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Abstract: Although losartan has inhibitory effects on acute kidney injury (AKI), the underlying molecular mecha-
nisms have remained largely unclear. The expressional alteration of circular RNAs (circRNAs) was investigated in 
the present study to understand the therapeutic effects of losartan against AKI. AKI rat models were established by 
ischemia and reperfusion (I/R) treatment. Urea and creatinine levels were determined and histological features of 
kidney tissues examined following hematoxylin and eosin staining. Cell apoptosis was assessed by TUNEL. CircRNA 
profiles were obtained by RNA-Seq followed by Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analyses. Expression of circRNAs was validated by quantitative RT-PCR. I/R treatment induced an 
increase in plasma urea and creatinine levels, abnormal kidney tubular structure, and cell apoptosis in Sprague-
Dawley (SD) rats, which were effectively inhibited by pre-treatment with losartan. Further RNA-Seq analysis revealed 
a wide range of differentially expressed circRNAs in I/R rat kidneys, which were reversed by losartan pre-treatment. 
GO and KEGG analyses revealed that the circRNAs are associated with various biological processes, including the 
PI3K-Akt signaling pathway. Specifically, circ-Dnmt3a, circ-Akt3, circ-Plekha7, and circ-Me1 were down-regulated in 
AKI rats and restored by losartan. The current study provides an overview of circRNAs expression profiles based on 
the inhibitory effects of losartan in ischemic AKI rats.
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Introduction

Acute kidney injury (AKI) is a common clinical 
symptom often characterized by the abrupt 
loss of normal kidney functions, and which is 
clinically defined a significant increase in se- 
rum creatinine and a rapid reduction in urine 
output [1]. AKI could be induced by various con-
ditions, including kidney ischemia, exposure to 
toxic substances, obstruction of urinary tracts, 
and severe inflammation [2, 3]. AKI is associ-
ated with a high mortality, great economic, and 
social burdens, particularly in critically ill cases 
[4-6]. Numerous severe complications are also 
associated with AKI, such as metabolic acido-
sis, body fluid imbalance, uremia, and chronic 
kidney disease [4, 7]. Due to the lack of an 

effective therapeutic reagent, pathogeny expel-
ling, and renal replacement therapy remain  
the current major treatment strategies [1, 8]. 
Notably, as an angiotensin II type 1 receptor 
(AT1) antagonist, losartan has been shown to 
exert renoprotection effects in ischemic AKI 
rats [9]. However, the underlying molecular 
mechanisms are yet to be understood.

Circular RNAs (circRNAs) are a recently identi-
fied group of endogenous RNA molecules that 
form covalently closed loops from precursor 
mRNA (pre-mRNA) by ligation of the 3’ and 5’ 
ends [10]. Different from the linear RNA mole-
cule, the lack of 5’ caps and 3’ poly-A tails ren-
der resistance against exonuclease-mediated 
degradation and significantly higher stability in 
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vivo in circRNAs [11]. Recent investigations 
have revealed that majority of circRNAs are 
derived from exon regions and are mainly dis-
tributed in the cytoplasm with high tissue sp- 
ecificity [12]. In addition, CircRNAs are associ-
ated with a wide range biological processes  
as microRNA (miRNAs) sponges, which directly 
bind to targeted miRNAs and suppress key 
gene expression-repressing roles of various mi- 
RNAs [13]. CircRNAs could also perform other 
biological functions independent of those asso-
ciated with miRNAs, such as binding with RNA-
binding proteins and regulating the expression 
of their parent genes in nuclei [14, 15]. Con- 
sistent with their critical roles in regulating mi- 
RNA functions and gene expression, a large 
number of circRNAs are reportedly involved in 
pathogenesis of various human diseases such 
as retinal vascular dysfunction associated wi- 
th diabetes mellitus [16], cancer development 
[17], vascular endothelial dysfunction [18], my- 
ocardial infarction [19], and mental sickness 
such as depression [20]. Such accumulating 
evidences suggest that circRNAs act as key 
regulators of biological and pathogenic pro- 
cesses.

CircRNAs are further associated with kidney 
function and renal diseases. One previous 
RNA-Seq study revealed that as many as 1664 
circRNAs are significantly and highly expressed 
in human kidney tissues and 474 are unique 
circRNAs expressed in the kidney [21]. In addi-
tion, a recent genome-wide circRNA profiling 
study detected over 12,000 circRNAs expre- 
ssed in the kidney tissues of a rat hypertension 
model, indicating the potential functions of cir-
cRNAs in renal disorders [22]. Similarly, the 
expression of 171 circRNAs were reported to  
be significantly elevated in renal biopsies of 
lupus nephritis patients compared with in nor-
mal kidney tissues collected from urology pa- 
tients [23]. Renal circHLA-C were particularly 
highly expressed in lupus nephritis patients, 
and could bind with and suppress the expres-
sion of miR-150 during lupus nephritis patho-
genesis [23]. The specific roles and molecular 
mechanisms of circRNAs in the regulation of 
kidney physiology and development of various 
renal diseases require further investigations.

Although large numbers of circRNAs have been 
identified in both human and animal kidney tis-
sues, their expression profiles and potential 

roles during AKI development and its inhibi- 
tion by losartan remain largely unknown. In this 
study, we performed a large-scale characteriza-
tion of differentially expressed circRNAs in rat 
ischemic AKI model and treated with losartan. 
We reveal a group of circRNAs that are differen-
tially expressed in AKI rats and restored in the 
presence of losartan. In particular, we investi-
gated the expression of circ-Dnmt3a, circ-Akt3, 
circ-Plekha7, and circ-Me1 and predicted th- 
eir circRNA-miRNA-mRNA interaction networks, 
which could be involved in the protective effects 
of losartan on AKI. Our findings may offer novel 
insights into the involvement of circRNAs in AKI 
progression and treatment.

Materials and methods

Animals and grouping

Sprague-Dawley (SD) rats aged between 6 and 
8 weeks and weighing 400 to 700 g were pur-
chased from Guangdong Medical Laboratory 
Animal Center and kept at the Forevergen labo-
ratory animal center (Forevergen, GZ, China)  
for more than one week before the following 
experimental procedures. All experimental rats 
were raised at 22°C in standard breeding cag- 
es with a relative humidity of 55% and a 12:12 
light-dark cycle, with free access to drinking 
water and standard food. The Laboratory Ani- 
mal Ethics Committee of Guangdong Provincial 
People’s Hospital approved all experimental 
procedures using the SD rats and no fasting 
was carried out before the experiments. The SD 
rats were randomly divided into six groups, 
including a control group, a sham group, and 
the four other groups of rats were subjected to 
ischemia and reperfusion (I/R) treatment to 
induce ischemic AKI.

AKI model establishment

To induce AKI, the SD rats were subjected to 
I/R surgery as previously described with minor 
modifications [24]. Briefly, a skin-deep incision 
was made to open the retroperitoneal space 
after being anesthetized with isoflurane, and 
the vascular pedicles of both kidneys of each 
rat were then mobilized and bilateral renal ar- 
teries occluded using microvascular clamps for 
45 min, followed with reperfusion by removal  
of microvascular clamps for 24, 48 and 72 h. 
The SD rats of the sham surgery group were 
subjected to similar experimental operations 



CircRNA is involved in the effect of losartan on AKI

1131	 Am J Transl Res 2019;11(2):1129-1144

although without the occlusion of the renal 
artery. The control group was kept in normal 
conditions and not subjected to the experimen-
tal treatments. To evaluate of the efficacy of 
losartan, rats were pre-treated with 80 mg/kg 
losartan every day for seven days before model 
establishment. The rats were finally euthanized 
via cardiac incision under deep anesthesia us- 
ing isoflurane and the kidneys collected for the 
following assays.

Plasma urea and creatinine measurement

After reperfusion for designated periods, about 
2-ml blood samples were collected from each 
SD rat via the posterior orbital venous plexus. 
The blood samples were then centrifuged at 
4,000 × g for 15 min and the serum samples 
were collected and used for the determination 
of urea nitrogen and creatinine concentrations 
using a Roche Cobas C111 analyzer (Roche, 
Switzerland). At least three biological repeats 
were performed for statistical comparisons of 
urea and creatinine abundance between differ-
ent groups.

Histopathological evaluation and apoptosis 
analysis

For a histological analysis of rat kidney after 
model establishment, the kidneys were rinsed 
and fixed in 10% formalin for 24 h, embedded 
in paraffin, and sliced into serial 2-μm thick 
sections. Rat kidney sections were then mount-
ed on slides, which were then subjected to he- 
matoxylin and eosin staining. The injuries in rat 
kidneys were evaluated based on swelling, ne- 
crosis, and lysis of renal tubular epithelial cells 
under light microscopy, as well as renal intersti-
tial congestion and inflammatory cells infiltra-
tion. The apoptosis of rat kidney cells was  
analyzed using the TUNEL method using a One 
Step TUNEL Apoptosis Assay Kit (#C1088; Be- 
yotime, Shanghai, China) according to the man-
ufacturer’s instructions. Kidney slides were st- 
ained with 50-μl TUNEL solution at 37°C for 1 h 
in the dark, and apoptotic cells were stained 
with green fluorescent dye and observed under 
fluorescence microscopy.

Circular RNA identification by RNA-Seq

Total RNA samples were extracted from kidney 
tissues of SD rats using TRIzol solution (Thermo 
Fishier Scientific; USA) according to manufac-

turer’s instructions. The integrity and size distri-
bution of extracted RNAs samples were ana-
lyzed using an Agilent 2100 Bioanalyzer and 
agarose gel electrophoresis, as quality contr- 
ol. Subsequently, the rRNA constituents were 
obtained using a Qiagen RiboMinus Eukaryote 
Kit according to manufacturer’s instructions. 
The RNA library for RNA-Seq analysis was then 
constructed using the NEBNext® UltraTM II RNA 
Library Prep Kit for Illumina® (#E7770S; New 
England Biolabs) according to the manufactur-
er’s instructions, followed by RNA quantitation 
using an Agilent 2100 Bioanalyzer and RNA 
sequencing using the Hiseq 2000 system (Illu- 
mina, USA).

CircRNA annotation and quantitation

Subsequent bioinformatic analyses were con-
ducted as previously described [25]. Briefly, 
clean reads from RNA-Seq analysis were ali- 
gned to the reference genome database using 
the Bowtie2 software (bowtie-bio.sourceforge.
net/bowtie2). The back-splice algorithm was 
run to pick out the junctions of reads that had 
not been mapped to the reference genome 
database. Prediction and annotation of circu- 
lar RNA candidates were completed using CIRI 
software. Differential expression of circRNAs 
between the sham and AKI group, and the AKI 
and AKI+losartan groups were determined by 
calculating the RPM values (Mapped backs- 
plicing junction reads per million mapped re- 
ads), by normalizing to total read number. 
Differentially expressed circRNAs were defin- 
ed by a fold change of higher than 2 and a P 
value < 0.05. The hierarchical clustering and 
volcano plot filtering analysis of circRNA ex- 
pression were carried out in R (Version 1.0.8; 
cran.r-project.org/).

Target prediction, network analysis, and valida-
tion

The target miRNAs of differentially expressed 
circRNAs were predicted as previously desc- 
ribed [25]. Gene ontology (GO) analyses were 
carried out using Database for Annotation, Vi- 
sualization and Integrated Discovery to ex- 
plore the biological processes, subcellular com-
ponents, and molecular functions of target 
RNAs of the differentially expressed circRNAs. 
The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) method was used to analyze the signifi-
cantly enriched pathways linked to differentially 
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expressed circRNAs (http://www.genome.jp/
kegg/). The networks among circRNAs, miR-
NAs, and mRNAs were generated using Cy- 
toscape (Version 3.2.1). The differential expres-
sion of four representative circRNAs was vali-
dated by quantitative RT-PCR using divergent 
primers (Table 1).

Statistical analysis

All experiments were performed with at least 
three biological replicates. Data were analyzed 
in IBM SPSS 18.0 (IBM, NY, USA) and expressed 
as means ± SD. Differences in serum urea and 
creatinine levels and in the expression of circ-
Dnmt3a, circ-Akt3, circ-Plekha7, and circ-Me1 
between groups were analyzed using One-way 
Analysis of Variance followed by least signifi-
cant difference tests. A P value < 0.05 was con-
sidered statistically significant.

Results

Establishment of AKI rats by I/R treatment

To explore the pathogenic mechanism of AKI 
and the therapeutic effects of losartan, the rat 
AKI models were established by I/R treatment. 
As illustrated in Figure 1, the plasma urea con-
tent in rats undergoing ischemia followed by 
reperfusion for 24, 48 and 72 h were greatly 
elevated in comparison to the control and the 
sham group (Figure 1A, n=5/group). In addi-
tion, the creatinine levels in the plasma of rats 
subjected to I/R were significantly higher than 
those of the control and sham groups (Figure 
1A, n=5/group). The greatest increases in both 
plasma urea and creatinine levels in rats follow-
ing ischemic treatment were observed in those 
followed by reperfusion for 24 h, and no signifi-
cant differences in plasma urea and creatinine 

the control and sham groups (Figure 1C). The 
biochemical, histological, and cellular results 
demonstrated that the I/R treatment induced 
severe injuries in rat kidneys.

Suppression of I/R-induced AKI by losartan

To confirm the inhibitory roles of losartan on 
the progression of AKI, the rats that were sub-
jected to I/R for 24 h were pre-treated with 
losartan. We observed that the plasma urea 
levels in AKI rats were higher than those in the 
sham control, and the levels of plasma urea 
were higher than those in the AKI rats displayed 
in Figure 1. The plasma urea levels vary in dif-
ferent batches of animal models, potentially 
because AKI models are constructed indepen-
dently so that parameters such as body weight 
and mental state may result in some differenc-
es. In the rats with losartan pre-treatment, the 
plasma urea levels markedly decreased in com-
parison with the rats in the AKI group without 
losartan pre-treatment, and were quite close to 
the levels in the control group (Figure 2A, n=5/
group). Similarly, we observed that creatinine 
content in plasma of the rats pre-treated with 
losartan before I/R treatment were also greatly 
down-regulated, compared with the AKI group 
(Figure 2A, n=5/group). Abnormal alteration of 
rat renal tubular structures in AKI rats, includ-
ing renal tubular epithelial cell swelling, renal 
interstitial bleeding, and inflammatory cell infil-
tration, were also greatly suppressed by pre-
treatment with losartan (Figure 2B). In addition, 
compared with the AKI group, the number of 
apoptotic cells in rat kidney tissues pre-treated 
with losartan were also greatly decreased 
(Figure 2C). Our analysis showed that pre-treat-
ment with losartan effectively reversed all the 
biochemical, cellular, and histological changes 

Table 1. Sequences of primers used for quantitation of 
circRNA expression
CircRNA ID Primer sequences (5’-3’) Product length (bp)
Circ-DNMT3a F TGGCACGTTGGAAAAGGGAG 86
Circ-DNMT3a R TGGGGGTGAGGAAAACACTT
Circ-Akt3 F TGGTTCGAGAGAAGGCAAGTG 85
Circ-Akt3 R CTGTCCATTCTTCTCTTTGCGA
Circ-Plekha7 F TACCACCTTATGGCCTGGGA 212
Circ-Plekha7 F GCATTCTTGACAGGCGTCAG
Circ-Me1 F CTGCCTTGGGGATTGCTCAT 237
Circ-Me1 F CACAGACGCTGTTCCTTGAA

levels were observed between the 
control and the sham groups (Figure 
1A, n=5/group). Our histological in- 
vestigations revealed significantly 
swollen renal tubular epithelial cells 
with necrosis and cytolysis, as well 
as renal interstitial congestion and 
bleeding with inflammatory cell infil-
tration in the I/R groups compared 
with the control and sham groups 
(Figure 1B). In addition, the propor-
tions of apoptotic cells in the kidney 
tissues of the I/R groups markedly 
increased compared with those of 
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in rats induced by I/R treatment, which indicat-
ed that losartan is a potent inhibitor of isch-
emic AKI.

Differentially expressed circRNAs in AKI rats 
following pre-treatment with losartan

To explore the involvement of circRNAs in AKI 
progression and the inhibition of renal injury by 
losartan, the circRNA profiles in kidney tissues 
of the sham group, the AKI group, and the 
AKI+LST group (rats pre-treated with losartan 

and treated with I/R) were characterized by 
RNA-Seq (Figure 3). We observed that the 
lengths of identified circRNAs from the three 
groups of rat kidney tissues had similar dis- 
tributions, which ranged from lower than 1000 
bp and the highest distribution of circRNA 
length was less than 200 bp (Figure 3A). Also, 
we analyzed the properties of gene regions 
responsible for encoding the circular RNAs and 
observed that majority of circRNAs were encod-
ed by the exon regions, followed by introns, 
5’-UTR (untranslated region), 3’-UTR, intergenic 

Figure 1. Acute kidney injury in rats induced by ischemia and reperfusion. A. The levels of urea (left) and creatinine 
(right) in plasma of rats that underwent ischemia and reperfusion treatment. The control group and the sham group 
were used as controls. B. Structural alteration of rat renal tubules induced by ischemia and reperfusion treatment. 
The histological properties were observed under a microscope following hematoxylin and eosin staining. C. Apopto-
sis of rat kidney cells during kidney injury induced by ischemia and reperfusion. Cell apoptosis was evaluated using 
the TUNEL method. I/R: ischemia and reperfusion. *, P < 0.05, **, P < 0.01.
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regions, and the antisense sequences (Figure 
3B). For instance, in the kidney tissues of rats 
with I/R-induced acute injury and pre-treated 

with losartan, 2697 circRNAs were encoded by 
the exon regions of encoding genes, 1578 cir-
cRNAs by the intron regions, 207 circRNAs by 

Figure 2. Inhibition of rat ischemic AKI by losartan. A. Urea (left) and creatinine (right) contents in AKI rats that 
were pre-treated with losartan. The sham group was used as the control, and reperfusion time was 24 h in the AKI 
group. B. Influence of losartan pre-treatment on structural alteration of rat renal tubules induced by ischemia and 
reperfusion treatment. The histological properties were observed under a microscope following hematoxylin and 
eosin staining staining. C. Proportions of apoptotic cells in losartan-treated rat kidney during kidney I/R-induced 
injury. Cell apoptosis was analyzed using the TUNEL method. AKI: acute kidney injury; LST: losartan; I/R: ischemia 
and reperfusion. *P < 0.05, **P < 0.01, compared with the sham group; #, P < 0.05, ##P, < 0.01, compared with 
the AKI group.
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the 5’-UTR, 139 circRNAs by the 3’-UTR, 138 
circRNAs by the intergenic regions, and 101 cir-
cRNAs were encoded by the antisense regions 
in the rat genome (Figure 3B). Moreover, the 
differentially expressed circRNAs were distrib-
uted in nearly all rat chromosomes, although 
more circRNAs were in certain chromosomes 
such as chromosome 1 and 10 (Figure 4). The 
widespread distribution of circRNA lengths  
and their genomic regions indicate that cir-
cRNAs might be generated by various mecha-
nisms and might perform different biological 
functions.

losartan (Figure 3D). The marked changes in 
circRNA profiles following I/R treatment and 
losartan pre-treatment indicate that circRNA 
could play key roles in AKI development, and 
may mediate the suppression of kidney injury 
by losartan.

Functional annotation of differentially ex-
pressed circRNAs

To further evaluate the potential biological 
roles played by differentially expressed cir-
cRNAs during AKI and losartan-induced kidney 
protection, the target miRNAs and mRNAs of 

Figure 3. Differentially expressed circRNAs in rat kidney regulated by I/R and losartan pre-treatment. A. Frequency 
distribution of circRNA lengths in the sham group, the AKI group, and the AKI+LST group. X-axis represents the 
range of circRNA lengths, and the Y-axis represents the frequency of circRNAs with specific lengths. B. Distribution 
of circRNA-encoding regions on rat genome. The numbers of circRNAs encoded by the exon, intron, 5- and 3-UTR 
region, intergenic regions, and antisense regions were separately counted. C. Hierarchical clustering of differentially 
expressed circRNAs induced by I/R and losartan pre-treatment. Up- and down-regulated circRNAs are shown in red 
and green colors respectively in the heat map. D. Volcano plot analysis of the differential circRNA profiles between 
the sham and the AKI groups, and between the AKI and the LST groups. AKI: acute kidney injury; LST: losartan; I/R: 
ischemia and reperfusion.

Figure 4. Genomic distribution of differentially expressed circRNAs. A. Num-
bers of differentially expressed circRNAs between the NC and the AKI groups 
distributed in each rat chromosome. Up- and down-regulated circRNAs were 
shown in red and green columns respectively. B. Numbers of differentially ex-
pressed circRNAs between the AKI and the LORSATAN groups distributed in 
rat chromosomes. NC: negative control (the sham group); AKI: acute kidney 
injury; chr: chromosome. LST: losartan.

We further demonstrated that 
a high number of circRNAs 
were differentially expressed 
in the sham group and the  
AKI group, which could also 
be regulated by pre-treat- 
ment with losartan (Figure 
3C) (Table 2). As illustrated  
in Figure 3C, the expression 
of a large panel of circRNAs 
was significantly down-regu-
lated in rat kidneys with I/R 
treatment, compared with the 
sham group. However, losar-
tan pre-treatment resulted in 
a recovery of the expression 
levels of the circRNAs (Figu- 
re 3C). Conversely, numerous 
circRNAs were highly expr- 
essed in the AKI group com-
pared with in the sham group, 
but were down-regulated fol-
lowing pre-treatment with lo- 
sartan (Figure 3C). The vol- 
cano plots of circRNA expres-
sion among the sham group, 
the AKI group, and the AKI+ 
LST groups exhibited similar 
distributions of differential cir- 
cRNAs induced by I/R treat-
ment and pre-treatment with 
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the significantly differentially expressed cir-
cRNAs were predicted using bioinformatic 
methods. A GO analysis revealed that the dif-
ferentially expressed circRNAs were associat- 
ed with various biological processes, including 
developmental processes, cellular component 
organization and biogenesis, localization, bio-
logical regulation, response to stimuli, signaling 
processes, positive regulation of biological pro-
cesses, immune system processes, behavior, 
metabolism, cell proliferation, biological adhe-
sion, cell aggregation, reproduction, locomoti- 
on, among other processes (Figure 5A). In ad- 
dition, the differentially expressed circRNAs co- 
uld also be associated with various molecular 
functions, such as catalytic activities, binding, 
antioxidant activities, and signaling transduc-
tion activities (Figure 5A). The differentially ex- 
pressed circRNAs were also predicted to regu-
late the expression of proteins distributed in 
multiple subcellular components, including the 
protein-containing complex, membrane, supra-
molecular complex, cell junctions, membrane-
enclosed lumen, synapse, extracellular region, 
and nucleoid (Figure 5A). The wide distribution 
of target genes’ biological processes, molecu-
lar functions, and subcellular components sug-
gested that circRNAs perform key functions 
during the development of AKI and its suppres-

sion by losartan, which may be mediated by dis-
tinct molecular mechanisms.

To provide more information on the molecular 
mechanisms underlying circRNA functioning in 
AKI pathogenesis and suppression by losartan, 
the biological pathways with significant enri- 
chments of differentially expressed circRNAs 
were further analyzed using the KEGG method. 
We showed that the differentially expressed  
circRNAs could target genes associated with a 
number of biological pathways, including tuber-
culosis, toxoplasmosis, small cell lung cancer, 
Ras signaling pathway, proteoglycan in can-
cers, prostate cancer, PI3K-Akt signaling path-
ways, and neurotrophin signaling pathways, 
among others (Figure 5B). The revelation of the 
biological pathways, particularly several signal-
ing pathways, targeted by the differentially ex- 
pressed circRNAs indicated that the roles of  
circRNAs in AKI and its inhibition by losartan 
could be mediated by synergistic regulation of 
various biological processes and signaling pa- 
thways.

For a comprehensive view of the signaling path-
ways associated with AKI and losartan treat-
ment, we drew an overall interaction network of 
the predicted miRNAs and functional genes 
associated with 24 differentially expressed cir-

Table 2. Top-20 differentially expressed circRNAs among the sham, AKI, and Losartan groups

Chromosomal location circRNA 
name

Gene 
Symbol

log2 
Ratio 

(AKI/NC)
P value

Up/Down 
Regulation 
(AKI/NC)

log2 Ratio 
(LST/AKI) P value

Up/Down 
Regulation 
(LST/AKI)

chr1:128978104|128978649 circ-Igf1r Igf1r -2.52 0.0103948 Down 2.089 0.0435652 Up

chr1:185495031|185495489 circ-Plekha7 Plekha7 -1.826 0.00794926 Down 1.7 0.01157594 Up

chr1:265396240|265401005 circ-Fbxw4 Fbxw4 2.109 0.045846 Up -1.956 0.0316308 Down

chr10:56272370|56272459 circ-Eif4a1 Eif4a1 1.64 0.00281782 Up -1.612 0.001153238 Down

chr10:91148261|91149247 circ-Nmt1 Nmt1 2.109 0.045846 Up -2.541 0.01200412 Down

chr13:95193009|95196402 circ-Akt3 Akt3 -2.763 4.09E-05 Down 2.332 0.000779938 Up

chr16:20009431|20009965 circ-Slc27a1 Slc27a1 2.109 0.045846 Up -1.956 0.0316308 Down

chr19:22373973|22382073 circ-Itfg1 Itfg1 -1.131 0.0377542 Down 1.214 0.0173444 Up

chr2:219090811|219097035 circ-Vcam1 Vcam1 1.602 0.01265634 Up -1.811 0.00263558 Down

chr2:27326041|27333634 circ-Polk Polk -1.139 0.0473424 Down 1.669 0.000763032 Up

chr6:22362488|22376735 circ-Memo1 Memo1 2.055 0.01611016 Up -1.486 0.0313866 Down

chr6:28272106|28272697 circ-Dnmt3a Dnmt3a -1.302 0.009611 Down 1.17 0.0168323 Up

chr6:91457048|91680319 circ-Rn7sl1 Rn7sl1 2.003 1.99E-141 Up -1.264 2.55E-86 Down

chr7:64959567|64961215 circ-Irak3 Irak3 2.747 0.000233196 Up -1.763 0.00189136 Down

chr8:130762665|130768360 circ-Snrk Snrk 1.577 0.00254136 Up -1.271 0.00475414 Down

chr8:131855074|131868157 circ-Tcaim Tcaim -1.645 0.01092164 Down 1.504 0.01766768 Up

chr8:132708288|132737659 circ-Slc6a20 Slc6a20 -1.205 0.001832974 Down 1.447 3.65E-05 Up

chr8:94283953|94292111 circ-Me1 Me1 -1.508 0.00444308 Down 2.077 0.001335556 Up

chr9:20596863|20599410 circ-Tnfrsf21 Tnfrsf21 -1.679 5.20E-05 Down 1.031 0.0197837 Up

chr9:65976760|65980632 circ-Als2 Als2 -1.501 0.01426024 Down 1.951 0.000278664 Up
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Figure 5. Functional annotation of differentially expressed circRNAs regulated by ischemia and losartan. A. Functional categorization of the gene targets of differen-
tially expressed circRNAs among the sham group, the AKI group, and the AKI+LST group. The GO biological processes, molecular functions. and subcellular compo-
nents with significantly enriched target genes of differentially expressed circRNAs were separately analyzed. B. Biological pathways associated with the gene targets 
of differentially expressed circRNAs among the sham group, the AKI group and the AKI+LST group. The biological pathways were analyzed using the KEGG method.
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cRNAs (Figure 6). The network involves 26 miR-
NAs and a large number of functional genes, 
which were associated with various biological 
processes and signaling pathways (Figure 6). 
The differentially expressed circRNAs and asso-
ciated miRNAs were predicted to regulate the 
expression of numerous genes associated with 
PI3K-Akt signaling and related interactive pa- 
thways, such as PTEN (gene of phosphate and 
tension homology deleted on chromosome), FO- 
XO3 (Forkhead Box O3), and SIRT1 (Sirtuin 1) 
(Figure 6). The significant enrichment of genes 
associated with the PI3K-Akt signaling, which 
were predicted to be targeted and regulated by 
differentially expressed circRNAs, suggested th- 
at circRNA-mediated PI3K-Akt signaling regula-
tion performs key roles in the development of 
ischemic AKI and suppression of kidney injury 
by losartan (Figure 6).

Validation of circRNA expressional alterations

To validate the expression alteration of cir-
cRNAs induced by I/R and losartan treatments 
in rat kidney tissues, the expression levels of 
four representative circRNAs (circ-Dnmt3a, circ- 
Akt3, circ-Plekha7, and circ-Me1), which were in 

the top 20 most significantly differential ex- 
pressed circRNAs list and are predicted to be 
associated with PI3K-Akt signaling, were fur-
ther determined by quantitative RT-PCR. We 
demonstrated that the expression of circ-Dn- 
mt3a greatly decreased in rats that were sub-
jected I/R treatment. However, pre-treatment 
with losartan significantly reversed the decre- 
ase in circ-Dnmt3a expression in AKI rat kid- 
ney tissues (Figure 7A). Similarly, the expres-
sion levels of circ-Akt3, circ-Plekha7, and circ-
Me1 in rat kidney tissues were considerably 
decreased by I/R treatment (Figure 7B-D). Ne- 
vertheless, pre-treatment with losartan effec-
tively increased the expression of the three cir-
cRNAs compared with the AKI group (Figure 
7B-D). The quantitative RT-PCR evidence con-
firms the result obtained from RNA-Seq that 
the four circRNAs decreased in the AKI rats and 
their expression increased in the presence of 
losartan, indicating that the circRNAs could 
play critical roles in ischemic AKI.

Discussion

Losartan is a widely applied AT1 antagonist in 
the treatment of a wide range of diseases 

Figure 6. circRNA-miRNA-mRNA in-
teraction networks based on differ-
entially expressed cirRNAs. A com-
prehensive view of the interaction 
network containing 24 differentially 
expressed circRNAs and their pre-
dicted associating miRNAs and tar-
geted functional genes. Differential-
ly expressed circRNAs are shown as 
yellow ellipses, predicted interacting 
miRNAs as green diamonds, and tar-
get genes as red irregular quadrilat-
erals. Predicted direct targeting and 
associations are indicated using 
connections with black solid lines.
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including AKI [9, 26-28]. However, the underly-
ing molecular mechanisms of the effects of 
losartan on AKI remain largely unknown. Animal 
AKI models established by I/R treatment have 
been widely used in the study of disease basis 
and treatment development due to their rela-
tive ease of operation, short time requirements, 
and low costs [29, 30]. In the present study,  
SD rats subjected to I/R treatment were used 
as AKI models to investigate the therapeutic 
effects of losartan on the progression of isch-
emic AKI. We verified that losartan has positive 
effects on AKI apoptosis. Based on the RNA-
Seq data, the expression of a group of circRNAs 
increased and some circRNAs decreased. Am- 
ong the circRNAs, quantitative RT-PCR results 
verified four circRNAs, circ-Dnmt3a, circ-Akt3, 
circ-Plekha7, and circ-Me1, whose expression 
decreased in AKI rats and increased in the 
losartan pre-treated AKI rats. In addition, ba- 
sed on a KEGG analysis and circRNA-miRNA-
mRNA interaction networks, we have highlight-
ed that the PI3K-Akt signaling pathway plays a 
critical role in the protective effect of losartan. 
We demonstrate in the present study that pre-
treatment with losartan greatly inhibits the pro-
gression of kidney injury in ischemic AKI rat 

circRNAs in AKI rats, particularly in those treat-
ed with losartan, indicated that circRNAs might 
be critical mediators of the therapeutic effects  
of losartan in AKI treatment. Considering the 
application of losartan in the treatment of other 
conditions such as aberrant blood pressure 
and diabetic kidney disease [31], the regulation 
of circRNA expression could be key mecha-
nisms underlying treatment of such disorders 
by losartan. Apart from losartan, the family of 
angiotensin II receptor antagonists, also known 
as angiotensin II receptor blockers, consists of 
a number of other members such as valsartan 
[32], which has been demonstrated to play pro-
tective role in AKI [33]. Therefore, an under-
standing of generally and specifically regulated 
circRNAs between AKI and other renal diseases 
following treatment with losartan and other 
ARB members could offer additional novel in- 
sights into the pathogenesis of the renal disor-
ders and therapeutic mechanisms in ARB me- 
mbers.

Among the AKI associated circRNAs, we veri-
fied the expression of circ-Dnmt3a, circ-Akt3, 
circ-Plekha7, and circ-Me1, which decreased in 
the AKI rats and were restored in kidney tissues 

Figure 7. Expression of representative circRNAs regulated by ischemia and 
losartan. The expression levels of circ-Dnmt3a (A), circ-Akt3 (B), circ-Plekha7 
(C), and circ-Me1 (D) in kidney tissues of rats treated with ischemia and re-
perfusion, and the influence of losartan pre-treatment on their expression 
were determined using quantitative RT-PCR. The sham group of rats was the 
control and b-actin mRNA was used as the internal standard for quantitation. 
AKI: acute kidney injury; LST: losartan; DMNT3a: DNA methyltransferase-3a; 
AKT3: protein kinase B; ME1: cytosolic malic enzyme; *, P < 0.05; ** and 
***, P < 0.01.

models, which further high-
lights the potential of losartan 
as a novel drug in the man-
agement of AKI and other re- 
nal diseases.

CircRNAs functions have key 
roles in gene expression regu-
lation and biological process-
es, mainly through the regula-
tion of miRNA functions and 
target gene expression [10, 
13]. Based on the expression 
and roles of circRNAs in renal 
diseases [21-23], we hypoth-
esize that circRNAs could also 
play critical roles in the inhibi-
tion of ischemic AKI. To test 
this, circRNA profile alteration 
in AKI rats pre-treated with 
losartan was comprehensive-
ly analyzed using RNA-Seq 
method. We have identified a 
large number circRNAs differ-
entially expressed in rat kid-
ney following pre-treatment 
with losartan. The large num-
ber of differentially expressed 
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by losartan pre-treatment. To date, no func-
tions of the four circRNAs have been identifi- 
ed. Only the expression of circ-Akt3 has been 
observed in lymphoid cells, suggesting its in- 
volvement in immunity [34]. Considering infil-
tration of T lymphocytes is one of the charact- 
er of AKI [35], downregulation of circ-Akt3 in 
the AKI model may be associated with immuni-
ty responses and inflammatory injury events. 
Although little is known about their functions, 
the roles of their linear counterparts have been 
documented. Pleckstrin homology domain con-
taining family A member 7 (Plekha7) is a blood 
pressure associated gene. Genetic variations 
of plPlekha7 are associated with hypertension, 
which is reported to be an AKI risk factor [36-
38]. DNMT3a is a de novo methyltransferase 
that functions in the generation of 5-methylcy-
tosine, which may result in transcriptional re- 
pression. In addition, knockout of DNMT3a in 
proximal tubules results in the suppression of 
renal fibroblast activation and ameliorates re- 
nal fibrosis [39]. Cytoplasmic malic enzyme 1 
(ME1) is a multifunctional protein that can gen-
erate pyruvate and ultimately NADPH used in 
lipogenesis. It plays a critical role in multiple 
diseases and may be involved in ischemia/
reperfusion injury [40-42]. Since circRNAs were 
transcripted from pre-mRNA, the expression of 
the circRNAs may decrease the expression lev-
els of linear mRNAs [12, 43-45]. We propose 
that decreases in the four circRNAs observed in 
the current study could influence their linear 
counterparts’ expression and impair AKI asso-
ciated functions while the effect of losartan 
pre-treatment on AKI may partially benefit from 
the restoration of circRNA functions.

The PI3K-Akt signaling pathway was shown in 
the present study to be involved in kidney in- 
jury inhibition by losartan. The protein kinase B 
(Akt) regulates numerous biological processes, 
including glucose uptake, angiogenesis, and 
cell survival, and is associated with pathogenic 
processes in multiple human diseases such as 
ischemia, cancer, and diabetic kidney disease 
[46]. More critically, the activation of Akt-re- 
lated signaling pathways reportedly exerts pro-
tective functions in AKI induced by ischemia 
and reperfusion [47]. The regulation of Akt acti-
vation and signaling have also been shown to 
be involved in the suppression of AKI by other 
reagents such as tempol and lipoic acid [48, 
49]. In the present study, we confirmed that 

circ-Aktin addition three other circRNAs, was 
regulated by losartan in rats with induced AKI. 
They were predicted to target PI3K-Akt signal-
ing pathway factors, which further indicated the 
roles of PI3K-Akt signaling in AKI pathogenesis. 
In addition, our data shed some light on AKI 
pathogenesis mechanisms, which are mediat-
ed by circRNAs. Further exploration of the func-
tion of major signaling components during AKI 
pathogenesis and circRNAs could facilitate a 
better understanding of the pathology of AKI 
and the therapeutic mechanism of losartan.

In summary, we established a rat ischemic AKI 
model and revealed the protective effects of 
losartan against AKI development. A large num-
ber of circRNAs were differentially expressed  
in AKI rat kidneys, which was considerably 
reversed by pre-treatment with losartan, indi-
cating the involvement of circRNAs in protec-
tive effects of losartan against AKI. Future  
work characterizing the functions of circRNAs 
in AKI could offer novel insights on the patho-
genic mechanisms of AKI and the inhibitory 
effects of losartan on ischemic AKI, in addition 
to providing basic data to facilitate the clinical 
application of circRNAs in AKI treatment.
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