

miRNA‑gene network analysis. Differentially expressed 
miRNA target genes in significant GO and pathway categories 
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were analyzed using miRNA target gene network analysis. 
In order to establish a miRNA-gene network, the association 
between miRNAs and potential target genes was determined 
by their differential expression values and predicted interac-
tions using the Sanger miRBase database (http://www.mirbase.
org/). If a potential correlation between a miRNA and specific 
target genes existed, the results were classified as ‘a miRNA 
targets a gene’ or ‘a gene contains a predicted binding site 
for a miRNA’. ‘Degree’ represented the association between 
‘a miRNA and target genes’ or ‘a gene and miRNAs’ in the 
network. Briefly, a high degree indicated a more important role 
in the network. The center of the network was represented by 
the degree of contribution of one miRNA to the surrounding 
genes or the contribution of one gene to the surrounding 
miRNAs. Critical miRNAs in the network invariably had the 
highest degrees (15-17).

Results

Renal tissue samples from the CON group indicated higher 
levels of oxalate. As presented in Fig. 1, the renal tissues 
derived from rats in the EXP group were pale with numerous 
visible calcium oxalate deposits. Rat renal tissues from EXP 
and CON groups were stained using the von Kossa method 
and calculus crystals were stained brown-black. Microscopic 
examination revealed that crystals were more abundant in the 
EXP group compared with the CON group (Fig. 1). In addi-
tion, rats from the EXP group exhibited significantly higher 
levels of oxalate in the urine compared with those from the 
CON group (P<0.01; Fig. 2).

The miRNA expression profiles in the renal tissues of hyper‑
oxaluric rats were altered. Hyperoxaluric rats following 

Table I. Primer sequences.

Gene ID Primer Sequence (5'→3')

rno-miR-212-3p rno-miR-212-3p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTGGCCGTG
 rno-miR-212-3p-F TAACAGTCTCCAGTCACGGCCA
rno-miR-212-5p rno-miR-212-5p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCAGTAAGC
 rno-miR-212-5p-F GGACCTTGGCTCTAGACTGCTTACTG
rno-miR-34c-5p rno-miR-34c-5p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCAATCAG
 rno-miR-34c-5p-F GGAGGCAGTGTAGTTAGCTGATTGC
rno-miR-369-5p rno-miR-369-5p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCGAATAT
 rno-miR-369-5p-F CTGGGAGATCGACCGTGTTATATTCGC
rno-miR-187-3p rno-miR-187-3p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCGGCTGC
 rno-miR-187-3p-F TCGTGTCTTGTGTTGCAGCCGG
rno-miR-672-3p rno-miR-672-3p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCGAAGAT
 rno-miR-672-3p-F GGACACACAGTCGCCATCTTCGA
rno-miR-141-5p rno-miR-141-5p-R CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCAACACTG
 rno-miR-141-5p-F CTGGGTCCATCTTCCAGTGCAGTGTTG
U6 U6-R CGCTTCACGAATTTGCGTGTCAT
 U6-F GCTTCGGCAGCACATATACTAAAAT

Rno, Rattus norvegicus; miR, microRNA; R, reverse; F, forward.

Figure 1. Examination of kidney tissue sections by light microscopy following von Kossa staining. Microscope images of kidney tissues derived from (A) CON 
and (B) EXP rats. Numerous calcium crystals (stained black-brown with argent nitrate) can be observed in Fig. 1B (magnification, x200). CON, rats provided 
with water for 2 weeks; EXP, rats provided with water containing 1.0% ethylene glycol and 0.5% ammonium chloride for 2 weeks to induce hyperoxaluria.
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treatment with 1% ethylene glycol and 0.5% ammonium 
chloride, exhibited markedly altered expression profiles of 
miRNA in renal tissues compared with the normal controls 
(Fig. 3). A total of 28 miRNAs were differentially expressed, 
with a >2-fold change in expression between EXP and CON 
groups (Table II). Out of these, 20 miRNAs were upregulated 
(>0.5-2-fold change) and 8 miRNAs were downregulated 
(≤0.5‑fold change). The results of the hierarchical cluster 
analysis of differentially expressed miRNAs between EXP 
and CON groups are presented in Fig. 3.

RT‑qPCR analysis verified the array results. In order to vali-
date the results obtained from the miRNA microarray analysis, 
RT-qPCR analysis was conducted to determine the expression 
of five differentially expressed miRNAs, including miR‑214‑3p, 
miR-146b-5p, miR-31a-5p, miR-369-5p and miR-141-5p, and 
the results from microarray and RT-qPCR were subsequently 
compared. RT-qPCR analysis demonstrated that miR-214-3p, 
miR-146b-5p, miR-31a-5p were upregulated, while miR-369-5p 
and miR-141-5p were downregulated. These results were 
comparable to those obtained by microarray analysis (Table II).

GO and pathway analysis demonstrated miRNAs were 
involved in numerous functions. The GO threshold of signifi-
cance was defined as P<0.001 and FDR<0.05. A total of 1,070 
GO enriched terms were identified as predicted functions 
of overexpressed miRNAs and included positive regulation 
of cell proliferation, cytokine production, and apoptotic 
processes. By contrast, the 863 significant GO terms that were 
associated with downregulated miRNAs included intracel-
lular signal transduction and regulation of cell proliferation. 
The significant functions and pathways are presented in Figs. 5 
and 6. According to the target analysis, a number of critical 
biological functions, including intracellular signal transduc-
tion, regulation of apoptotic processes and regulation of cell 
proliferation, were observed to involve miRNAs. Furthermore, 
the results of the pathway analysis suggest that these miRNAs 
serve important roles in distinct biological processes, such 
as the insulin signaling, mitogen-activated protein kinase 
(MAPK) and phosphatidylinositol-3 kinase (PI3K)/Akt 
serine-threonine kinase 1 (AKT) signaling pathways.

miRNA‑gene network analysis demonstrated 12 key 
miRNAs. A total of 12 miRNAs (Table III) demonstrated 
a high degree score, which represents an important role in 
the miRNA-gene network. These miRNAs were predicted 
to regulate Lipin 2, which is a metabolism-associated 
gene, as well as and 17 additional genes [degree ≥4; potas-
sium inwardly-rectifying channel, subfamily J, member 6 
(Kcnj6), Tnf receptor-associated factor 3 (Traf3), transducin 
(β)-like 1 X-linked receptor 1, serine/threonine kinase 
4, Sp1 transcription factor, Dishevelled, dsh homolog 1, 
Lim domains containing 1, transforming growth factor-α, 
Elk4, ETS-domain protein (SRF accessory protein 1),  
chemokine (C-X-C motif) ligand 12, adenosylmethionine 
decarboxylase 1, Slingshot protein phosphatase 2, canna-
binoid receptor 2 (macrophage), inhibin β-B, glutamate 
receptor, ionotropic, AMPA 2, and laminin γ3; Table IV]. 
Among these genes, Kcnj6 was the most highly regulated 
target gene.

Discussion

Urolithiasis is a multifactorial disease that comprises a large 
proportion of urinary tract diseases. A number of hypotheses 
have been investigated in previous studies in order to under-
stand the mechanisms of oxalate stone formation (18-21). The 
results demonstrate that stone formation may be the result of 

Figure 2. Ethylene glycol and ammonium chloride increases rat urinary oxa-
late levels. Urine specimens were collected (in triplicate) at 24 h-intervals 
from rats in the EXP and CON groups and oxalate concentrations were 
determined on day 14 using ion chromatography. The mean ± standard devia-
tion urine oxalate concentration in CON and EXP groups were 24.16±1.727 
and 75.91±2.885 µmol/24 h, respectively. *P<0.01 vs. CON group. miRNA, 
microRNA; EXP, rats provided with water containing 1.0% ethylene glycol 
and 0.5% ammonium chloride for 2 weeks to induce hyperoxaluria; CON, 
rats provided with water for 2 weeks.

Figure 3. Hierarchical cluster heat map of differentially expressed miRNAs 
in rat renal tissues from EXP and CON groups. Red signals indicate down-
regulated expression and green signals indicate upregulated expression. EXP, 
rats provided with water containing 1.0% ethylene glycol and 0.5% ammo-
nium chloride for 2 weeks to induce hyperoxaluria; CON, rats provided with 
water for 2 weeks.
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interactions between epithelial cells, matrix cells and macro-
phages, as well as additional cell types, in a hyperoxaluric 
microenvironment. Thus, the aim of the present study was to 
investigate whether alterations in miRNA expression occur in 
an in vivo model of hyperoxaluria are a potential process that 
underlies calcium oxalate stone formation. Ethylene glycol 
and ammonium chloride, which are typically used to generate 
rat models of hyperoxaluria (22), were used to induce crystal 
stone formation. In a previous study, a stable experimental 
model was established using 1% (v/v) ethylene glycol and 0.5% 
ammonium chloride (23).

Previous studies have demonstrated that kidney stones 
form as a result of interactions between genetic and envi-
ronmental factors (24,25). High concentrations of urine 
oxalate may result in tubular epithelial cell injury, which may 

subsequently induce gene expression and protein synthesis, 
ultimately leading to nephrolithiasis (26,27). In order to eluci-
date this process, numerous in vivo and in vitro studies have 
investigated the role of genes, mRNA and proteins in the patho-
genesis of hyperoxaluria (28-30). These studies demonstrated 
that PAT1, also known as solute carrier family 26, member 
1, is important in oxalate transportation and that p38 MAPK 
mediates calcium oxalate crystal-induced disruption of the 
distal renal tubular epithelial tight junctions (31-33). However, 
only a limited number of studies have investigated the role of 
miRNAs in the pathogenesis of hyperoxaluria and urolithiasis. 

Table II. miRNAs that were differentially expressed with a 
>2-fold change.

Probe ID Fold-change (EXP/CON)

Upregulated
  rno-miR-212-5p 15.54
  rno-miR-212-3p   8.75
  rno-miR-34b-3p   7.28
  rno-miR-132-3p   5.82
  rno-miR-146b-5p   5.77
  rno-miR-223-3p   5.28
  rno-miR-31a-3p   5.19
  rno-miR-34c-5p   5.02
  rno-miR-34c-3p   4.64
  rno-miR-205   4.56
  rno-miR-31a-5p   3.19
  rno-miR-187-3p   3.05
  rno-miR-141-5p   3.01
  rno-miR-21-5p   2.96
  rno-miR-511-3p   2.92
  rno-miR-344a-3p   2.83
  rno-miR-155-5p   2.66
  rno-miR-7578   2.54
  rno-miR-214-3p   2.17
  rno-miR-207   2.10
Downregulated
  rno-miR-494-3p   0.48
  rno-miR-672-3p   0.43
  rno-miR-6215   0.37
  rno-miR-382-5p   0.35
  rno-miR-409a-5p   0.30
  rno-miR-409a-3p   0.27
  rno-miR-369-5p   0.25
rno-miR-376b-3p   0.18

Rno, Rattus norvegicus; miR, microRNA; CON, rats provided with 
water for 2 weeks; EXP, rats provided with water containing 1.0% 
ethylene glycol and 0.5% ammonium chloride for 2 weeks to induce 
hyperoxaluria.

Figure 4. Reverse transcription-quantitative polymerase chain reaction 
analysis validating the expression of five differentially expressed miRNAs 
identified by microarray analysis of rat renal tissues from CON and EXP 
groups. The selected miRNAs consisted of three upregulated miRNAs and 
two downregulated miRNAs in rat renal tissues from the EXP group relative 
to the CON group. miRNA, microRNA; CON, rats provided with water for 
2 weeks; EXP, rats provided with water containing 1.0% ethylene glycol and 
0.5% ammonium chloride for 2 weeks to induce hyperoxaluria.

Table III. Key miRNAs (degree ≥59) in the miRNA target 
gene network.

Gene symbol Degree Regulation

rno-miR-207 202 Up
rno-miR-214-3p 179 Up
rno-miR-212-5p 131 Up
rno-miR-34c-5p 129 Up
rno-miR-7578   95 Up
rno-miR-672-3p   92 Down
rno-miR-205   75 Up
rno-miR-141-5p   75 Up
rno-miR-146b-5p   72 Up
rno-miR-212-3p   68 Up
rno-miR-31a-5p   65 Up
rno-miR-187-3p   59 Up 

Degree represents the number of genes that are regulated by the 
miRNA. A higher degree indicates that a greater number of genes are 
regulated by the miRNA. Regulation indicates whether the miRNA 
was upregulated or downregulated. Rno, Rattus norvegicus; miR, 
microRNA.
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Wang et al (28) demonstrated that 25 miRNAs were differ-
entially expressed in the HK-2 immortalized proximal tubule 
epithelial cell line following exposure to oxalate monohydrate 
crystals, and the majority of these were associated with apop-
tosis and mitochondrial and metabolic processes. In order to 
investigate the upregulation and downregulation of miRNAs 
in vivo in the present study, the miRNA expression profiles 
of hyperoxaluric rats were examined and compared with 
wild-type controls, and 28 differentially expressed miRNAs 
were identified. These differentially expressed miRNAs 
were associated with multiple biological processes, including 
response to insulin, apoptosis, intracellular signaling cascade 
and the inflammatory response. RT‑qPCR analysis of miRNA 
levels between wild-type rats and those with hypoxaluria 
were largely consistent with the microarray analysis. In order 
to identify potential target genes and the functions of differ-
entially expressed miRNAs, GO and pathway analyses were 

performed following microarray analysis. The results demon-
strated that 1,059 genes were predicted to be targets of the 28 
identified miRNAs, which were differentially expressed with 
a >2-fold change. In addition, miRNA-target gene-network 
analyses were used to determine the degree of interaction 
between miRNAs and predicted target genes. To generate a 
miRNA-target gene-network diagram, the putative association 
between miRNAs and target genes was determined by their 
differential expression values, and based on their interac-
tions according to the Sanger miRNA database. The results 
revealed 17 highly regulated target genes and 12 key miRNAs 
in the miRNA target gene network. The most highly regulated 
target gene was Kcnj6, which encodes a potassium channel 
that belongs to subfamily J. Rno-miR-214-3p, rno-miR-212-5p 
and rno-miR-7578 were associated with multiple biological 
processes, including the regulation of apoptosis, negative 
regulation of nuclear factor-κB (NF-κB) transcription factor 

Figure 5. Significant GO functional maps of genes targeted by differentially expressed miRNAs identified following microarray analysis of rat renal tissues 
from CON and EXP groups. The GO category and enrichment of GOs is presented on the vertical and horizontal axes, respectively. A higher number indicates 
that the function is more significant. GO, gene ontology; miRNA, microRNA; CON, rats provided with water for 2 weeks; EXP, rats provided with water 
containing 1.0% ethylene glycol and 0.5% ammonium chloride for 2 weeks to induce hyperoxaluria.
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Figure 6. Pathway analysis of genes targeted by differentially expressed miRNAs identified following microarray analysis of rat renal tissues from CON and 
EXP groups. Significant pathways targeted by (A) upregulated and (B) downregulated miRNAs. Enrichment scores of biological processes are indicated 
by-log (P-value). miRNA, microRNA; CON, rats provided with water for 2 weeks; EXP, rats provided with water containing 1.0% ethylene glycol and 0.5% 
ammonium chloride for 2 weeks to induce hyperoxaluria. 

Table IV. Highest degree of target genes in the miRNA target gene network (degree ≥4).

Gene symbol  Definition Degree

Kcnj6  Potassium inwardly-rectifying channel, subfamily J, member 6  7
Traf3  Tnf receptor-associated factor 3  5
Tbl1xr1  Transducin (β)-like 1 X-linked receptor 1  5
Stk4  Serine/threonine kinase 4  5
Lpin2  Lipin 2  4
Sp1  Sp1 transcription factor  4
Dvl1  Dishevelled, dsh homolog 1 (Drosophila)  4
Limd1  LIM domains containing 1  4
Tgfa Transforming growth factor-α 4
Elk4  ELK4, ETS-domain protein (SRF accessory protein 1)  4
Cxcl12  Chemokine (C-X-C motif) ligand 12  4
Amd1  Adenosylmethionine decarboxylase 1  4
Ssh2  Slingshot protein phosphatase 2  4
Cnr2  Cannabinoid receptor 2 (macrophage)  4
Inhbb Inhibin β-B  4
Gria2  Glutamate receptor, ionotropic, AMPA 2  4
Lamc3  Laminin γ3  4 

Degree represents the impact of one miRNA to the surrounding genes or the impact of one gene to the surrounding miRNAs. A higher degree 
indicates greater regulation by miRNAs.
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activity, the innate immune response, regulation of cytokine 
production, and the Toll-like receptor signaling pathway. In 
addition, rno-miR-7578, rno-miR-141-5p, rno-miR-146b-5p 
and rno-miR-187-3p were associated with the positive regu-
lation of transcription via the RNA polymerase II promoter, 
protein dephosphorylation and lipid metabolism. Furthermore, 
rno-miR-141-5p, rno-miR-207, rno-miR-34c-5p and 
rno-miR-31a-5p were associated with the positive regulation of 
cell proliferation and the regulation of calcium ion transport.

According to the GO analysis, rno-miR-132-3p, 
rno-miR-146b-5p, rno-miR-187-3p, rno-miR-205, rno- 
miR-207, rno-miR-212-3p, rno-miR-214-3p, rno-miR-21-5p 
and rno-miR-34b-3p were predicted to be associated with 
the upregulation of the protein kinase B signaling cascade, 
whereas rno-miR-214-3p, rno-miR-212-5p, rno-miR-7578 and 
rno-miR-207 were predicted to be involved in the downregula-
tion of NF-кB transcription factor activity. Traf3 is important 
role in cell function and in the upregulation of NF-кB tran-
scription factor-associated genes, the regulation of biological 
and apoptotic processes, the negative regulation of NF-кB 
transcription factor activity, the regulation of cytokine produc-
tion, and the Toll-like receptor-signaling pathway. Several 
studies have implicated interleukin-1 in calcium oxalate stone 
formation through the stimulation of multiple TLR ligands, 
and Oganesyan et al (35) demonstrated that a Traf3-null cell 
line is unable to produce interleukin-1 (34-37). In the present 
study, induction of apoptosis was predicted to be an impor-
tant feature that involves rno-miR-132-3p, rno-miR-146b-5p, 
rno-miR-187-3p, rno-miR-205, rno-miR-207, rno-miR-212-3p, 
rno-miR-214-3p, rno-miR-21-5p, rno-miR-223-3p and 
rno-miR-34c-5p. Interestingly, Fujii et al (38) reported that the 
preventive effect of adiponectin treatment in kidney crystal 
formation occurs due to the inhibition of inflammation and 
apoptosis.

Pathway analysis revealed that the differentially expressed 
miRNAs identified in the present study may serve a role in 
multiple crucial pathways, including porphyrin and chloro-
phyll metabolism, the PI3K-AKT signaling pathway, insulin 
secretion and the insulin signaling pathway. The PI3K-AKT 
signaling pathway is associated with metabolic syndrome, 
and it has been reported that PI-3Kp85 mRNA expression 
decreased in rats with metabolic syndrome (39). Metabolic 
syndrome is a disorder of energy utilization and storage, which 
is characterized by high serum triglycerides, elevated fasting 
plasma glucose, abdominal obesity, elevated blood pressure, 
and low high-density lipoprotein cholesterol levels (40). In 
previous studies, urolithiasis was demonstrated to be asso-
ciated with a history of metabolic syndrome and specific 
metabolic syndrome traits, particularly dyslipidemia [odds 
ratio (OR)=1.36], and any one of the five metabolic syndrome 
traits was associated with increased oxalate excretion 
(OR=2.10) (41,42). Kabeya et al (43) recently demonstrated that 
a fasting plasma glucose level of ≥126 mg/dl was significantly 
associated with a risk of kidney stones (OR=1.83). However, 
it remains unknown how kidney stone disease is connected 
with metabolic syndrome. A recent study suggested that the 
production of reactive oxygen species, and the progression 
of oxidative stress and inflammation may be associated with 
these shared pathways (44). In the present study, differentially 
expressed miRNAs were predicted to be involved in insulin 

and PI3K-AKT signaling pathways as indicated by the pathway 
analysis. However, additional research is needed to investigate 
the molecular mechanism of hyperoxaluria further.

To the best of our knowledge, the present study is the first 
to investigate the role of miRNA expression profiles in calcium 
oxalate stone formation in vivo. The differentially expressed 
miRNAs identified in the kidney tissues of rats with hyper-
oxaluria, may provide a novel perspective on the pathogenic 
mechanisms of kidney stone formation. However, it should 
be noted that even though the miRNAs were differentially 
expressed in this setting, not all miRNAs may serve a key role 
in kidney stone formation. In addition, the miRNAs identified 
in rat kidney tissues may not be involved in the same process in 
humans. Therefore, miRNA and targeted gene studies should 
be performed in human cells or samples to confirm the results 
of the current study.

In conclusion, the expression of multiple miRNAs was 
demonstrated to be altered in the kidneys of rats with ethylene 
glycol-induced hyperoxaluria. Thus, the mechanistic pathways 
of hyperoxaluria in kidneys may be due to alterations in the 
expression of several of these identified miRNAs. Furthermore, 
the functional significance of these expression alterations in 
hyperoxaluria remains unknown. Future studies should aim 
to clarify this and determine the adaptive responses that occur 
in tissues during hyperoxaluria, which may lead to a better 
understanding of the molecular mechanisms of urolithiasis.
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