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ABSTRACT
Background:  Circular RNAs (circRNAs) are promising biomarkers and therapeutic targets for acute 
kidney injury (AKI). In this study, we investigated the mechanism by which circRNA itchy E3 
ubiquitin protein ligase (circ-ITCH) regulates sepsis-induced AKI.
Methods:  A sepsis-induced AKI mouse model was created using LPS induction and circ-ITCH 
overexpression. Circ-ITCH levels were confirmed via RT-qPCR. Kidney tissue changes were examined 
through various stains and TUNEL. Enzyme-linked immunosorbent assay (ELISA) gauged oxidative 
stress and inflammation. Mitochondrial features were studied with electron microscopy. RT-qPCR 
and western blotting assessed mitochondrial function parameters. Using starBase, binding sites 
between circ-ITCH and miR-214-3p, as well as miR-214-3p and ABCA1, were predicted. Regulatory 
connections were proven by dual-luciferase assay, RT-qPCR, and western blotting.
Results:  Circ-ITCH expression was downregulated in LPS-induced sepsis mice. Overexpression of 
circ-ITCH ameliorates indicators of renal function (serum creatinine [SCr], blood urea nitrogen 
[BUN], neutrophil gelatinase-associated lipocalin [NGAL], and kidney injury molecule-1 [Kim-1]), 
reduces renal cell apoptosis, mitigates oxidative stress markers (reactive oxygen species [ROS] and 
malondialdehyde [MDA]), and diminishes inflammatory markers (interleukin [IL]-1β, IL-6, and tumor 
necrosis factor [TNF-α]). Moreover, circ-ITCH overexpression alleviated mitochondrial damage and 
dysfunction. Furthermore, circ-ITCH acts as a sponge for miR-214-3p, thereby upregulating ABCA1 
expression. In addition, the miR-214-3p inhibitor repressed oxidative stress, inflammation, and 
mitochondrial dysfunction, which was reversed by circ-ITCH knockdown. Further cellular analysis 
in HK-2 cells supported these findings, highlighting the protective role of circ-ITCH against 
sepsis-induced AKI, particularly through the miR-214-3p/ABCA1 axis.
Conclusion:  The novel circ-ITCH/miR-214-3p/ABCA1 pathway plays an essential role in the 
regulation of oxidative stress and mitochondrial dysfunction in sepsis-induced AKI.

1.  Introduction

Sepsis is a severe clinical disorder characterized by dispropor-
tionate and harmful responses to infection. This can lead to 
acute organ dysfunction and a significant risk of mortality 
[1]. Among individuals with sepsis, the incidence of acute 
kidney injury (AKI) is estimated at approximately 33%, trans-
lating to an annual occurrence rate of around 1 per 1000 
people globally [2]. Despite advances in specific therapies, 
such as resuscitation, vasoactive drugs, and renal replace-
ment, the mortality rate remains high for patients with 

sepsis-induced AKI [3]. Therefore, exploring and understand-
ing the molecular mechanisms of sepsis-induced AKI will 
contribute to the development of novel and effective thera-
peutic strategies.

Oxidative stress is a critical pathological feature of AKI 
that results in mitochondrial depolarization and dysfunction 
[4]. Increased (reactive oxygen species [ROS]) exacerbates 
mitochondrial damage, which in turn amplifies oxidative 
stress [5,6]. Mitochondrial damage causes inflammation and 
promotes the progression of AKI into renal fibrosis [7,8]. 
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Accordingly, alleviation of mitochondrial dysfunction caused 
by oxidative stress in the kidney is essential for sepsis-induced 
AKI treatment [9]. Mitochondrial dysfunction in sepsis is also 
caused by mitochondrial permeability transition (MPT) open-
ing. Oxidative stress can lead to apoptosis by altering 
MPT [10].

Circular RNAs (circRNAs) are covalently closed endoge-
nous RNAs that participate in cellular development and 
energy mechanisms [11]. CircRNA itchy E3 ubiquitin-protein 
ligase (circ-ITCH) is a circRNA that is well-known as a tumor 
suppressor [12]. Su et  al. provided a conceptual framework 
for elucidating the involvement of circ-ITCH in cellular func-
tions and inflammatory regulation [13]. Circ-ITCH exerts reg-
ulatory functions in cells by binding miRNAs [14]. It has been 
reported that circ-ITCH mediates miRNA-mRNA axis in 
sepsis-stimulated acute lung injury [15]. However, the impact 
of circ-ITCH on sepsis-stimulated AKI remains largely unex-
plored and requires further exploration. A study reported 
that circ-ITCH targets miR-214 to regulate gene expression 
[16]. Bioinformatic analysis showed that circ-ITCH binds to 
miR-214-3p. Renal miR-214-3p promotes the development of 
hypertension [17]. In addition, miR-214-3p aggravates kidney 
injury and inflammatory responses in hyperlipidemic pancre-
atitis [18]. Zhou et  al. found that miR-214-3p exacerbates 
tubular epithelial cell ferroptosis in cisplatin-induced AKI [19]. 
However, it remains unknown whether circ-ITCH regulates 
sepsis-induced AKI by binding miR-214-3p.

The primary objective of this study was to clarify the 
function and fundamental mechanism of circ-ITCH in the 
development of sepsis-induced AKI. We discovered that 
circ-ITCH improved mitochondrial dysfunction in 
sepsis-induced AKI by targeting the miR-214-3p/ATP-binding 
cassette A1 (ABCA1) axis. The circ-ITCH/miR-214-3p/ABCA1 
axis is a promising target for the treatment of 
sepsis-induced AKI.

2.  Materials and methods

2.1.  Mice model

Animal experiments were performed on C57BL/6 mice 
(n = 24) at 8–12 weeks of age procured from GemPharmatech 
Co. Ltd. Mice were bred and raised for one week under 
humidity-controlled conditions with free access to food and 
water. Then, mice were assigned randomly into four groups 
(n  =  6/per group): control, lipopolysaccharide (LPS), oe-NC, 
and oe-ITCH groups. The sepsis-induced AKI mouse model (n 
=  18) for LPS, oe-NC, and oe-ITCH groups was constructed 
by intraperitoneal injection of 16 mg/kg LPS (S1732, 
Beyotime, China) [20]. Control mice (n  =  6) were injected 
with an equal volume of phosphate-buffered saline (PBS; 
500 μL, C0221A, Beyotime, China). After 24 h, serum was col-
lected prior to euthanasia via cervical dislocation, after 
which kidney tissues were harvested. This study was 
approved by the Institutional Animal Care and Use 
Committee of the Second Affiliated Hospital of Zhejiang 
University School of Medicine.

2.2.  Cell model

HK-2 cells were procured from the American Type Culture 
Collection (ATCC). Cells were cultured in the Minimum 
Essential Medium (MEM, #11090081, Gibco, Carlsbad, CA, 
USA) with 10% fetal bovine serum at 37 °C with 5% CO2. To 
create a cellular model of sepsis-induced AKI, HK-2 cells were 
subjected to 24-h treatment with 1  µg/mL LPS. We selected 
1  µg/mL LPS based on prior studies [21].

2.3.  Transfection

Lentivirus-packaged circ-ITCH was used for both overexpres-
sion (oe-ITCH) and knockdown (sh-ITCH) experiments. The 
respective negative controls, oe-NC and sh-NC, are scrambled 
sequences unrelated to any known mammalian gene. 
Additionally, an empty vector, miR-214-3p inhibitor, and an 
NC inhibitor were sourced from Synthgene (Nanjing, China). 
For in vivo transfection, either oe-ITCH or oe-NC was mixed 
with the Entranster reagent (Engreen, China) and adminis-
tered intravenously to LPS-induced septic mice. After 24 h, 
the serum and kidneys were harvested from the mice for fur-
ther investigation. HK-2 cells were subjected to in vitro trans-
fection with oe-ITCH, sh-ITCH, or an empty vector using 
lentiviral infection. Following this, the cells were treated with 
1  µg/mL LPS for 24 h. Another subset of HK-2 cells was trans-
fected with sh-ITCH or sh-NC, pretreated with 10 mM 
N-cetylcysteine (NAC) for 1 h, and treated with 1  µg/mL LPS 
for 24 h. Furthermore, a separate subset of HK-2 cells was 
transfected with either an miR-214-3p inhibitor or NC inhibi-
tor, in combination with sh-ITCH or sh-NC, for a duration of 
48 h. A distinct subset of HK-2 cells underwent transfection 
with either sh-ABCA1 or sh-NC, alongside oe-ITCH, for a 
period of 48 h. Subsequently, cells were exposed to 1  µg/mL 
LPS for 24 h.

2.4.  Assessment of kidney function

Before euthanasia, serum samples were collected from mice. 
The evaluation of serum creatinine (SCr) and blood urea 
nitrogen (BUN) serum levels were determined using assay 
kits provided by the Nanjing Jiancheng Bioengineering 
Institute (China). Mouse urine samples were centrifuged at 
2000 r/min for 20 min. The concentrations of neutrophil 
gelatinase-associated lipocalin (NGAL) and kidney injury 
molecule-1 (Kim-1) in the urine were determined using their 
respective ELISA kits: the mouse NGAL ELISA kit (ml002141, 
Mlbio, China) and the mouse Kim-1 ELISA kit (CSB-E08809m, 
CUSABIO, Wuhan, China).

2.5.  Hematoxylin and eosin (H&E) staining

Kidney tissues were fixed with 10% formaldehyde, dehy-
drated with ethanol, and embedded in paraffin. Tissue sec-
tions were cut into 4  µm slices. The sections were 
deparaffinized using xylene, rehydrated with ethanol, and 
stained with hematoxylin and eosin (C0105S, Beyotime, 
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Nantong, China). Finally, the sections were blocked in neutral 
resin (G8590, Solarbio, Beijing, China) for observation under a 
light microscope (Olympus, Tokyo, Japan). The tubular injury 
was scored by quantifying the percentage of damaged 
tubules and categorized as follows: grade 0 (no damage), 
grade 1 (less than 25% damage), grade 2 (25–49% damage), 
grade 3 (50–75% damage), and grade 4 (more than 75% 
damage).

2.6.  Periodic acid-Schiff (PAS) staining

For PAS staining, kidney tissue samples (1 mm3) were fixed in 
10% formaldehyde at 4 °C for 24 h. Following fixation, the 
samples were dehydrated in a graded ethanol series (30%, 
50%, 70%, 80%, 95%, and 100%), embedded in paraffin, and 
sectioned at 5  µm. The sections were incubated for 10-min 
incubation with a periodate acid solution (C0142S, Beyotime, 
China). The sections were then placed in a shaker filled with 
distilled water and shaken for 5 min. Finally, the sections 
were dehydrated with ethanol and sealed with neutral resin 
for observation under a light microscope (Olympus, Japan).

2.7.  Apoptosis assay

Apoptosis in kidney tissues was identified by TUNEL assay 
using the One Step TUNEL Apoptosis Assay Kit (C1082, 
Beyotime, China), as recommended by the supplier. 
Paraffin-embedded tissues were first deparaffinized using 
xylene and subsequently rehydrated through a graded etha-
nol series at room temperature. After washing with PBS, 
renal tissue sections were fixed in 1% paraformaldehyde for 
15 min at room temperature. This was followed by a 
30-minute treatment with 50 μL of proteinase K working 
solution at 37 °C. The sections were then incubated with the 
TUNEL reaction mixture for 1 h at 37 °C in the dark. Nuclei 
were stained with DAPI for 5 min at room temperature and 
sections were mounted using an anti-fade reagent (Solarbio, 
China). Imaging was conducted using an inverted fluores-
cence microscope (Olympus, Japan).

2.8.  Luciferase reporter assay

The starBase version 2.0 platform (https://starbase.sysu.edu.
cn/starbase2/) was utilized to predict the binding sites 
between circ-ITCH and miR-214-3p, as well as between 
miR-214-3p and ABCA1 [22]. Their interactions were validated 
using a luciferase reporter assay, as previously described [23].

2.9.  Fluorescence in situ hybridization (FISH)

The Ribo FISH kit (RiboBio, China) was used to determine the 
localization of circ-ITCH in HK-2 cells. Initially, 4% paraformal-
dehyde (P0099-100 mL, Beyotime, China) was used to immo-
bilize cells for 15 min, followed by 0.1% Triton X-100 digestion 
for an additional 15 min. After washing with PBS, cells were 
incubated in 2 × sealing solution for 30 min at 37 °C, after 

which they were dehydrated using a graded ethanol series. 
The hybridization liquid containing probe (1  µg/mL targeting 
circ-ITCH) was denatured at 73  ±  1 °C for 5 min. Next, cells 
were incubated with denatured probes targeting circ-ITCH at 
37 °C overnight in a wet cassette. After hybridization, the 
cover slide was discarded and then washed in 0.4 × SSC/0.3% 
Tween-20 at 65 °C for 2 min, followed by a 2-min wash in 
2 × SSC/0.1% Tween-20 at room temperature. Nuclei were 
counterstained with DAPI, and images of the cells were cap-
tured using an UltraVIEW VoX Spinning Disk Confocal 
Microscope (PerkinElmer, Branford, CT).

2.10.  Cell counting kit-8 (CCK-8) assay

The CCK-8 assay was performed on HK-2 cells in accordance 
with kit protocols (C0037, Beyotime, China).

2.11.  Flow cytometry

To ascertain cellular apoptosis, HK-2 cells were seeded onto 
a six-well plate and subsequently subjected to enzymatic 
digestion using 0.25% trypsin (T1300, Solarbio, China). After 
centrifugation at 1500 rpm for 5 min, the cells were resus-
pended to a concentration of 1.0  ×  105 cells/mL. Following 
centrifugation, the cells were suspended in 195 µL of Annexin 
V-EGFP solution. The cell suspension was subjected to a 
10-min period of darkness, followed by incubation with 
Annexin V-EGFP (5  µL) and propidium iodide (10  µL). 
Apoptosis was detected using a CytoFLEX flow cytometer 
(Beckman Coulter, Brea, CA).

2.12.  Determination of reactive oxygen species (ROS) 
generation

As previously described, ROS levels in cells and kidney tis-
sues were measured using 2′,7′-dichlorodihydrofluorescein 
diacetate (H2DCFDA) [24].

2.13.  Enzyme-linked immunosorbent assay (ELISA)

The levels of ROS, malondialdehyde (MDA), and superoxide 
dismutase (SOD) in the kidney tissues and cells were deter-
mined using specific ELISA kits. Additionally, the concentra-
tions of interleukin (IL)-1β, IL-6, and tumor necrosis factor 
(TNF-α) in both serum and cells were measured using corre-
sponding ELISA assays. The ELISA kits used included: ROS 
assay kit (CA1410, Solarbio, China), mouse MDA kit 
(E-BC-K025-S, Elabscience, Houston, TX), mouse SOD ELISA kit 
(ml643059, mlbio, China), mouse IL-1β ELISA kit (ml301814, 
mlbio), mouse IL-6 ELISA kit (ml063160, mlbio), mouse TNF-α 
ELISA kit (ml002095, mlbio), human IL-1β ELISA kit (FHK0016, 
Jiamay Biotech, China), human IL-6 ELISA kit (ml058097, 
mlbio), and human TNF-α ELISA kit (ml077385, mlbio). The 
absorbance of MDA was set at 532 nm and that of SOD, 
IL-1β, IL-6, and TNF-α was set at 450 nm. The absorbance lev-
els of these parameters were measured using a SpectraMax 

https://starbase.sysu.edu.cn/starbase2/
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M Series Multi-Mode Microplate Reader (Molecular Devices, 
Sunnyvale, CA).

2.14.  Measurement of ROS levels in mitochondria

ROS levels in HK-2 cell mitochondria were measured using 
MitoSOX Red reagent (M36008, Thermo Fisher Scientific, 
Waltham, MA). The Cell Mitochondria Isolation Kit (C3606, 
Beyotime, China) was used to isolate mitochondria from HK-2 
cells, and then the mitochondria were incubated with 
MitoSOX reagent (5  µM) at 37 °C for 10 min in the absence of 
light. Following three washes with D-hank solution, the mito-
chondria were observed using an Olympus CKX53 inverted 
microscope (Tokyo, Japan).

2.15.  Evaluation of mitochondrial function

Mitochondrial function was evaluated by measuring both 
mitochondrial complex I activity and adenosine triphosphate 
(ATP) levels. The complexes I/II/III/IV activities of mitochondria 
in kidney tissues were determined using the electron trans-
port chain complex I assay kit (A089-1-1), complex II assay kit 
(A089-2-1), complex III assay kit (A089-3-1), and complex IV 
assay kit (A089-4-1) (Nanjing Jiancheng Bioengineering 
Institute, China). The ATP Content Assay Kit (BC0300, Solarbio, 
China) was used to measure ATP levels.

2.16.  Transmission electron microscopy

Glutaraldehyde (2.5%; P1126, Solarbio, China) was utilized to 
immobilize 1 mm3 of kidney tissue for 48 h, followed by 2-h 
fixation with 1% OsO4 (#18456, TED PELLA INC, Redding, CA). 
Following six washes with PBS and gradual dehydration with 
acetone, tissues were embedded in 3 mL of Epon812 resin for 
cutting into 60 nm slices. Uranyl acetate and lead citrate 
staining were performed on the sections, which were then 
observed using a TEM (JEM-1011, JEOL, Tokyo, Japan).

2.17.  Detection of mitochondrial membrane potential

The MMP of cells was monitored using the MMP assay kit 
with JC-1 (C2006, Beyotime, China) and flow cytometry fol-
lowing the user manual.

2.18.  Measurement of oxygen consumption rate

OCR in HK-2 cells was assessed utilizing a Seahorse XF ana-
lyzer and a Seahorse XF Cell Mito Stress Test kit (Agilent, 
Palo Alto, CA). The cells were resuspended in Seahorse XF 
DMEM containing 10 mM glucose, 1 mM sodium pyruvate, 
and 2 mM L-glutamine, and subsequently seeded onto 
Cell-Tak coated XFe96 microplates. Prior to the assay, cells 
underwent a 1-h equilibration in a non-CO2 incubator at 
37 °C. During the assay, a sequential injection of mitochon-
drial inhibitors – 1.5 µM oligomycin, 0.5 µM FCCP, and 0.5 µM 
rotenone/antimycin A – was administered to each well. OCR 

data interpretation was carried out using the Seahorse Wave 
2.6.1 Software.

2.19.  RT-qPCR

TRIzol reagent was used to extract total RNAs from both the 
kidney tissues and cells. RT-qPCR was performed as previ-
ously described [25]. The primers used are listed in Table 1.

2.20.  Quantification of mitochondrial DNA (mtDNA)

Total DNA was harvested from treated cells using FastPure 
Cell/Tissue DNA Isolation Mini Kit (DC102-01, Vazyme, 
Nanjing, China). The mtDNA copy number was expressed as 
the mtDNA/nuclear DNA (nDNA) ratio. Mitochondrial gene 
D-Loop 2 (mtDNA) and nuclear gene G6PC (nDNA) were 
determined by RT-qPCR. Primers are listed in Table 1.

2.21.  Western blotting

Total proteins were extracted from the kidney tissues and 
cells. Western blotting was performed as previously described 
[26]. The primary antibodies used were cleaved casepase-3 
antibody (1:1000; AF7022, Affinity, Queen City, TX), Bax anti-
body (1:1000; AF0120, Affinity), Bcl-2 antibody (1:1000; 
AF6139, Affinity), anti-DRP-1 antibody (1:1000; ab184247, 
Abcam, Cambridge, UK), OPA-1 Rabbit mAb (1:1000; #80471, 
CST, Danvers, MA), anti-MFN-1 antibody (1:1000; ab221661, 
Abcam), HSP60 antibody (1:1000; AF5374, Affinity), SDHA 
antibody (1:1000; DF7043, Affinity), PINK1 antibody (1:1000; 

Table 1.  Primer sequences.

Gene Sequences (5′–3′)
Mouse DRP-1 Forward: TGCCATCGTGAAGAAGTGCC

Reverse: CATCCCTTGTCTACCCGAGC
Human DRP-1 Forward: TCAAGCAGCAGAAGGTGGAG

Reverse: TCGTGAGCCAGACCAAAGTC
Mouse OPA-1 Forward: GCTGAGCGTGCTTATCAACG

Reverse: AGGCCTCAGGTGGGTATGAT
Human OPA-1 Forward: AAGCCAGTCCTGACAATGGG

Reverse: ACGTTGACTTGGCTGTAGGG
Mouse ABCA1 Forward: GCAGAACCTGGGAGTCTGTC

Reverse: CATCGATGGTCAGCGTGTCA
Human ABCA1 Forward: GCTGGTGTGGACCCTTACTC

Reverse: GCAGCTTCATATGGCAGCAC
Mouse GAPDH Forward: TGTGGGCATCAATGGATTTGG

Reverse: ACACCATGTATTCCGGGTCAAT
Human GAPDH Forward: GTCAAGGCTGAGAACGGGAA

Reverse: AAATGAGCCCCAGCCTTCTC
Human circ-ITCH Forward: AGCAATGCAGCAGTTT

Reverse: TGTAGCCCATCAAGACA
Mouse miR-214-3p Forward: CGTTAACAGCTGTACCATC

Reverse: AGTGATGGTGTAGGTGTAGG
Human miR-214-3p Forward: TGGAGTTGGGGGTTTCTGTA

Reverse: TTCAGTGCACAGGTTCAAGC
Mouse U6 Forward: AAGACAGCGCAGAATCACCC

Reverse: CTCACCAGATGCCCGTTGTA
Human U6 Forward: GATGAGTCCGAGGACGGGAT

Reverse: GAACCACACTCTGGGACAGG
Human D-Loop 2 Forward: CTGTCTTTGATTCCTGCCTCAT
Human D-Loop 2 Reverse: GTGGCTGTGCAGACATTCAA
Human G6PC Forward: GGCTCTCAACTCCAGCATGT
Human G6PC Reverse: AGGACGAGGGAGGCTACAAT
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DF7742, Affinity), Parkin antibody (1:1000; AF0235, Affinity), 
LC3B antibody (1:1000; AF4650, Affinity), ABCA1 Rabbit mAb 
(1:200; #96292, CST), and GAPDH Rabbit mAb (1:1000; #5174, 
CST). The secondary antibody used was Goat Anti-Rabbit IgG 
H&L (HRP) (1:2000; ab205718, Abcam, UK). Relative protein 
levels were calculated by normalizing to GAPDH.

2.22.  Statistical analyses

Each individual experiment was conducted in triplicate. Data 
are presented as the mean ± standard error of the mean 
(s.e.m.). Statistical analyses were conducted using GraphPad 
Prism version 7.0, La Jolla, CA, wherein one-way ANOVA and 
Student’s t-test were used to assess the disparities among 
the groups. A value of p  <  0.05 was considered statistically 
significant.

3.  Results

3.1.  Circ-ITCH improves mitochondrial dysfunction in 
sepsis-induced AKI mice

To study the role of circITCH in sepsis-induced AKI, a xeno-
graft mouse model of sepsis was constructed by LPS induc-
tion. SCr and BUN are critical indicators of renal function. As 
presented in Figure S1(A), SCr and BUN levels were higher in 
the serum of LPS-induced sepsis mice (p  <  0.01). The histo-
logical appearance of kidney tissues from the control mice 
was compared to that of the LPS-induced sepsis mice. H&E 
and PAS staining revealed that LPS-induced sepsis mice had 
severe histological kidney injuries, as evidenced by inflamma-
tory cell infiltration, renal tubule epithelial cell vacuolar 
degeneration, and detachment (Figure S1(B)). The tubular 
injury score in the renal cortex of the LPS-induced sepsis 
mice was higher than that in the renal cortex of the control 
mice (p  <  0.01, Figure S1(A)). Apoptosis was observed in the 
kidney tissues of these mice. As displayed in Figure S1(C), 
LPS-induced sepsis mice had more apoptotic cells than the 
control mice. In addition, there was a significant elevation in 
biomarkers of oxidative stress (ROS and MDA) and inflamma-
tion (IL-1β, IL-6, and TNF-α) in the kidney tissues of 
LPS-induced sepsis mice (p  <  0.01, Figure S1(D and E). On 
the other hand, SOD levels, representing an antioxidant 
enzyme, were diminished in septic mice (p  <  0.01, Figure 
S1(E)). The ATP levels and the activity of mitochondrial com-
plexes I, II, III, and IV are indicators of mitochondrial function. 
The ATP production in the kidney tissues was significantly 
reduced in LPS-induced sepsis mice (p < 0.01). In LPS-induced 
sepsis mice, the activity of complexes I/II/III/IV in the mito-
chondria was decreased by nearly two-fold relative to that in 
control mice (p  <  0.01, Figure S2(A)). Additionally, TEM 
revealed that the mitochondria in the kidney tubular cells of 
LPS-induced sepsis mice exhibited more severe injury than in 
the control mice, with evident mitochondrial fragmentation, 
swelling, and loss of cristae (Figure S2(B)). Expressions of the 
mitochondrial fission protein (DRP-1) and fusion proteins 
(OPA-1 and MFN-1) were also examined. The results showed 

that DRP-1 expression was upregulated, and levels of OPA-1 
and MFN-1 were downregulated in LPS-induced sepsis mice 
(p  <  0.01, Figure S2(C and D)). These data indicated that 
mitochondrial dysfunction is a predominant characteristic of 
sepsis-induced AKI.

Subsequently, circ-ITCH was identified as a downregulated 
circRNA in LPS-induced sepsis mice (p  <  0.01, Figure S3(A)). 
Thus, circ-ITCH was overexpressed in LPS-induced sepsis mice 
to further investigate its role in the regulation of mitochon-
drial function. Circ-ITCH expression was significantly upregu-
lated in the LPS-induced sepsis mice transfected with 
oe-ITCH, compared to the oe-NC mice (p  <  0.01, Figure 
S3(A)). Compared to oe-NC, the administration of oe-ITCH 
resulted in a decrease in the serum levels of SCr and BUN in 
the LPS-induced sepsis mice (p  <  0.05, Figure 1(A)). The levels 
of NGAL and Kim-1 (AKI-associated markers) in the urine of 
LPS-induced sepsis mice were also significantly decreased by 
cric-ITCH overexpression (p  <  0.01 Figure 1(B)). H&E and PAS 
staining indicated that oe-ITCH ameliorated kidney injury 
and pathological damage, as evidenced by decreased inflam-
matory cell infiltration and renal interstitial edema (Figure 
1(C and D)). Moreover, oxidative stress and inflammation in 
the model mice were alleviated by oe-ITCH treatment 
(p  <  0.05, Figure 1(E and F)). Post oe-ITCH treatment, a 
decline in apoptosis in kidney tissues was also noticed by 
TUNEL assay (p < 0.01, Figure S3(B)). We also discovered that 
overexpression of ITCH led to a downregulation in the 
expression of pro-apoptotic markers, such as cleaved 
caspase-3 and Bax, and an upregulation of the anti-apoptotic 
marker, Bcl-2 (p  <  0.01, Figure S3(C)). Our findings demon-
strate that oe-ITCH notably enhanced the ATP content and 
the activities of mitochondrial complexes I/II/III/IV when com-
pared to the oe-NC group (p  <  0.01, Figure 2(A)). TEM find-
ings demonstrated a reduction in mitochondrial swelling in 
kidney tissues of mice treated with oe-ITCH as opposed to 
those with oe-NC (Figure 2(B)). Next, we found an increase in 
mtDNA copy number in LPS-induced sepsis mice after 
oe-ITCH transfection (p  <  0.01, Figure 2(C)). Furthermore, 
after oe-ITCH transfection in LPS-induced sepsis mice, the 
expression levels of DRP-1 decreased, while those of OPA-1 
and MFN-1 increased (p  <  0.01, Figure 2(D and E)). Also, 
oe-ITCH downregulated the expression of 
mitrochondria-related proteins (HSP60 and SDHA) (p  < 0.01, 
Figure 2(E)). Besides, a study indicated that sepsis-AKI is asso-
ciated with PINK-parkin-induced mitophagy [9]. We found 
that oe-ITCH reduced the expression of PINK-parkin-induced 
mitophagy-related proteins (PINK1, Parkin, and LC3II/LC3I) 
(p  <  0.01, Figure S4).

3.2.  Circ-ITCH prevents apoptosis and mitochondrial 
dysfunction in LPS-stimulated HK-2 cells

To further substantiate the influence of circ-ITCH on 
sepsis-induced AKI, elicitation of a sepsis cell model in HK-2 
cells was accomplished via LPS stimulation. Circ-ITCH was 
overexpressed and knocked down in model cells by trans-
fecting oe-ITCH and sh-ITCH, respectively. As expected, 
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circ-ITCH expression decreased in HK-2 cells stimulated with 
LPS (p  <  0.05). Oe-ITCH and sh-ITCH increased and decreased 
circ-ITCH expression, respectively, in HK-2 cells stimulated by 
LPS, indicating successful transfection (p  <  0.05, Figure 3(A)). 
The results showed that the proliferation and apoptosis of 
HK-2 cells stimulated by LPS were reduced and increased, 

respectively, compared to those of control cells (p  <  0.01). 
Circ-ITCH overexpression enhanced proliferation and sup-
pressed apoptosis of LPS-stimulated HK-2 cells (p  <  0.01, 
Figure 3(B,C)). Evidence of augmented oxidative stress and 
inflammation in cells was observed following LPS stimulation 
(p < 0.01). Our results showed that circ-ITCH overexpression 

Figure 1.  Circ-ITCH overexpression alleviates kidney injury, oxidative stress, and inflammation in lipopolysaccharide (LPS)-induced sepsis mice. (A) Levels of 
serum creatinine (SCr) and blood urea nitrogen (BUN) were detected by corresponding kits. (B) Levels of neutrophil gelatinase-associated lipocalin (NGAL) 
and kidney injury molecule-1 (Kim-1) in the urine of mice were detected by ELISA kits. (C,D) Hematoxylin and eosin (H&E) and periodic acid-Schiff staining 
were used to determine kidney injury (scale bar = 20 µm). (E) H2DCFDA probe was used to detect the reactive oxygen species (ROS) level in kidney tissues 
of LPS-induced sepsis mice (scale bar = 20 µm). (F) Levels of malondialdehyde (MDA), and superoxide dismutase (SOD) in kidney tissues and interleukin 
(IL)-1β, IL-6, and tumor necrosis factor (TNF)-α in serum were detected by corresponding ELISA kits. LPS-induced sepsis mice were transfected with 
oe-negative control (NC) or oe-ITCH (ITCH overexpression). *p < 0.05, **p < 0.01.
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Figure 2.  Circ-ITCH protects mitochondrial function of kidney tissues in lipopolysaccharide (LPS)-induced sepsis mice. (A) Adenosine triphosphate (ATP) 
levels and mitochondrial complexes I/II/III/IV activities in kidney tissues was determined using the corresponding assay kits. (B) Transmission electron 
microscopy was used to identify mitochondrial morphology in kidney tissues (scale bar = 1 µm). (C-D) RT-qPCR was used to determine the mtDNA copy 
number and the relative expression of DRP-1 and OPA-1 in kidney tissues. (E) Western blotting was used to measure the expression of DRP-1, OPA-1, 
MFN-1, HSP60, and SDHA in kidney tissues. LPS-induced sepsis mice were transfected with oe-negative control (NC) or oe-ITCH (ITCH overexpression). 
**p < 0.01.
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led to a decrease in oxidative stress and inflammatory 
response in LPS-stimulated HK-2 cells (p < 0.05, Figure 3(D,E)), 
whereas circ-ITCH knockdown had the opposite effect. In 
LPS-stimulated HK-2 cells, we also observed mitochondrial 
dysfunction. This was evidenced by decreased levels of OCR, 
OPA-1, and MFN-1, along with an increase in DRP-1 levels 
(p  <  0.01). Overexpression of circ-ITCH mitigated mitochon-
drial dysfunction, while its knockdown exacerbated it in 
LPS-stimulated HK-2 cells (p  <  0.05, Figure 4(A–C)).

3.3.  Circ-ITCH ameliorates mitochondrial dysfunction 
induced by oxidative stress in LPS-stimulated HK-2 cells

The influence of circ-ITCH on oxidative stress-induced mito-
chondrial dysfunction was further investigated by NAC and/
or sh-ITCH treatment of LPS-stimulated HK-2 cells. NAC is a 
ROS scavenger that can effectively inhibit oxidative stress 
[2]. As shown in Figure 5(A), ROS and MDA levels decreased, 
and SOD levels increased in HK-2 cells stimulated by LPS 
and NAC (p  <  0.01). The mitochondrial ROS levels also 

Figure 3.  Circ-ITCH prevents apoptosis and inflammation in lipopolysaccharide (LPS)-stimulated HK-2 cells. (A) RT-qPCR was used to determine the relative 
expression of circ-ITCH in cells. (B) CCK-8 assay was used to detect cell viability. (C) Flow cytometry was used to identify cell apoptosis. (D) H2DCFDA probe 
was used to detect the reactive oxygen species (ROS) level in cells (scale bar = 25 µm). (E) Levels of malondialdehyde (MDA), superoxide dismutase (SOD), 
interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α in cells were detected by corresponding ELISA kits. *p < 0.05, **p < 0.01 vs. control; #p < 0.05, 
##p < 0.01 vs. LPS + vector.
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showed a decreasing trend in the NAC group (Figure 5(B)). 
However, ITCH knockdown aggravated oxidative stress in 
cells of the NAC group (p  <  0.05, Figure 5(A and B)). 
Moreover, MMP in the cells was elevated by NAC treatment, 
whereas sh-ITCH promotes the loss of MMP in the NAC 
group (p  <  0.01, Figures 5(C) and 6(A)). Additionally, NAC 
administration decreased the amount of DRP-1 and aug-
mented the levels of OPA-1 and MFN-1 in LPS-activated 
HK-2 cells (p  <  0.01). Similarly, ITCH knockdown inhibited the 
mitigating effect of NAC on LPS-induced mitochondrial dys-
function in HK-2 cells (p  <  0.05, Figure 6(B and C)).

3.4.  Circ-ITCH targets miR-214-3p/ABCA1 axis in LPS-
stimulated HK-2 cells

FISH assay revealed that circ-ITCH is present in both the 
nuclei and cytoplasm of HK-2 cells (Figure 7(A)), suggesting 
that it functions as a molecular sponge for gene expression 
regulation. Circ-ITCH was predicted to bind miR-214-3p 
(Figure 7(B)). The interaction between circITCH and 
miR-214-3p was confirmed (p < 0.01, Figure 7(C)). Additionally, 
bioinformatic analysis to predict that miR-214-3p targeted 
ABCA1 (p <  0.01, Figure 7(D and E)). MiR-214-3p and ABCA1 
expression were evaluated. The results presented that 
miR-214-3p and ABCA1 expression was upregulated and 
downregulated, respectively, in LPS-induced sepsis mice 
(p  <  0.01, Figure 7(F–H)). Circ-ITCH overexpression downreg-
ulated miR-214-3p levels and increased ABCA1 levels in 
LPS-induced sepsis mice (p  <  0.01, Figure 7(F–H)).

3.5.  Circ-ITCH alleviates mitochondrial dysfunction of 
LPS-stimulated HK-2 cells by targeting miR-214-3p/ABCA1 
axis

Using an LPS-stimulated HK-2 cell model of AKI, we further 
confirmed that circ-ITCH protects against sepsis-induced AKI 
by targeting the miR-214-3p/ABCA1 axis. As shown in Figure 
8(A and B), the miR-214-3p inhibitor enhanced the viability 
and reduced the apoptosis of HK-2 cells stimulated by LPS 
(p  <  0.01). In addition, the miR-214-3p inhibitor alleviated 
oxidative stress (decreased ROS and MDA, as well as increased 
SOD) and the inflammatory response in HK-2 cells stimulated 
by LPS (p  <  0.01, Figure 8(C and D)). For mitochondrial func-
tion, the miR-214-3p inhibitor downregulated DRP-1 expres-
sion and upregulated OPA-1 and MFN-1 levels (p  <  0.01, 
Figure 8(E and F)). The protective effects of the miR-214-3p 
inhibitor on HK-2 cells stimulated by LPS were hindered by 
the knockdown of Circ-ITCH (p  <  0.05, Figure 8(A–F)). Finally, 
RT-qPCR showed that an miR-214-3p inhibitor upregulated 
ABCA1 expression, but did not influence circ-ITCH levels in 
HK-2 cells stimulated by LPS (p  <  0.01). The addition of 
sh-ITCH reduced circ-ITCH and ABCA1 expression and 
increased miR-214-3p levels (p  <  0.05, Figure 8(G)).

Furthermore, we investigated the regulatory interplay 
between circ-ITCH and ABCA1 in LPS-stimulated HK-2 cells. 
The knockdown of ABCA1 counteracted the upregulatory 
effect of oe-ITCH on ABCA1 expression (p  <  0.01, Figure 9(A)). 
Functionally, in LPS-stimulated HK-2 cells transfected with 
oe-ITCH, the serum levels of IL-1β, IL-6, and TNF-α were 
notably elevated upon ABCA1 deficiency (p  <  0.01, Figure 9(B)). 

Figure 4.  Circ-ITCH alleviates mitochondrial dysfunction in lipopolysaccharide (LPS)-stimulated HK-2 cells. (A) OCR was detected in cells. (B) RT-qPCR was 
used to determine the relative expression of DRP-1 and OPA-1 in cells. (C) Western blotting was used to measure the expression of DRP-1, OPA-1, and 
MFN-1 in cells. LPS- stimulated HK-2 cells were transfected with oe-ITCH (ITCH overexpression) or sh-ITCH (ITCH knockdown). **p < 0.01 vs. control; #p < 0.05, 
##p < 0.01 vs. LPS + vector.
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Figure 5.  Circ-ITCH ameliorates mitochondrial dysfunction induced by oxidative stress in lipopolysaccharide (LPS)-stimulated HK-2 cells. (A) Levels of reac-
tive oxygen species (ROS), malondialdehyde (MDA), and superoxide dismutase (SOD) in cells were detected by corresponding ELISA kits. (B) MitoSOX Red 
reagent was used to measure mitochondrial ROS in cells (scale bar = 25 µm). (C) Mitochondrial membrane potential of cells was monitored using JC-1 
staining (scale bar = 25 µm). LPS-stimulated HK-2 cells were pretreated with N-cetylcysteine (NAC; a ROS scavenger) and transfected with sh-ITCH or sh-NC. 
**p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. NAC + sh-NC.
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Figure 6.  Circ-ITCH protects mitochondrial dysfunction induced by oxidative stress in lipopolysaccharide (LPS)-stimulated HK-2 cells. (A) Mitochondrial 
membrane potential (MMP) of cells was monitored using flow cytometry. (B) RT-qPCR was used to determine the relative expression of DRP-1 and OPA-1 
in cells. (C) Western blotting was used to measure the expression of DRP-1, OPA-1, and MFN-1 in cells. LPS-stimulated HK-2 cells were pretreated with 
N-cetylcysteine (NAC; a ROS scavenger) and transfected with sh-ITCH or sh-NC. **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. NAC + sh-NC.
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Figure 7.  Circ-ITCH targets miR-214-3p/ABCA1 axis. (A) Circ-ITCH was identified to Localize to both nuclei and cytoplasms in HK-2 cells by fluorescence in 
situ hybridization (FISH) assay (scale bar = 25 µm). (B, C) the interaction between circ-ITCH and miR-214-3p was predicted using the starBase v2.0 database 
and identified by dual-luciferase reporter assay. (D, E) The interaction between miR-214-3p and ABCA1 was predicted using the starBase v2.0 database and 
identified by dual-luciferase reporter assay. (F, G) RT-qPCR was used to determine the relative expression of miR-214-3p and ABCA1 in kidney tissues of 
lipopolysaccharide (LPS)-induced sepsis mice with/without oe-ITCH transfection. (H) Western blotting was used to measure the expression of ABCA1 in 
LPS-induced sepsis mice. **p < 0.01.
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Figure 8.  Circ-ITCH alleviates mitochondrial dysfunction of lipopolysaccharide (LPS)-stimulated HK-2 cells by targeting miR-214-3p/ABCA1 axis. (A) CCK-8 
assay was used to detect cell viability. (B) Flow cytometry was used to identify cell apoptosis. (C) H2DCFDA probe was used to detect the reactive oxygen 
species (ROS) level in cells (scale bar = 25 µm). (D) Levels of malondialdehyde (MDA), superoxide dismutase (SOD), interleukin (IL)-1β, IL-6, and tumor 
necrosis factor (TNF)-α in cells were detected by corresponding ELISA kits. (E) RT-qPCR was used to determine the relative expression of DRP-1 and OPA-1 
in cells. (F) Western blotting was used to measure the expression of DRP-1, OPA-1, and MFN-1 in cells. (G) LPS-stimulated HK-2 cells were transfected with 
miR-214-3p inhibitor or/and sh-ITCH. **p < 0.01 vs. NC inhibitor; #p < 0.05, ##p < 0.01 vs. miR-214-3p inhibitor + sh-NC.
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Additionally, in LPS-stimulated HK-2 cells, the knockdown of 
ABCA1 negated the enhancing effects of oe-ITCH on OCR 
levels and mtDNA copy number (p < 0.01, Figure 9(C and D)).

4.  Discussion

Sepsis is an inflammatory response caused by a microbial 
infection that triggers dysfunction of multiple organs, includ-
ing AKI [27]. Sepsis-associated AKI contributes to high mor-
bidity and mortality [28]; therefore, early diagnosis is pivotal 
for sepsis treatment. CircRNAs are becoming novel potential 
biomarkers and therapeutic targets for diseases because of 
their widespread distribution and regulation of gene expres-
sion [28]. Circ-ITCH, a novel circRNA, is a well-known tumor 
suppressor [13]. In recent years, the pathological role of 
circ-ITCH in non-neoplastic diseases has been gradually 
explored [13]. A previous study reported that circ-ITCH 

expression decreased in high glucose-induced rat mesangial 
cells and streptozotocin-induced diabetic mice [29]. 
Overexpression of circ-ITCH ameliorates inflammation and 
fibrosis in the kidneys of diabetic mice [29]. Our study iden-
tified downregulated circ-ITCH expression in LPS-stimulated 
septic mice and HK-2 cells. SCr and BUN are critical indicators 
of damage to glomerular filtration [30]. Circ-ITCH overexpres-
sion reduced serum SCr and BUN levels in LPS-stimulated 
sepsis mice. Also, circ-ITCH overexpression decreased the lev-
els of AKI-associated markers (NGAL and Kim-1) in 
LPS-induced sepsis mice. In addition, circ-ITCH elevation alle-
viated oxidative stress and inflammatory response. These 
results suggest that circ-ITCH protects renal function in 
sepsis-induced AKI. Mitochondria are the center of cell energy 
metabolism and are closely associated with the pathophysi-
ology of sepsis-induced AKI [31]. Mitochondrial dysfunction 
in AKI is characterized by decreased ATP levels and com-
plexes I/II/III/IV activities [32], which has been observed in 

Figure 9.  Regulatory interplay between circ-ITCH and ABCA1 in LPS-stimulated HK-2 cells. (A) RT-qPCR was used to determine the relative expression of 
circ-ITCH and ABCA1 in cells. (B) Levels of interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α in cells were detected by corresponding ELISA kits. (C) 
OCR was detected in cells. (D) RT-qPCR was used to determine the mtDNA copy number in cells. **p < 0.01 vs. vector; ##p < 0.01 vs. oe-ITCH + sh-NC.
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LPS-induced sepsis mice. Circ-ITCH overexpression increased 
ATP levels and complexes I/II/III/IV activities in LPS-induced 
sepsis mice. In addition, our observations revealed an upreg-
ulation of the mitochondrial fission protein, DRP-1, and a 
downregulation of mitochondrial fusion proteins, OPA-1 and 
MFN-1, in LPS-induced sepsis mice. Elevating circ-ITCH 
expression attenuated DRP-1 levels while enhancing OPA-1 
and MFN-1 levels in both LPS-induced sepsis mice and HK-2 
cells. Interestingly, another study indicated that expression 
levels of MFN-2 and DRP-1 remained unchanged in sepsis-AKI 
patients [33]. To delve deeper into the influence of circ-ITCH 
on mitochondrial functions, we assessed the OCR, mtDNA 
copy number, and specific mitochondrial proteins including 
HSP60 and SDHA. Data indicated that overexpression of 
circ-ITCH augmented OCR levels and mtDNA copy numbers 
while diminishing the protein expression levels of HSP60 and 
SDHA. These findings indicated that circ-ITCH ameliorates 
mitochondrial dysfunction in sepsis-induced AKI. Furthermore, 
we found that circ-ITCH mitigated oxidative stress-induced 
mitochondrial dysfunction by co-treating with NAC (a ROS 
scavenger) and sh-ITCH in LPS-stimulated HK-2 cells.

Additionally, the molecular mechanism of circ-ITCH pro-
tection against sepsis-stimulated AKI was explored, and bio-
informatics analysis identified circ-ITCH as a target of 
miR-214-3p. Inhibition of miR-214-3p promotes proliferation 
and alleviates oxidative stress and inflammation in 
LPS-stimulated HK-2 cells. These findings indicated that 
miR-214-3p plays a critical role in regulating the progression 
of sepsis-induced AKI. A previous study showed that 
miR-214-3p suppression inhibited apoptosis and oxidative 
stress in cisplatin-induced AKI [19]. MiR-214-3p reportedly 
promotes kidney injury and inflammatory responses in 
hyperlipidemic pancreatitis [18]. Moreover, miR-214-3p pro-
motes renal inflammatory infiltration in diabetic nephropathy 
[34]. These data support our results that miR-214-3p acts as 
a pivotal regulator in the pathogenesis of sepsis-induced AKI. 
Notably, miR-214-3p inhibition protected mitochondrial func-
tion in sepsis-induced AKI, as evidenced by the downregula-
tion of DRP-1 and the upregulation of OPA-1 and MFN-1 
expression. MiR-214-3p aggravates chronic kidney disease by 
disrupting mitochondrial oxidative phosphorylation [35]. The 
repressive effects of miR-214-3p depletion on sepsis-induced 
AKI were reversed by circ-ITCH knockdown. Our findings 
demonstrate that circ-ITCH suppresses oxidative stress and 
mitochondrial dysfunction in sepsis-induced AKI by regulat-
ing miR-214-3p.

Furthermore, the target gene of miR-214-3p was explored, 
and bioinformatic analysis indicated ABCA1 as a potential 
target for miR-214-3p. Circ-ITCH promotes ABCA1 expression 
in sepsis-induced AKI. ABCA1 is a member of a subfamily of 
ABC transporters, which mainly regulates cellular lipids. 
Genetic overexpression of ABCA1 has been found to rescue 
mice with focal segmental glomerulosclerosis [36]. In con-
trast, ABCA1 deficiency exacerbates renal lipid deposition 
and kidney injury in diabetic kidney disease [37]. Deficiency 
of ABCA1 in glomerular endothelial cells led to heightened 
renal inflammatory damage and increased cellular apoptosis 

[37]. In addition, ABCA1 deficiency results in cardiolipin-driven 
mitochondrial dysfunction in podocytes [38]. Studies have 
been demonstrated that the increase of ABCA1 decreases 
proteinuria and renal inflammation [38]. Evidence from this 
study revealed that ABCA1 expression is downregulated in 
the renal tissues of mice with LPS-induced sepsis. MiR-214-3p 
downregulation significantly increased ABCA1 expression in 
sepsis-induced AKI, which was offset by circ-ITCH knockdown. 
Additionally, our observations revealed that the knockdown 
of ABCA1 mitigated the protective effects of circ-ITCH against 
inflammation and mitochondrial dysfunction in sepsis-induced 
AKI. These findings suggest that circ-ITCH acts as a buffer for 
the miR-214-3p/ABCA1 axis, thus diminishing inflammation 
and mitochondrial impairment in sepsis-induced AKI.

5.  Conclusions

Circ-ITCH protects against sepsis-induced AKI by antagoniz-
ing inflammation and mitochondrial dysfunction. Circ-ITCH 
exerts its effects by competitively binding to miR-214-3p and 
facilitating ABCA1 expression. Our results revealed that 
circ-ITCH may be a new therapeutic target for sepsis-induced 
AKI by regulating mitochondrial function. Meanwhile, we 
proposed an underlying mechanism of circ-ITCH regulation 
of sepsis-induced AKI by affecting the miR-214-3p/ABCA1 
axis. However, the specific mechanism by which the circ-ITCH/
miR-214-3p/ABCA1 axis regulates sepsis-induced AKI requires 
further elucidation. Further in vitro and in vivo experiments 
are necessary to determine the role of miR-214-3p/ABCA1 in 
sepsis-induced AKI.
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