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1  | INTRODUC TION

Sepsis is a severe, rapid develop disease with progressive organ fail-
ure caused by host's response to infections, which leads to a high 
mortality.1 Also, sepsis is considered as a predisposing factor for 
acute kidney injury, for the most often affected organ in sepsis is 
the kidney.2-5 Sepsis-associated acute kidney injury (sepsis-associ-
ated AKI) causes huge medical care burden for the society; however, 
the pathophysiologic mechanisms of sepsis-associated AKI remain 
largely unknown.

Non-protein-coding RNAs or more simply non-coding RNAs are 
important molecules regulating gene expression during development 
and disease, and the dysregulation of non-coding RNAs generally 
associated with the abnormalities of the body.6 Circular RNAs (cir-
cRNAs), which are enriched in the kidney, can regulated the gene 
expression by acting as a sponge for RNAs or scaffolds for transcrip-
tion factors. CircRNAs play essential roles in multiple renal diseases 
as the regulators of gene expression.7,8 The expression pattern of 
circRNAs is changed in the kidney of a mice AKI model, indicating 
that circRNAs may participate in maintaining the renal homeostasis.9 
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Abstract
Accumulating evidence suggests that circular RNAs have the abilities to regulate 
gene expression during the progression of sepsis-associated acute kidney injury. 
Circular RNA VMA21 (circVMA21), a recent identified circular RNA, could reduce 
apoptosis to alleviate intervertebral disc degeneration in rats and protect WI-38 cells 
from lipopolysaccharide-induced injury. However, the role of circVMA21 in sepsis-
associated acute kidney injury (sepsis-associated AKI) is unknown. In this study, we 
first demonstrated that circVMA21 alleviated sepsis-associated AKI by reducing ap-
optosis and inflammation in rats and HK-2 cells. Additionally, to explore the molecule 
mechanism underlying the amelioration, after the bioinformatics analysis, we con-
firmed that miR-9-3p directly bound to circVMA21 by luciferase and RNA immuno-
precipitation assay, and the effector protein of miR-9-3p was SMG1. Furthermore, the 
oxidative stress caused by sepsis-associated AKI was down-regulated by circVMA21. 
In conclusion, circVMA21 plays an important role in the regulating sepsis-associated 
AKI via adjusting miR-9-39/SMG1/inflammation axis and oxidative stress.
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Circular RNA VMA21 (circVMA21, hsa_circ_0091702 in CircBase), 
deriving from vacuolar ATPase assembly factor, is first identified as 
a regulator to alleviate intervertebral disc degeneration (IVDD) via 
targeting miR-200c and X linked inhibitor-of-apoptosis protein.10 
Also, circVMA21 attenuates the lipopolysaccharide-induced inflam-
matory damages through targeting miR-142-3p in WI-38 cells.11 In 
this study, we explored the function of circVMA21 in the sepsis-as-
sociated AKI, which was also accompanied by apoptosis and inflam-
matory injuries in the kidney, using both LPS-treated HK-2 cells and 
caecal ligation and puncture (CLP)-induced rat sepsis-associated AKI 
model.

Here, we found that circVMA21 could alleviate sepsis-associ-
ated AKI symptoms by evaluating the levels of general biomarkers 
of AKI. Next, we confirmed that circVMA21 reduced apoptosis and 
inflammation in both rat model and HK-2 cells. Furthermore, we 
identified miR-3-9 as the direct target of circVMA21, and SMG1 as 
the effector protein in circVMA21/miR-9-3p axis. Also, circVMA21 
could reduce the oxidation stress in the development of sepsis-as-
sociated AKI. In summary, we found circVMA21 alleviated sep-
sis-associated AKI via regulating miR-9-3p/SMG1/inflammation and 
oxidative stress.

2  | MATERIAL S AND METHODS

2.1 | Animals and the establishment of sepsis-
associated AKI model

Wistar rats purchased from SLAC Laboratory Animal Co., Ltd, China, 
were all housed at 22°C and regular light-dark cycle (12:12). Caecal 
ligation and puncture in rats was applied to mimics the sepsis-asso-
ciated AKI clinical symptoms.12 For the rats in Sham group, the cae-
cum was exposed without perforation, and for the rats in CLP group, 
the caecum was exposed, ligated and then perforated. After surgery, 
rats were placed in a warm environment to recover-, and monitored 
before the following experimental procedures.

2.2 | Injection of circ-VMA21

To recapitulate circ-VMA21, the third exon of VMA21 with 1 kb flanking 
introns was amplified and subcloned into the pcDNA3.1 vector. After 
the recovery of the CLP surgery, rats were anaesthetized with injection 
of katemine and xylazine. Around 30ul of adeno-associated virus con-
taining the circ-VMA21 cassette or pcDNA3.1 vectors was delivered 
into 3 different sites of the renal tissue using a 33-gauge needle.

2.3 | Haematoxylin and eosin (HE) staining and the 
evaluation of kidney morphology

Kidney tissues were embedded with paraffin and then sectioned 
into 5  μm slices. The kidney sections were stained with stained 

haematoxylin-eosin (HE) (Solarbio Science & Technology Co., Ltd, 
Beijing, China). We then determined the degree of kidney injury based 
on the morphology changes observed under a light microscope. The 
scoring criteria from 0 to 5 as follows: 0 = normal morphology; 1 = de-
generation only without necrosis; and 2 (<25%), 3 (<50%), 4 (<75%), 
and 5 (>75%) = necrosis, vacuolar degeneration, tubular dilatation and 
haemorrhage.13

2.4 | Measurement of BUN, sCr, uKim-1, uNGAL 
in the kidney of rats

Blood samples were collected from the rats and centrifuged at 5000 
g for the collection of the serum. Levels of blood urea nitrogen (BUN) 
and serum creatinine (sCr) were measured with BUN detection kit 
and serum creatinine detection kit (StressNarq Bioscience, British 
Columbia, Canada). Urine samples were collected and centrifuged 
at 600 g for 5  minutes and used for the measurement of the lev-
els of urine NGAL and KIM-1 with the ELISA kit (Cusabio Biotech, 
Zhengzhou, China) following the instructions.

2.5 | Culture and bacterial LPS treatment of HK

Human kidney 2 (HK-2) cells were obtained from the Cell Bank of the 
Chinese Academy of Sciences, and cultured with Minimum Essential 
Medium (Gibco, Agawam, MA, USA) containing 5  ng/mL human 
recombinant epidermal growth factor (EGF) (Novus, Centennial, 
CO, USA) and 10% foetal bovine serum (Gibco). To model sepsis-
associated AKI, HK-2 cells were exposed to 10  μg/mL LPS (Sigma, 
Darmstadt, Germany).

2.6 | Apoptosis examination

HK-2 cells were seeded at a density of 4.0 × 105 per well. After the 
treatment of LPS, HK-2 cells were harvested and suspended in bind-
ing buffer. Then, Annexin V/PI kits (KeyGEN, Nanjing, China) were 
applied for the detection of apoptosis. Flow cytometric analysis for 
the apoptotic rate were conducted using a FACSAria flow cytometer 
(BD Biosciences, San Jose, CA, USA). To detect the apoptosis levels of 
renal tissues, we applied the TUNEL assay. To quantify the apoptosis 
level of tissues, we analyse the brown TUNEL positive cells per field 
in each group.

2.7 | Total RNA extraction and qRT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen, Agawam, 
MA, USA) following the manufacturer's instructions. After quality 
measurement of total RNA using a NanoDrop 2000 (Thermo Scientific, 
Agawam, MA, USA), cDNA was synthesized using PrimeScript RT rea-
gent kit (Takara, Beijing, China). SYBR Premix Ex Taq II (Takara, Beijing, 
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China) and a LightCycler 96 System (Roche, Basel, Switzerland) were 
used. For the quantification of the expression of the genes, the rela-
tive quantification method, 2-ΔΔCT, was employed. Primers for the 
amplification of GAPDH, Bax, Bcl-2, Active caspase3, TNF-α, IL-6 and 
IL-1β were as follows:

GAPDH: Forward: 5'-TTCAATGGCACAGTCAAGGC-3', Reverse:  
5'-TCACCCCATTTGATGTTAGCG-3'; Bax: Forward: 5'-ATGGAGCTGC 
AGAGGATGA-3', Reverse: 5'-CCAGTTTGCTAGCAAAGTAG-3'; Bcl-2:  
Forward: 5'-GAGGATTGTGGCCTTCTTTG-3',  Reverse: 5'-AGGTAC 
TCAGTCATCCACA-3'; Caspase 3: Forward: 5'-GCTGGACTGCGGTAT 
TGAGA-3', Reverse: 5'-CCATGACCCGTCCCTTGA-3';  TNF-α:  
Forward: 5'-CTCCCAGAAAAGCAAGCAAC-3', Reverse: 5'-CGAGC 
AGGAATGAGAAGAGG-3'; IL-6: Forward: 5'-GGATACCACCCACC 
ACAGACCAG-3', Reverse: 5'-CGATGAGTTTTCTGACAGTGCATCA 
TC-3'; IL-1β: Forward: 5'-CTGTGACTCGTGGGATGATG-3', Reverse: 
5'-GGGATTTTGTCGTTGCTTGT-3'.

2.8 | Western blotting

Total protein of both HK-2 cells and rat renal tissues were prepared 
with protein extraction kit (Beyotime Biotech. Co., Ltd, Shanghai, 
China). After measuring the protein concentrations using the BCA 
method, total protein samples were subjected SDS-PAGE and then 
transferred to the PVDF membrane. The PVDF membrane was 
blocked with PBST containing 5% BSA, washed for three times 
with PBST and incubated in the primary antibody solution over-
night at 4°C. Then, the membrane was washed for three time and 
incubated in the secondary antibody solution. The signal of was 
determined with Pierce ECL Western Blotting Substrate (Thermo 
Fisher Scientific, Agawam, MA , USA). Antibodies used were as fol-
lows: rabbit anti-GAPDH (Abcam, Cambridge, MA, USA, 1:5000); 
rabbit anti-Bax (Abcam, Cambridge, MA, 1:5000); rabbit anti-Bcl-2 
(Abcam, Cambridge, MA, 1:5000); rabbit anti-Caspase-3 (Cell 

F I G U R E  1   circVMA21 alleviated 
the symptoms of CLP-induced sepsis-
associated AKI rat model. (A) Relative 
expression level of circVMA21 in sepsis-
associated AKI patients and LPS-treated 
HK-2 cells. (B) Relative expression level 
of circVMA21 in CLP-induced AKI rats. 
(C) Blood urea nitrogen (BUN) and (D) 
serum creatinine (sCr) levels in rat blood 
samples. (E) Urine neutrophil gelatinase-
associated lipocalin (uNGAL) and (F) urine 
kidney injury molecule-1 (uKIM-1) levels 
in rat urine samples. (G) Pathological 
morphology HE (haematoxylin-eosin) 
staining of the renal tissue. (H) Semi-
quantitative histopathological score 
of renal tissue on a scale of 0-5 based 
on images with a magnification of 400. 
*P < 0.05, ***P < 0.001. Data were 
presented as mean ± SD from four 
independent experiments. Sham: the rat 
caecum was exposed without perforation; 
CLP: caecal ligation and puncture (CLP) 
surgery for Wistar rats
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Signaling Technology, Danvers, MA, 1:1000); goat anti-TNF-α (R&D 
Systems, Minneapolis, MN, USA, 1:300); rabbit anti-IL6 (Boster, San 
Mateo, CA, USA, 1:500); rabbit anti-IL-1β (GeneTex, Irvine, CA, USA, 
1:1000).

2.9 | Luciferase assay

To confirm the direct interaction of circular RNA VMA21 (circVMA21) 
and miR-9-3p, circVMA21 fragment containing wild-type or mutated 
miR-9-3p binding sites were synthesized and, respectively, cloned 
into luciferase vectors. circVMA21 reporter plasmids were cotrans-
fected with miR-9-3p mimics into HK-2 cells. And to confirm the 
direct interaction of miR-9-3p and SMG1 mRNA, the miR-9-3p 

reporter for the luciferase assay was constructed. The luciferase ac-
tivity was measured and analysed using a dual-luciferase reporter 
assay system (Promega, Madison, WI, USA) under the manufactur-
er's instruction.

2.10 | RIP-AGO2 and RNA pull down

HK-2 cells transfected with miR-9-3p or miR-NC mimics were har-
vested and lysed. And the supernatant was collected after centrifu-
gation. Anti-AGO antibodies (Abcam) or control IgG were used for 
the RNA immunoprecipitation assay. Followed by RT-qPCR test for 
the expression level of circVMA21, the direct binding of circVMA 
and miR-9-3p was confirmed.

F I G U R E  2   circVMA21 attenuated 
sepsis-associated AKI by decreasing 
oxidation stress. The content of 
(A) reactive oxygen species (ROS), 
(B) malondialdehyde (MDA) and (C) 
glutathione (GSH) in the kidney tissue 
were measured. The activities of (D) 
superoxide dismutase (SOD) and (E) 
catalase (CAT) in the kidney of sepsis-
associated AKI rats were determined. 
*P < 0.05, ***P < 0.001. Data were 
presented as mean ± SD from four 
independent experiments

F I G U R E  3   circVMA21 reduced apoptosis and inflammation caused by sepsis-associated AKI in both LPS-induced HK-2 cells and CLP-
induced rats. (A) Apoptosis levels of HK-2 cells control, cells treated with bacterial LPS or bacterial LPS and overexpression of circVMA21 
were measured by flow cytometry. (B) Levels of apoptosis related proteins, Bax, Bcl-2 and active Caspase3 were measured by western 
blot (WB). (C) The ratio of Bax/Bcl-2 was calculated. (D) Relative mRNA expression levels of Bax, Bcl-2 and Caspase3 were measured with 
quantitative PCR. (E) Levels of inflammation related proteins, TNF-α, IL-6 and IL-1β, were measured with WB. (F) Relative mRNA expression 
levels of TNF-α, IL-6 and IL-1β were measured with quantitative PCR. (G) Relative levels of IL-1β and IL-6 in CLP-induced sepsis-associated 
AKI rats. (H) Apoptosis of renal tubular epithelial cells was detected using TUNEL method. (I) Quantification of the TUNEL positive apoptosis 
cells per field. Apoptosis cells nuclei were stained with brown TUNEL positive cells. *P < 0.05, ***P < 0.001. Data were presented as 
mean ± SD from three independent experiments



     |  11401SHI et al.

2.11 | Terminal deoxynucleotidyl transferase dUTP 
nick end labelling (TUNEL) assay

2 × 106 HK-2 cells were collected and incubated with 4% paraform-
aldehyde (PFA) at room temperature for fixation. Then, the fixed 

cells were incubated with 0.2% Triton X-100, and then in FITC la-
belled dUTP and terminal deoxynucleotidyl transferase. After imag-
ing with an epifluorescence microscope at 400× magnification, the 
apoptosis degree was determined by the number of TUNEL positive 
cells.
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2.12 | RNA interference for the down-regulation  
of SMG1

The siRNA targeted SMG1 specially and its corresponding random 
control sequence were synthesized from Genewiz Co., Ltd, Suzhou, 
China, and then subcloned into the pSuper vector, which could be 
transfected into cells to down-regulate SMG1.

2.13 | Determination of oxidative stress parameters

The levels of reactive oxygen species (ROS), malondialdehyde 
(MDA) and glutathione (GSH) in the rat kidney were measured with 
Reactive Oxygen Species Assay Kit (Beyotime), Lipid Peroxidation 
MDA Assay Kit (Beyotime) and Total Glutathione Assay Kit 
(Beyotime), respectively. The activities of superoxide dismutase 
(SOD) were determined using Total Superoxide Dismutase Assay 
Kit with WST-8 (Beyotime), and kidney catalase (CAT) activity was 

determined based on H2O2 consumption, following the procedure 
established by Aebi in 1984.14

2.14 | Statistical analysis

Data were presented as mean ± SEM and compared by Student's t 
test, and P < 0.05 was considered statistically significant. All data 
were analysed using Graphpad Prism 7.0 (San Diego, CA, USA).

3  | RESULTS

3.1 | circVMA21 alleviated the symptoms of CLP-
induced sepsis-associated AKI rat model

We found in sepsis-associated acute kidney injury patients, circVMA21  
was significantly down-regulated, and in LPS-treated HK-2 

F I G U R E  4   circVMA21 bound directly 
with miR-9-3p. (A) The binding sites 
between circVMA21 and miR-9-3p. And 
the luciferase reporter designs with the 
wild-type and mutant circVMA21. (B) 
Wild-type or mutant circVMA21 were 
cotransfected with miR-9-3p, and then, 
the luciferase activity of circVMA21 
reporter vector was measured. (C) RNA 
immunoprecipitation (RIP) assays were 
performed using an anti-AGO2 antibody 
to verify the correlation between 
circVMA21 and miR-9-3p in HK-2 cells. (D) 
Relative miR-9-3p expression in control 
HK-2 cells and HK-2 cells transfected 
with pcDNA-circVMA21 or pcDNA-
circVMA21 + miR-9-3p. (E) Relative 
expression level of miR-9-3p in sepsis-
associated AKI patients and LPS-treated 
HK-2 cells. *P < 0.05, ***P < 0.001. Data 
were presented as mean ± SD from 
three independent experiments. IgG: 
immunoglobulin G

F I G U R E  5   circVMA21 functioned as a sponge of miR-9-3p. (A) Apoptosis levels were measured by flow cytometry. Groups: control, 
LPS + vector, LPS + circVMA21, LPS + circVMA21+mimics infected HK-2 cells, and (B) statistical result of the apoptosis levels. Levels of (C) 
apoptosis related proteins, Bax, Bcl-2 and active Caspase3 and (D) inflammation related proteins, TNF-α, IL-6 and IL-1β, were measured with 
WB. (E) Relative mRNA expression levels of Bax, Bcl-2, Caspase3, TNF-α, IL-6 and IL-1β were measured with quantitative PCR. (F) Apoptosis 
of renal tubular epithelial cells in group Sham, CLP + vector, CLP + circVMA21, CLP + circVMA21+mimic was detected using TUNEL 
methods. (G) Pathological morphology HE staining of the renal tissue from different groups. (H) Quantification of TUNEL positive apoptosis 
cells per field. (I) Semi-quantitative histopathological score of renal tissue. *P < 0.05, ***P < 0.001. Data were presented as mean ± SD from 
three independent experiments
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cells, the expression level of circVMA21 was also down-regu-
lated (Figure  1A). To confirm that CLP-induced rats model mim-
ics the circVMA21 expression phenotype, we collected the rats 

kidney samples and analysed the expression level of circVMA21 
(Figure  1B). We firstly investigated the levels of the general bio-
markers of AKI, BUN, sCr, urinary neutrophil gelatinase-associated 
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lipocalin (uNGAL) and urinary kidney injury molecule-1 (uKIM-1), 
in the Sprague-Dawley rats exposed to CLP, which modelled the 
sepsis-associated AKI. The levels of BUN, sCr, uNGAL and uKIM-1 

were significantly increased in the CLP group compared to that 
in the sham group, while the degree of sepsis-associated AKI was 
markedly alleviated in the CLP rats with overexpressed circVMA21 
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compared to the CLP group (Figure  1C-F). To further verify the 
function of circVMA21 in vivo, the HE staining of the renal tissue 
from CLP rats overexpressed circVMA21 exhibited less vacuolar 
degeneration and haemorrhage (Figure 1G). The degree of sepsis-
associated AKI indicated by the semi-quantitative histopathologi-
cal score of renal tissue also suggested circVMA21 alleviates the 
symptoms of sepsis-associated AKI (Figure 1H).

3.2 | circVMA21 attenuated sepsis-associated AKI 
by decreasing oxidation stress

In the kidney, multiple pathways, which generate excessive ROS, 
are identified to be correlated with kidney disease.15 For instance, 
smad3, a well-documented downstream signalling molecules of 
TGF-β correlated with chronic kidney disease, could bind to the pro-
moter region of NOX4 and generate excessive ROS and inflamma-
tion.16 In the development of AKI, the oxidation stress and following 
oxidative damage were largely involved.17 To evaluate the oxida-
tive stress parameters within sepsis-associated AKI, we measured 
the content of ROS, malondialdehyde (MDA), glutathione (GSH) 
and determined the activities of SOD and catalase (CAT) in the kid-
ney of sepsis-associated AKI rats. We found that sepsis-associated 
AKI markedly increased the levels of ROS and MDA, but decreased 
the level of GSH and the activities of SOD and CAT in the kidney 
of the rats. By up-regulation of circVMA21, the oxidative damage 
caused by sepsis-associated AKI was notably reduced, indicating 
that circVMA21 also functioned against oxidation stress to attenu-
ate sepsis-associated AKI (Figure 2A-E).

3.3 | circVMA21 reduced apoptosis and 
inflammation caused by sepsis-associated AKI in both 
LPS-induced HK-2 cells and CLP-induced rats

Then, the cellular mechanisms underlying the phenotypes that 
circVMA21 alleviated sepsis-associated AKI were specifically 
analysed. Bacterial LPS treatment of HK-2 cells induced apopto-
sis, while circVMA21 up-regulation significantly inhibited apop-
tosis (Figure 3A). Consistent with the flow cytometry result, we 
confirmed that circVMA21 inhibited apoptosis induced by LPS by 
measuring the expression level of Active caspase3 and the ratio of 

Bax/Bcl-2 (Figure 3B-D). We also found that circVMA21 reduced 
inflammation with the detection of inflammation related proteins, 
TNF-α, IL-6 and IL-1β, in LPS-induced HK-2 cells (Figure  3E,F). 
Also, the levels of inflammation factors in CLP-induced rats, 
IL-6 and IL-1β, were reduced by overexpression of circVMA21 
(Figure  3G). Also, the apoptosis results of renal tubular epithe-
lial cells obtained from TUNEL staining of the kidney tissue from 
CLP-induced sepsis-associated AKI rats indicated circVMA21 in-
hibited apoptosis in vivo, which was identical to the in vitro results 
(Figure 3H,I).

3.4 | circVMA21 functioned as a sponge of miR-9-3p

Most of the circular RNAs (circRNAs) are endogenous non-coding 
RNAs highly conserved among different species and may act as 
completing RNAs to bind miRNAs.18-20 Therefore, we identified miR-
9-3p as a potential miRNA that may sponge circVMA21 according to 
bioinformatics analysis and a previous study.21 To identify whether 
circVMA21 and miR-9-3p bound directly, a luciferase assay was per-
formed. Cotransfection of circVMA21 and miR-9-3p repressed the 
reporter activity in HK-2 cells (Figure 4A,B). To verify the correlation 
between circVMA21 and miR-9-3p, we used RIP assay for AGO2 
in HK2 cells, and qRT-PCR data showed that miR-9-3p targeted 
circVMA21 in the AGO2-dependent manner (Figure  4C). Also, we 
found that overexpression of circVMA21 could notably reduce the 
expression level of miR-9-3p (Figure 4D). After the confirmation of 
directly binding between circVMA21 and miR-9-3p, we explored the 
expression level of miR-9-3p both in sepsis-associated AKI patients 
and LPS-treated HK-2 cells and found the miR-9-3p levels were all 
up-regulated (Figure 4E)

Therefore, we suggested that circVMA21 could reduce renal 
apoptosis and inflammation by sponging miR-9-3p. First, we ex-
amined the apoptosis level of HK-2 cells by flow cytometry and 
the expression level of apoptosis related protein, confirmed that 
gain of function of miR-9-3p by using miR-9-3p mimics could lead 
to increased apoptosis and inflammation in HK-2 cells (Figure 5A-
E). Next, the results of TUNEL assay and HE staining using the 
kidney samples from CLP-induced sepsis-associated AKI rats 
showed that circVMA21 reduced apoptosis through down-reg-
ulation of miR-9-3p, which is consistent with the in vitro results 
(Figure 5F-I).

F I G U R E  6   circVMA21 reduced apoptosis and inflammation via miR-9-3p/SMG1 axis. (A) Luciferase activity of miR-9-3p reporter 
was measured to confirm direct binding between miR-9-3p and SMG1 in HK-2 cells. (B) Levels of SMG1 and relative expression of SMG1 
mRNA (C) in HK-2 cells and (D) in the rat kidney were measured using WB and quantitative PCR. Groups: normal control, miR-9-3p 
mimics, miR-9-3p inhibitor, circVMA21, circVMA21 + miR-9-3p mimics. (E) Relative expression level of miR-142-3p. (F) Apoptosis levels in 
Control, LPS + vector, LPS + circVMA21, LPS + circVMA21+si-SMG1, LPS + circVMA21+si-SMG1 + inhibitor transfected HK-2 cells were 
determined by flow cytometry. Levels of (G) apoptosis related proteins and (H) inflammation related proteins in HK-2 cells were measured 
with WB. (I) Relative expression level of Bax, Bcl-2, Caspase3, TNF-α, IL-6 and IL-1β were measured with quantitative PCR. (J) Apoptosis of 
renal tubular epithelial cells in Sham, CLP + vector, CLP + circVMA21, CLP + circVMA21+si-SMG1, CLP + circVMA21+si-SMG1 + inhibitor, 
CLP + circVMA21+si-SMG1 + inhibitor rats were mainly detected by TUNEL method. (K) Pathological morphology HE staining of the renal 
tissue from different groups. (L) Quantification of TUNEL positive apoptosis cells per field. (M) Semi-quantitative histopathological score of 
renal tissue. *P < 0.05, ***P < 0.001. Data were presented as mean ± SD from three independent experiments
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3.5 | circVMA21 reduced apoptosis and 
inflammation via miR-9-3p/SMG1 axis

Next, for the purpose of searching for the probable effector 
protein that in circVMA21/miR-9-3p axis in HK-2 cells, we con-
ducted the TargetScan analysis (TargetScan Release 7.1) and re-
vealed that the 3′-UTR of SMG1, a potential tumour suppressor 
in several different cancers, contained a miR-9-3p binding site.22 
Then, the luciferase reporter assay showed that miR-9-3p could 
significantly reduce the luciferase activity, indicating the specific 
binding between miR-9-3p and SMG1 mRNA (Figure 6A). We then 
found that up-regulation of miR-9-3p could notably suppress the 
expression of SMG1, and down-regulation of miR-9-3p with inhib-
itor increased the SMG1 level, indicating circVMA21 functioned 
via miR-9-3p/SMG1 axis (Figure 6B-D). In AKI patients, miR-9-3p 
was up-regulated and bound to the mRNA of SMG1, leading to the 
change of network of downstream signal pathways. MiR-142-3p 
was negatively regulated by TUG1, and up-regulation of TUG1 
could relieve the injury induced by LPS.23 We found that up-reg-
ulation of miR-9-3p increased the expression level of miR-142-3p 
(Figure 6E). For further confirmation of the role of SMG1 in the 
signalling pathway, we explored the apoptosis phenotype in the 
LPS-induced HK-2 cell model of sepsis-associated AKI and found 
down-regulation of SMG1 while overexpression of circVMA21 re-
versed the alleviated apoptosis and inflammation by circVMA21 
(Figure  6F-I). With the application of TUNEL and HE staining 
using the kidney tissue sampled from the sepsis-associated AKI 
rat model, we confirmed that, in vivo, down-regulation of SMG1 
also led to increased levels of apoptosis and inflammation, and in-
hibition of miR-9-3p then led to alleviated phenotype (Figure 6J-
M). Combining both in vitro and in vivo results, we could safely 
conclude that SMG1 mRNA is the target of miR-9-3p and it can be 
regulated by circVMA21.

4  | DISCUSSION

Exploration of the functions of circular RNAs expressed in the kidney 
may provide clues and information for the therapeutic targets exploi-
tation. In our study, we found the overexpression of circVMA21 in 
the kidney could alleviate sepsis-associated AKI by evaluating several 
sepsis-associated AKI biomarkers and the kidney injury score in rats. 
Furthermore, we found that up-regulation of circVMA21 reduced ap-
optosis and inflammation via miR-9-3p/SMG1 axis. Also, overexpres-
sion of circVMA21 decreased oxidative stress in sepsis-associated AKI.

CLP has been used to produce severe sepsis and then AKI demon-
strated by a greater decrease in kidney mircocirculation.24 Also, LPS 
has been used to mimic the sepsis-associated AKI symptoms in HK-2 
cells.25 Here, by evaluating several parameters of sepsis-associated 
AKI in the CLP-induced rat and LPS-induced cell models, we demon-
strated that circVMA21 reduced apoptosis and inflammation both in 
vitro and in vivo.

Circular RNAs, which are generally expressed specifically in cell 
types, can serve as a sponge of miRNA and then modulate gene ex-
pression and protein synthesis.26 Bioinformatics analysis revealed 
that potential binding site of miR-9-3p were exist in circVMA21. To 
test whether miR-9-3p directly bound to circVMA21, we performed 
luciferase and RIP assay, and data confirmed the direct binding. 
MiR-9-3p, the minor product of miR-9, is able to suppress the prolif-
eration of hepatocellular carcinoma cells via targeting heparin-bind-
ing growth factor 5 and regulate the proliferation and apoptosis of 
ovarian cancer cells through targeting the extracellular signal-reg-
ulated protein kinase 1 and 2.27,28 Here, to investigate the role of 
miR-9-3p, we employed miR-9-3p mimics for the gain of function 
study and found that miR-9-3p mimics led to increased apoptosis 
and inflammation.

MiRNAs can bind to the 3′-UTR of target mRNAs resulting in 
the mRNA degradation and inhibition of the mRNA protein transla-
tion.29,30 In this study, we screened for the candidate effector pro-
teins using TargetScan analysis and suggested the 3′-UTR of SMG1 
mRNA contained potential binding sites for miR-9-3p. Then, we con-
firmed the direct binding of miR-9-3p and SMG1 mRNA using the 
luciferase assay and that the expression level of SMG1 was indeed 
negatively correlated with miR-9-3p in HK-2 cells. SMG1, a member 
of the phosphoinositide kinase-like kinase family, plays a role in sev-
eral diseases progression, including pancreatic cancer, Physcomitrella 
patens and inflammation-enhanced cancer.31-33 SMG1 is involved 
multiple signal pathways, such as oxidative stress and TNF-induced 
apoptosis.34 As human SMG1 was highly expressed in kidney,35 we 
hypothesis SMG1 plays an important role in the sepsis-associated 
acute kidney injury, which could also lead to excessive production of 
ROS and cell apoptosis. In vitro and in vivo data then confirmed that 
down-regulation of SMG1 resulted in increased levels of apoptosis 
and inflammation, and the phenotypes could be reversed by the in-
hibition of miR-9-3p.

As SMG1 functioned in oxidative stress resistance during tu-
mour formation and inflammation, we then attempted to whether 
cicrVMA21 played a role in the resistance of oxidative stress.32 We 
measured several parameters of oxidative stress, including levels of 
ROS, MDA, GSH and the activities of SOD and CAT, and found the 
oxidative stress caused by sepsis-associated AKI was reduced by 
up-regulation of circVMA21.

In conclusion, circVMA21 could alleviate sepsis-associated AKI 
through reduced the levels of apoptosis, inflammation and oxidative 
stress. Additionally, we confirmed that circVMA21 directly bound 
with miR-9-3p to regulate the synthesis of SMG1. However, the 
CLP-induced AKI rats model cannot perfectly mimic the phenotypes 
of human sepsis-associated acute kidney injury, and more informa-
tion should be analysed using human samples from patients. And 
the pathology of sepsis-associated acute kidney injury is related to 
multiple signal pathways. The network of molecules correlated with 
circVMA21 should be further explored. Our results suggested that 
circVMA21 could be a hopeful therapeutic target for the drug devel-
opment of sepsis-associated AKI.
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