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A B S T R A C T

Background: Circular RNAs (circRNAs) have been documented to regulate neonatal acute kidney injury (AKI). 
Based on previous RNA-sequence findings, circPICALM exhibited significantly disparate expression between AKI 
newborns and Controls. This study aimed to provide further insights into the regulatory mechanism of circPI
CALM in neonatal AKI.
Methods: C57BL/6 mice born 7 days were divided into Control group and hypoxia groups (11%O2 and 8%O2 
groups). Human tubule epithelial cells (HK-2) were stimulated with hypoxia/reoxygenation (H/R) to establish an 
AKI cell model. Through overexpression and knockdown techniques, the regulatory role of circPICALM in H/R- 
induced kidney injury was explored. Inflammatory cytokines, cell apoptosis, and oxidative stress were also 
detected to confirm the regulatory function of circPICALM in neonatal AKI.
Results: RT-qPCR confirmed that circPICALM was highly expressed in the serum of AKI newborns, neonatal I/R 
mice and H/R-treated HK-2 cells. Functionally, circPICALM exacerbated H/R-induced HK-2 cell injury by 
aggravating apoptosis and mitochondrial oxidative stress, increasing the expression of inflammatory factors, 
including IL-6, IL-1β, and TNF-α. Conversely, inhibition of circPICALM alleviated H/R injury in the HK-2 cell 
line. The interaction between circPICALM and miR-204-5p was validated through RNA immunoprecipitation and 
luciferase assay. Finally, circPICALM functioned as a molecular sponge of miR-204-5p and promoted the upre
gulation of downstream IL-1β expression.
Conclusion: CircPICALM plays a critical role in H/R-induced neonatal AKI by sponging miR-204-5p and then 
activating the downstream IL-1β signaling axis. The inhibition of circPICALM and subsequent suppression of pro- 
inflammatory factors could serve as a promising biomarker and therapeutic target for early intervention in 
neonatal AKI.

1. Introduction

Acute kidney injury (AKI) in newborns is a severe disease, that affects 
an estimated 18–70 % of infants in the neonatal intensive care unit 
(NICU). This ailment is associated with prolonged hospital stay, 
increased mortality rate, and worse prognosis [1–7]. Neonatal AKI is 

generally caused by various risk factors, such as sepsis, nephrotoxic 
drugs, cardiopulmonary bypass surgery, and perinatal asphyxia (PA). 
Among them, the occurrence of AKI in neonates induced by PA fluctu
ates from 11.7 % to 60.0 %, contingent upon the specific diagnostic 
criteria employed [3,8]. Since 2013, the criteria of neonatal modified 
Kidney Disease: Improving Global Outcomes (KDIGO) have been 
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utilized to delineate AKI, relying on either the absolute elevation of 
serum creatinine (SCr) levels or the reduction in urine output [9,10]. 
However, different from adult or pediatric AKI, the accurate and early 
diagnosis of neonatal AKI is relatively difficult. Additionally, PA- 
induced AKI is driven by complex pathophysiological mechanism. 
Thus, carefully investigating the molecular mechanism underlying 
neonatal AKI is crucial for identifying innovative approaches to prevent 
and mitigate neonatal kidney injury.

Circular RNA (circRNA) is one kind of non-coding RNAs with a co
valent bond structure, characterized by the absence of a 5′ terminal cap 
and 3′ terminal poly (A) tail [11]. Because of the specific circular 
structure, circRNAs are resistant to nucleases. This kind of small RNA 
exhibits stability in peripheral blood and exosomes, which is also 
abundant in the kidney tissue [12]. A key function of circRNAs is to act 
as microRNA (miRNA) sponges, regulating downstream signaling 
pathways. A recent report has revealed the involvement of circRNAs in a 
spectrum of renal diseases, including AKI [13]. For instance, ciRs-126 is 
a significant indicator of survival in severe AKI patients [14]. In addi
tion, circ_0023404 exhibits higher expression level in AKI patients as 
well as in hypoxia/reoxygenation (H/R) cell models. Circ_0023404 
plays a role as a sponge of miR-136 which contributes to the H/R- 
induced kidney injury [15]. Regarding circPICALM (hsa_
circ_0023919), in our previous study it showed differential expression in 
the peripheral blood between hypoxia-induced AKI neonates and con
trols [16] (Supplementary). So, it was selected for further functional 
experiments. In other studies, circPICALM is notably downregulated in 
bladder cancer. It could act as a sponge for miR-1265, then modulating 
the expression of STEAP4 and influencing FAK phosphorylation, 
consequently contributing to metastatic processes [17]. Nonetheless, the 
specific mechanism of circPICALM in neonatal AKI has been unclear.

Given the above, in this study, the expression of circPICALM in PA- 
induced AKI newborns, animal model, and cell model was detected 
respectively. Furthermore, an AKI cell model (HK-2 cell line) stimulated 
by H/R was established to simulate kidney injury after neonatal 
asphyxia. Then, miR-204-5p was confirmed as a downstream target of 
circPICALM. And, IL-1β could act as a target of miR-204-5p. In addition, 
the potential regulatory role of circPICALM/miR-204-5p/IL-1β axis in 
the progression of PA-induced AKI was explored in vitro.

2. Material and methods

2.1. Patient samples

From October 2020 to November 2021, AKI blood samples were 
taken from newborns in the NICU of the First Affiliated Hospital of 
Nanjing Medical University. For the AKI group, peripheral blood was 
drawn when AKI was diagnosed. For the control group, blood samples 
were taken from newborns with physiological jaundice (mild to mod
erate indirect hyperbilirubinemia) on the third day after birth. Firstly, 
five samples from the AKI group (n = 5) and five samples from the 
control group (n = 5) were pooled into two independent tubes for high- 
throughput sequencing. Secondly, peripheral blood samples were 
collected for q-PCR validation from another 20 asphyxial AKI newborns 
and another 16 controls (neonates with physiological jaundice) (Sup
plementary) [16].

2.2. Estimation of sample size

As shown in the previous high-throughput sequencing results (Sup
plementary), the |Log2 Fold Change| of circPICALM in the AKI group 
was about 4.26 times higher than in the control group. The standard 
deviation (σ) of the circPICALM expression level was 1.283. Considering 
α = 0.05 and β = 0.20, if a 1:1 design was adopted between the AKI 
group and the control group, it is calculated that at least 4 infants (AKI 
group n = 2, Control group n = 2) are needed for further q-PCR vali
dation after calculating by R statistical software (version 4.3.1). In fact, 

in this study 20 asphyxial AKI newborns and 16 controls were subse
quently enrolled in this study (Supplementary).

2.3. Diagnostic criteria

The criteria for acute perinatal asphyxia included: (a) signs of fetal 
distress such as late decelerations, bradycardia, and loss of heart rate 
variability; (b) the onset of a significant hypoxic event before or during 
delivery; (c) clinical presentation of hypoxic-ischemic encephalopathy 
and involvement of multiple secondary organs; and (d) detection of 
severe acidosis in umbilical artery blood, characterized by pH ≤ 7.0 with 
base deficit ≥ − 16 mmol/l [18]. The definition of AKI followed the 
neonatal modified KDIGO criteria [9], which involved either a sustained 
elevation of SCr levels exceeding 1.5 mg/dl for a minimum of 24 h, or a 
reduced urine output of <1.0 ml/kg*h.

2.4. Animal experiments

C57BL/6 mice born 7 days were randomly divided into three groups: 
Control group, hypoxia groups (11%O2 group and 8%O2 group), the 
number of each group was 6. In the hypoxia groups were subjected for 2 
h of systemic hypoxia in anoxic incubator in an atmosphere containing 
8 % oxygen and 92 % nitrogen or 11 % oxygen and 89 % nitrogen at a 
temperature of 37 ◦C. After exposure, the animals were returned to their 
mothers and after 2 h reoxygenation, kidneys were taken for further 
examination.

2.5. Cell culture and hypoxia/reoxygenation (H/R) treatment

The human renal proximal tubular cell line (HK-2 cell line, Cat. 
FH0228) (Fuheng Institutes for Biological Sciences, Shanghai, China) 
was cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture 
F12 (DMEM/F12, Gibco) containing 10 % fetal bovine serum (Gibco, 
China) and penicillin/streptomycin (100 U/ml) at 37 ◦C with 5 % CO2. 
HK-2 cell line stimulated by H/R was established to simulate the envi
ronment of kidney injury after neonatal asphyxia. For detailed H/R 
treatment, cells were cultured in a serum-free medium and transferred to 
hypoxic conditions (5 % CO2, 1 % O2, and 94 % N2) for four time in
tervals (0, 12, 18, and 24 h), after which they were reoxygenated for 2 h 
in fresh normal medium, constituting the H/R group. For further study, 
HK-2 cells were cultured in hypoxia conditions for 18 h and reoxy
genated for 2 h to establish H/R model.

2.6. Cell transfection

Lentivirus packaging cells (GeneChem, China) were transfected with 
lentivirus silencing hsa_circ_0023919 (sh-anti-hsa_circ_0023919), lenti
virus overexpressing hsa_circ_0023919 (LV-hsa_circ_0023919), or the 
negative control (sh-anti-NC or LV-NC) for 72 h. H/R treatment was 
conducted after 72 h post-infection. In addition, HK-2 cells cultured in a 
six-well plate were transfected with 5 μl of inhibitor or 3 μl of mimic 
(RiboBio, China) with miR-204-5p using Lipofectamine 2000 (Invi
trogen, Thermo Fisher Scientific, China). At 24 h post-transfection, the 
medium was refreshed.

2.7. Quantitative real-time polymerase chain reaction (RT-qPCR)

Total RNA samples were collected from the peripheral blood of 
included infants, and HK-2 cells were extracted by TRIzol reagent 
(TaKaRa, Japan) following the manufacturer's instructions. RNA was 
quantified and reversely transcribed into cDNA (Vazyme, China). For 
miRNAs, cDNA was synthesized using the PrimeScript™ RT reagent kit 
(RiboBio, China). RT-qPCR was conducted on a LightCycler480II 
(Roche, China) using SYBR Green PCR Master Mix (Vazyme, China). The 
expression level of the target gene was normalized to that of GAPDH and 
calculated through the 2− ΔΔCt method. Primers for miR-204-5p, U6, and 
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circPICALM were procured from RiboBio (China). The specific primer 
sequences for qPCR are listed in Table 1.

2.8. Nuclear-cytoplasmic fractionation and RNase R digestion

Based on the manufacturer's instructions, nuclear and cytoplasmic 
RNA was isolated using the PARISTM kit (Invitrogen, USA). In terms of 
RNase R treatment, 5 μg of total RNA was digested with 10 U RNase R 
(Geneseed, China) at 37 ◦C for 30 min. Subsequently, the separated RNA 
was used for RT-qPCR analysis to detect the circPICALM expression, 
with GAPDH and U6 as the internal references in the nucleus and 
cytoplasm, respectively.

2.9. RNA immunoprecipitation (RIP) assay

The RIP assay was performed by the Magna RIPTM RNA Binding 
Protein Immunoprecipitation Kit from Millipore (USA). HK-2 cell lysates 
were incubated overnight with RIP buffer which contained magnetic 
beads conjugated with either human anti-AGO2 antibody or negative 
control rabbit IgG. On the next day, the reaction mixture was treated 
with Proteinase K for 30 min, and the immunoprecipitated RNA was 
isolated. RT-qPCR was then conducted to assess the expression levels of 
circPICALM and miR-204-5p.

2.10. Luciferase reporter assay

In terms of luciferase reporter assays, the mutant (MUT) or wild-type 
(WT) sequence of circPICALM or IL-1β containing the binding sites for 
miR-204-5p were subcloned into pGL3 basic reporter vectors (Promega, 
USA). In brief, HK-2 cells were transfected with pGL3-circPICALM WT/ 
MUT or pGL3-IL-1β WT/MUT 3′-untranslated region (UTR) constructs 
along with miR-204-5p mimics or negative control (NC) mimics. Sub
sequently, the Dual-Luciferase Assay System (Promega, USA) was uti
lized to measure luciferase activity.

2.11. Flow cytometry assay

Apoptosis was measured using the Annexin V-FITC/PI apoptosis kit 
(BD Pharmingen™, USA) according to the manufacturer's protocol. The 
cells were collected after H/R treatment, washed twice with cold 
phosphate-buffered saline (PBS), and resuspended in binding buffer at a 
concentration of 1 × 106 cells/ml. Subsequently, the cells were stained 
with 5 μl Annexin V-FITC and 10 μl PI in the dark for 15 min before 
analysis using flow cytometry (BD, USA). Briefly, forward scattering 
(FSC) and lateral scattering (SSC) gates were set to preliminary differ
entiate cell populations. In the FSC vs. SSC scatter plot, circle the target 
cell population. Distinguish cells in Annexin V vs. PI diagram: Annexin 
V− /PI− : living cells; Annexin V+/PI− : early apoptotic cells; Annexin 
V+/PI+: late apoptotic or necrotic cells. Apoptosis rate was the 

percentage of late apoptotic (Annexin V+/PI+) and early apoptotic 
(Annexin V+/PI− ) cells to cells.

2.12. Enzyme-linked immunosorbent assay (ELISA)

Inflammatory factors, such as IL-6, IL-1β, and TNF-α in supernatants 
of HK-2 cells were detected using the IL-6 (Item number: E-EL-H6156), 
IL-1β (Item number: E-EL-H0149), and TNF-α (Item number: E-EL- 
H0109) ELISA kits (Elabscience, China), respectively. The absorbance at 
450 nm was measured on a Microplate Luminescence Detector (Promega 
GloMax, USA).

2.13. Oxidative stress assay

The oxidative stress assay was conducted by assessing the activities 
of various oxidative indicators. Levels of malondialdehyde (MDA) and 
reactive oxygen species (ROS) were measured using the ROS or MDA 
assay kit from Beyotime (China). Activities of superoxide dismutase 
(SOD) and L-glutathione (GSH) were determined using the SOD assay kit 
(Beyotime, China) and the GSH assay kit (Jiancheng, China), respec
tively, following the manufacturer's protocols.

2.14. Bioinformatics

The information of circPICALM was searched on circBase (http 
://www.circbase.org). The potential miRNAs targeted by circPICALM 
were predicted using the bioinformatics resources starBase (http://st 
arbase.sysu.edu.cn/) and circBank (http://www.circbank.cn/). The 
potential miRNAs bound to IL-1β were also predicted using starBase 
(http://starbase.sysu.edu.cn).

2.15. Statistical analysis

1) In terms of the comparison of clinical characteristics between AKI 
patients and controls, quantitative data were manifested as mean and 
standard deviation (SD). Comparisons between the two groups were 
performed using the t-test. For qualitative data, the Pearson Chi-square 
test or Fisher's exact test was conducted. 2) As far as the cell and animal 
experiments in this study as concerned, the quantitative variables were 
shown as mean ± standard error (SE), and were conducted at least three 
times. Differences between the two groups were evaluated for signifi
cance through a Student's t-test (two-tailed), while comparisons among 
multiple groups were analyzed by one-way analysis of variance 
(ANOVA). Statistical analysis was implemented using GraphPad Prism 
version 8.0 software. A P < 0.05 was considered statistically significant 
in this study.

3. Results

3.1. Expression of circPICALM in the peripheral blood of AKI patients, 
neonatal I/R mice and H/R-treated cells

Firstly, RNA high-throughput sequencing data of peripheral blood 
were analyzed between PA-induced AKI neonates and controls [16]. 
Compared to the non-AKI group, the results showed a total of 186 
upregulated circRNAs (Fold change > 2 and P < 0.05) in the AKI group 
(Supplementary) [16]. Among them, circPICALM (has_circ_0023919) 
exhibited higher expression in the peripheral blood of PA-AKI neonates 
(Fig. 1A–B). In neonatal I/R mice, histological study revealed slight 
changes in kidney morphology induced by hypoxia (Fig. 1C), but RT- 
qPCR showed kidney injury biomarkers: NGAL and KIM-1 increased 
significant in 8%O2 group (Fig. 1D). Results showed circPICALM were 
upregulated in 8%O2 group (Fig. 1E). To further verify whether the 
expression of circPICALM was induced by hypoxia injury, an in vitro cell 
model of H/R-triggered AKI was established (Fig. 1F–G), and the results 
validated that the circPICALM level was also significantly elevated in the 

Table 1 
Primer sequences.

Gene Primer sequences(5′ → 3′)

hsa_circ_0023919 F:TAGCAAGTACATGGGGAGGCC
R:CATTGGAAAGTGTAGTTGCCCT

GAPDH F:GAACGGGAAGCTCACTGG
R:GCCTGCTTCACCACCTTCT

IL-1β F:TTGAGTCTGCCCAGTTCC
R:TTTCTGCTTGAGAGGTGCT

IL-6 F:CAATAACCACCCCTGACC
R:GCGCAGAATGAGATGAGTT

TNFα F:GGAAAGGACACCATGAGC
R:CCACGATCAGGAAGGAGA

BAX F:GCGACTGATGTCCCTGTCT
R:TGAGTGAGGCGGTGAGC

BCL-2 F:GCGGATTGACATTTCTGTG
R:CATAAGGCAACGATCCCA
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H/R group in a time-dependent manner (Fig. 1H). The above results 
indicated that the expression of circPICALM was increased not only in 
the peripheral blood of AKI neonates but also in vivo and in vitro AKI 
models. According to circbase2.0, circPICALM has a genomic length of 
6626 nt and a spliced length of 451 nt; and the genomic location is 
chr11:85707868-85714494 (http://www.circbase.org/cgi-bin/singler 
ecord.cgi?id=hsa_circ_0023919).

3.2. The looping and localization characteristics of circPICALM in HK-2 
cells

The RNase R assay in HK-2 cells exhibited a decreased expression of 
linear PICALM mRNA due to RNase R digestion, while the circPICALM 
expression was not affected (Fig. 2A). The stability of circPICALM was 
detected by PCR through cDNA and genomic DNA (gDNA) untreated or 
pretreated with RNase R (Fig. 2B). CircPICALM was resistant to diges
tion under RNase R treatment, while the linear form of PICALM was 
digested. gDNA did not present a circRNA amplification product 

Fig. 1. Expression of circPICALM in the peripheral blood of AKI patients, neonatal I/R mice and H/R-treated cells. A. RNA high-throughput sequencing exhibited 
differential circRNA expression between AKI and control groups. Red dot: upregulated expression; blue dot: downregulated expression. B. RT-qPCR exhibited 
circPICALM expression in PA-AKI and healthy control neonates. C. Histological examination of kidney morphology in different groups. D. NGAL and KIM-1 mRNA 
expression in hypoxia mice; E. circPICALM expression in hypoxia mice; F–G. Flow cytometry evaluated cell apoptosis in HK-2 cells under H/R treatment at different 
time points. H. RT-qPCR exhibited circPICALM expression in H/R-triggered HK-2 cells. *P < 0.05; **P < 0.01. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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compared to cDNA. Detection of the splice junction sequence also 
confirmed the circular structure of circRNA (Fig. 2C). Such results 
demonstrated that circPICALM was a stable circular RNA. After the 
physical separation of nucleoli and cytoplasmic RNA, RT-qPCR showed 
that circPICALM was mainly localized in the cytoplasm (Fig. 2D).

3.3. Interference of circPICALM alleviated H/R-induced HK-2 cell 
apoptosis

To investigate the function of circPICALM in AKI, circPICALM was 
overexpressed or knocked down in HK-2 cells (Fig. 3A). The RT-qPCR 
demonstrated that the expression of circPICALM was downregulated 
by sh-circPICALM-03 (Fig. 3B). After transfection, cells were treated 
under an H/R environment. Flow cytometry results indicated that HK-2 
cell apoptosis was aggravated in HK-2 cells with the enforced expression 
of circPICALM (Fig. 3C–D). RT-qPCR results also confirmed that circ
PICALM overexpression upregulated the levels of pro-apoptotic BAX but 
suppressed the expression of BCL-2 under H/R treatment. Nonetheless, 
the phenomena were reversed following the knockdown of circPICALM 
(Fig. 3E).

3.4. The knockdown of circPICALM reduced H/R-induced inflammation 
and oxidative stress

Further investigation was conducted to determine whether circPI
CALM was involved in inflammation and oxidative stress under the H/R 
condition. ELISA and RT-qPCR results revealed that IL-6, IL-1β, and TNF- 
α were elevated following circPICALM overexpression, which was 
rescued by circPICALM knockdown (Fig. 4A–B). Then, the oxidative 
stress indicators in HK-2 cells were determined. Findings were made that 
overexpression of circPICALM strongly increased the ROS generation 

and MDA content but decreased the activity of the antioxidant enzymes 
SOD and GSH. In addition, the inhibition of circPICALM suppressed the 
oxidative stress progression (Fig. 4C–D). The described findings suggest 
that the downregulation of circPICALM relieved H/R-induced HK-2 cell 
injury by reducing inflammation and oxidative stress levels.

3.5. CircPICALM could act as a sponge of miR-204-5p

Previous studies have manifested that circPICALM is mainly local
ized in the cytoplasm. In the present study, it was hypothesized that 
circPICALM could be a miRNA sponge to promote the expression of 
target genes. To predict the target miRNA of circPICALM, starBase (htt 
p://starbase.sysu.edu.cn/) and circBank (http://www.circbank.cn/) 
were employed together. A total of 13 miRNAs were predicted to 
interact with circPICALM (Fig. 5A). The top five miRNAs were screened 
to analyze whether they were associated with kidney injury in H/R- 
induced HK-2 cell and AKI patients (Fig. 5B–C). Finally, it was pre
dicted that miR-204-5p could be a key molecular player related to 
circPICALM. Therefore, HK-2 cells were subjected to an anti-AGO2 RIP 
assay following H/R treatment, wherein an anti-AGO2 antibody (with 
IgG serving as a negative control) was employed to capture circPICALM 
and miR-204-5p. The RIP outcomes revealed that both circPICALM and 
miR-204-5p were enriched by anti-AGO2 antibodies, while no enrich
ment was observed with non-specific anti-IgG antibodies (Fig. 5D). 
Additionally, the dual-luciferase reporter assay showed that the in
tensity of the luciferase reaction was significantly reduced after binding 
of circPICALM to miR-204-5p (Fig. 5E–F). Meanwhile, circPICALM 
augmentation decreased the miR-204-5p level in HK-2 cells (Fig. 5G). As 
such, circPICALM bounded to and negatively regulated miR-204-5p in 
HK-2 cells.

Fig. 2. The looping and localization characteristics of circPICALM in HK-2 cells. A. RT-qPCR exhibited circPICALM and linear PICALM levels in HK-2 cells after 
RNase R treatment. B. Linear and anti-splice products were amplified by polymerase chain reaction primers regardless of treatment with RNase R. C. Identification of 
circPICALM splice junction. D. RT-qPCR confirmed that circPICALM and PICALM are located in the cytoplasm of HK-2 cells.
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3.6. The miR-204-5p mimics attenuated H/R-induced HK-2 cell apoptosis

Further, miR-204-5p mimics and inhibitors were used to enhance or 
knockdown miR-204-5p expression in HK-2 cells (Fig. 6A). CircPICALM 
expression was downregulated in miR-204-5p mimic HK-2 cells 
(Fig. 6B). Flow cytometry and RT-qPCR results revealed that miR-204- 
5p augmentation significantly alleviated apoptosis (Fig. 6C–D), 
decreased BAX and BCL-2 expression induced by H/R, while miR-204-5p 
inhibitors promoted the aggravation of apoptosis (Fig. 6E).

3.7. The miR-204-5p mimics attenuated H/R-induced HK-2 cell 
inflammation and oxidative stress

Similarly, the overexpression of miR-204-5p alleviated oxidative 
stress and reduced the level of inflammatory cytokines, such as IL-6, IL- 
1β, and TNF-α, while the downregulation of miR-204-5p exhibited 
opposite results (Fig. 7A–B). Meanwhile, miR-204-5p mimics also 
increased the activity of SOD and GSH level, decreased ROS generation 
and MDA content (Fig. 7C–D).

3.8. IL-1β as a target of miR-204-5p

To further explore the potential downstream target of miR-204-5p, a 

potential binding site for miR-204-5p in the 3′-UTR of IL-1β was pre
dicted through bioinformatics (Fig. 8A). Luciferase reporter assay 
showed that miR-204-5p mimic significantly reduced the luciferase ac
tivity of WT in HK-2 cells, while the expression level of Mut did not 
exhibit any changes in luciferase activity (Fig. 8B).

3.9. Rescue experiment of circPICALM/miR-204a-5p/ IL-1β axis

To further investigate whether circPICALM promotes the biological 
progress of AKI through the circPICALM/miR-204a-5p/IL-1β axis. HK-2 
cells were co-transfected with miR-204-5p mimic and circPICALM 
overexpression lentivirus. As demonstrated by qPCR analysis, there was 
a significant reduction in IL-1β mRNA expression upon miR-204-5p 
overexpression. Upregulating circPICALM rescued the expression of IL- 
1β (Fig. 9A). In addition, miR-204-5p mimics repressed HK-2 cell 
apoptosis triggered by H/R, which was reversed by circPICALM over
expression (Fig. 9B–C).

4. Discussion

Newborns affected by severe PA commonly experience multi-organ 
dysfunction. There's a redistribution and adjustment of cardiac output 
aimed at preserving perfusion to vital organs such as the brain, heart, 
and adrenal glands, thereby decreasing oxygen perfusion to the kidneys 
[19]. Previous studies have shown that severe AKI is associated with 
longer hospital stays and poor clinical outcomes in neonates. Newborns 
with AKI in the first week of life are related to higher mortality [20–22]. 
Hence, searching for key mechanisms at the initial stage of AKI is 
essential for early intervention to prevent the progression of renal 
tubular cell injury and preserve renal function. Currently, some studies 
have indicated that oxidative stress and inflammatory response play 
significant roles in the development of AKI [23].

Furthermore, increasing research has reported that non-coding RNAs 
(ncRNAs) play a crucial role in regulating kidney diseases. Among the 
ncRNAs, circRNAs are enriched in the kidney and could function 
through competitive binding of miRNAs, regulation of various tran
scriptional processes, or translation of proteins [24]. For example, Shi 
et al. found that circYAP1 attenuates renal tubular epithelial cells from 
ischemia-reperfusion (I/R) injury via sponging miR-21-5p and acti
vating the PI3K/AKT/mTOR pathway [25]. Moreover, an in vivo study 
showed that the expression of circ-AKT3, circ-DNMT3A, circ-plekha7, 
and circ-ME1 were downregulated in SD rats with I/R AKI, while los
artan restored the expression of these circRNAs [26].

In the present study, high-throughput circRNA sequencing was 
employed to identify differentially expressed circRNAs in AKI newborns 
(Supplementary). The analysis results revealed that circPICALM was not 
only upregulated in the serum of newborns with PA-induced AKI but 
also in H/R-treated HK-2 cell model. Furthermore, the overexpression of 
circPICALM promoted cell apoptosis and heightened oxidative stress 
and inflammatory response, whereas the knockdown of circPICALM 
alleviated H/R-induced injury. CircRNAs can potentially bind miRNAs 
to regulate downstream signaling mRNA. Consequently, through RIP 
analysis and luciferase reporter assays, the underlying pathway of 
circPICALM/miR-204-5p/IL-1β was elucidated. Overall, the current 
research results indicate that the lack of circPICALM could protect HK-2 
cells from H/R-induced injury.

As for miR-204-5p, it was found that it can be secreted by renal 
tubular epithelial cells [27]. Dong J et al. further found delivering miR- 
204-5p mimics increased miR-204-5p expression, improved renal func
tion, inhibited renal fibrosis and oxidative stress, and restored auto
phagy in db/db mice [28]. In contrast, Cheng Y et al. reported that 
kidneys of patients with hypertension, hypertensive nephrosclerosis, or 
diabetic nephropathy all exhibited a significant decrease in miR-204-5p. 
And inhibiting miR-204-5p or deleting the Mir204 gene could lead to the 
upregulation of the target gene SHP2 [29]. These studies reveal that an 
appropriate level of miR-204-5p is necessary for maintaining the normal 

Fig. 3. Interference of circPICALM alleviated H/R-induced HK-2 cell apoptosis. 
A–B. RT-qPCR detected the efficiency after lentivirus transfection. C–D. Flow 
cytometry evaluated cell apoptosis in HK-2 cells treated with LV-NC, LV-circ
PICALM, sh-NC, and sh-circPICALM under H/R treatment. E. RT-qPCR analysis 
of pro-apoptotic BAX and anti-apoptotic BCL-2 expression. *P < 0.05; **P 
< 0.01.
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function of renal tubular cells. Furthermore, Li H et al. found the 
expression of miR-204-5p was downregulated in response to exogenous 
pro-inflammatory stimulus, TNF-α, or IL-1β, while that of IL-6R was 
upregulated in HK-2 cells [30]. This study suggests that the expression of 
inflammatory factors is closely related to miR-204-5p.

In fact, inflammatory factors such as TNF-α, IL-1β, and IL-6 have 
been implicated in neonatal diseases, with strong evidence suggesting 
their direct or indirect involvement in renal function impairment in 
perinatal asphyxia neonates. For instance, previous research has 
revealed an increased gene expression of renal proinflammatory cyto
kines (IL-1β, IL-6, TNF-α, and monocyte chemoattractant protein-1) and 
kidney injury markers promptly after perinatal asphyxia [31]. As a key 
pro-inflammatory cytokine, IL-1β binds to IL-1α and activates the same 
receptor when the kidney undergoes ischemia and hypoxia, subse
quently activating the release of other pro-inflammatory cytokines, 
including IL-6 and TNF-α, which ultimately contributes to final kidney 
injury. Chen Y further found that following AKI, the canonical pro- 
inflammatory cytokine IL-1β is released predominantly from activated 
renal myeloid cells and binds to the IL-1R1 on kidney parenchymal cells. 
And IL-1R1 could serve as a critical negative feedback regulator of IL-1 
signaling in CD11c+ myeloid cells to dampen inflammation to limit AKI 
[32]. Consequently, early intervention to block the activity and inhibit 
the release of inflammatory factors plays a crucial role in controlling 
renal cellular damage [33]. In the present study, IL-1β was significantly 
upregulated following circPICALM overexpression in HK-2 cells. 
Compared with that, knockdown of circPICALM could downregulate the 
expression of IL-1β. These findings highlight the significant roles of 
circPICALM in the downstream regulation of inflammatory progression 
in kidney injury.

As far as circRNAs are concerned, Liao Y et al. reported that 
circRNA_45478 mediated the progression of ischemic AKI (mouse 
proximal tubule-derived cell lines) by regulating miR-190a-5p/PHLPP1 
axis [34]. A study from Li P et al. revealed that circNRIP1 depletion 
ameliorated LPS-induced HK-2 cell damage by regulating the miR-339- 
5p/OXSR1 pathway [35], which suggests the association between 
circRNAs and oxidative stress. Moreover, Ye W et al. found circ-ITCH 
could act as a sponge for miR-214-3p, thereby upregulating ABCA1 

expression. However, the miR-214-3p inhibitor repressed oxidative 
stress, inflammation, and mitochondrial dysfunction, which was 
reversed by circ-ITCH knockdown [36]. This study further proved that 
the circRNA-miR axis is involved in mitochondrial dysfunction by 
regulating oxidative stress. In contrast, circPICALM has not been 
described in kidney diseases yet. Existing evidence only suggests that 
circPICALM was potentially related to Alzheimer's disease and bladder 
cancer [37,38]. Our study is the first to report the role of circPICALM in 
regulating mitochondrial oxidative stress and renal damage. In this 
study, miR-204-5p was indicated to interact with circPICALM in AKI. 
Overexpressed miR-204-5p alleviated H/R-induced cell inflammation, 
apoptosis, and mitochondrial oxidative stress. Further, IL-1β was iden
tified as the downstream target gene of miR-204-5p. The above results 
collectively demonstrate that circPICALM participates in H/R-induced 
AKI by targeting the miR-204-5p/IL-1β axis and activating mitochon
drial oxidative stress. Therefore, it can be inferred from the results that 
overexpression of circPICALM could make the signaling axis a potential 
intervention target for neonatal AKI, thereby reducing the release of 
inflammatory factors and improving clinical prognosis.

5. Limitations

The main limitation is that this study was mainly conducted in vitro, 
although some in vivo phenotype experiments had been performed. 
Thus, the mechanism of the circPICALM-miR-204-5p-IL-1β axis could be 
further elucidated using mammalian in vivo models like neonatal I/R 
C57BL/6 mice. In I/R mice model, we plan to use lentiviral vector to 
overexpress or knockdown circPICALM through the tail vein injection. 
Additionally, circPICALM could be a potential intervention target of PA 
induced AKI through further experiments like CRISPR-Cas9. It will help 
us to explore how circPICALM acts on the internal mechanism of 
mitochondrial oxidative stress. Moreover, Functional validation is also 
important in different AKI animal models (nephrotoxic drugs, severe 
infection), which could comprehensively demonstrate that the circPI
CALM-miR-204-5p-IL-1β signaling axis plays an important role not only 
in AKI caused by hypoxia. And, inflammatory factors like IL-1β, IL-6, and 
TNF-α could be detected in these models and informatory cells. Last but 

Fig. 4. The knockdown of circPICALM reduced H/R-induced inflammation and oxidative stress. A. RT-qPCR exhibited the mRNA levels of IL-1β, IL-6, and TNF-α in 
HK-2 cells after lentivirus transfection. B. ELISA analysis of the concentration of IL-1β, IL-6, and TNF-α in HK-2 cells after lentivirus transfection. C. Levels of 
antioxidant enzymes GSH and SOD in HK-2 cells after lentivirus transfection. D. Levels of MDA and ROS in HK2 cells were measured using the corresponding kits. *P 
< 0.05; **P < 0.01; ***P < 0.001.
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not least, circPICALM from urine or peripheral blood can also be a good 
biomarker for AKI. We will explore the potential predictive and diag
nostic value by constructing a risk predictive model combined with 
clinical data in the future.

6. Conclusion

In summary, the present findings highlight the involvement of circ
PICALM in PA-induced AKI. Overexpression of circPICALM exacerbated 
apoptosis, inflammation, and oxidative stress via the miR-204-5p/IL-1β 
axis in H/R-treated AKI, indicating its contribution to neonatal AKI 
progression. The insights gained from the present study suggest that 
early inhibition of circPICALM and then suppression of pro- 
inflammatory factors could serve as a potential therapeutic target for 
early intervention in neonatal AKI. Further research is still needed on 
how circPICALM specifically acts on neonatal AKI, particularly mito
chondrial oxidative stress.
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Fig. 5. CircPICALM acts as a sponge for miR-204-5p in HK-2 cells. A. Prediction 
of downstream target miRNA by circBank and starBase. B. RT-qPCR analysis of 
top 5 miRNAs in H/R-treated HK-2 cells. C. RT-qPCR analysis of miR-204-5p 
expression in the sera of PA-AKI patients. D. miR-204-5p interacts with circ
PICALM by RIP assay. E. starBase predicted binding sites between circPICALM 
and miR-204-5p. F. Luciferase reporter assay validated the association between 
circPICALM and miR-204-5p. G. RT-qPCR showed miR-204-5p expression in 
HK-2 cells after lentivirus transfection. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 6. The miR-204-5p mimics attenuated H/R-induced HK-2 cell apoptosis. 
A–B. RT-qPCR verified miR-204-5p and circPICALM expression after trans
fection. C–D. Flow cytometry evaluated cell apoptosis in HK-2 cells treated with 
mimic NC, miR-204-5p mimic, inhibitor NC, and miR-204-5p inhibitor under 
H/R treatment. E. RT-qPCR analysis of pro-apoptotic BAX and anti-apoptotic 
BCL-2 expression. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. The miR-204-5p mimics attenuated H/R-induced HK-2 cell inflammation and oxidative stress. A. RT-qPCR showed the mRNA levels of IL-1β, IL-6, and TNF-α 
in HK-2 cells after miR-204-5p mimic/inhibitor transfection. B. IL-1β, IL-6, and TNF-α in HK-2 cells after miR-204-5p mimic/inhibitor transfection by ELISA. C. Levels 
of antioxidant enzymes GSH and SOD in HK-2 cells after miR-204-5p mimic/inhibitor transfection. D. Levels of MDA and ROS in HK2 cells were measured using the 
corresponding kits after miR-204-5p mimic/inhibitor transfection. *P < 0.05; **P < 0.01.

Fig. 8. IL-1β was a target of miR-204-5p, and the results of a rescue experiment. A. starBase predicted the binding sites between IL-1β and miR-204-5p. B. Luciferase 
reporter assay validated the correlation between IL-1β and miR-204-5p. *P < 0.05.
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