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ABSTRACT
Sepsis-associated acute kidney injury (S-AKI) is a common disease in pediatric intensive care units 
(ICU) with high morbidity and mortality. The newly discovered results indicate that microRNAs 
(miRNAs) play an important role in the diagnosis and treatment of S-AKI and can be used as 
markers for early diagnosis. In this study, the expression level of miR-16-5p was found to be 
significantly upregulated about 20-fold in S-AKI patients, and it also increased by 1.9 times in the 
renal tissue of S-AKI mice. Receiver operating characteristic (ROC) curve analysis showed that 
miR-16-5p had the highest predictive accuracy in the diagnosis of S-AKI (AUC = 0.9188). In vitro, 
the expression level of miR-16-5p in HK-2 cells treated with 10 μg/mL lipopolysaccharide (LPS) 
increased by more than 2 times. In addition, LPS-exposed renal tissue and HK-2 cells lead to 
upregulation of inflammatory cytokines IL-6, IL-1β, TNF-a, and kidney damage molecules kidney 
injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL). However, inhibition of 
miR-16-5p significantly mitigated LPS expose-mediated kidney injury and inflammation. 
Furthermore, LPS-exposed HK-2 cells increased more than 1.7-fold the expression levels of Bax and 
caspase-3, decreased 3.2-fold the expression level of B-cell lymphoma-2 (Bcl-2), and significantly 
promoted the occurrence of apoptosis. MiR-16-5p mimic further increased LPS-induced apoptosis 
in HK-2 cells. Nevertheless, inhibition of miR-16-5p significantly attenuated this effect. In summary, 
up-regulation of miR-16-5p expression can significantly aggravate renal injury and apoptosis in 
S-AKI, which also proves that miR-16-5p can be used as a potential biomarker to promote early 
identification of S-AKI.

1.  Introduction

Sepsis is a multiorgan dysfunction caused by an unbalanced 
host response to infection [1], with acute kidney injury (AKI) 
being a common complication in patients with sepsis in the 
intensive care unit (ICU) [2]. A European multicenter cohort 
study found that sepsis-associated AKI (S-AKI) in the ICU had 
a 54% incidence and was associated with a higher mortality 
rate [3]. Prevention of S-AKI is difficult, and most patients 
usually seek treatment only when they have obvious clinical 
symptoms. Thus, early identification helps to provide sup-
portive treatment and limit disease progression for AKI 
patients [4]. The current diagnosis of AKI is largely depen-
dent on traditional markers such as serum creatinine (Scr) 
and blood urea nitrogen (BUN). However, the sensitivity and 

accuracy of these markers remain to be verified, and it is dif-
ficult to identify AKI early [5]. Therefore, it is urgent to seek 
specific diagnostic markers for the early diagnosis and clini-
cal treatment of S-AKI.

MicroRNAs (miRNAs) are small, highly conserved noncod-
ing RNAs that regulate gene expression in animals and 
plants [6,7]. It mainly inhibits messenger RNA (mRNA) 
through targeted binding to the 3′ untranslated region 
(UTR), thereby reducing the expression of target genes [8,9]. 
Multiple studies have shown that in S-AKI, a variety of miR-
NAs have anti-inflammatory or anti-apoptotic activities and 
participate in pathophysiological processes of the disease 
by activating signaling molecules [10]. Liu et  al. [11] found 
that miR-452 induces the occurrence of S-AKI through acti-
vation of nuclear factor kappa beta (NF-κB). Other studies 
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have shown that miR-19b-3p secreted by renal tubular epi-
thelial cells induces renal tubular inflammation by targeting 
the NF-κB/suppressor of cytokine signaling (SOCS)-1 axis to 
mediate macrophage activation [12]. Among them, the role 
of miR-16-5p in a variety of diseases is being recognized. 
MiR-16-5p can promote apoptosis and autophagy of cardio-
myocytes by targeting PTPN4 [13]. In non-small cell carci-
noma, miR-16-5p induces cancer cell autophagy and 
apoptosis by inhibiting BMI1 or mTOR [14]. In addition, 
miR-16-5p plays a significant role in the kidney and is 
involved in the occurrence and development of a variety of 
kidney diseases. In autosomal dominant polycystic kidney 
disease (ADPKD), miR-16-5p showed significant differences 
and was selected as the best circulating biomarker for 
ADPKD [15]. Duan et  al. [16] confirmed that miR-16-5p can 
inhibit podocyte apoptosis and protect diabetic nephropa-
thy caused by hyperglycemia by down-regulating the 
expression of vascular endothelial growth factor A. In addi-
tion, in S-AKI, miR-16-5P induces WNK4 ubiquitination by 
regulating CUL3, thus disrupting the balance of renal reab-
sorption and secretion [17,18]. It has also been found that 
miR-16-5p mediates macrophage activation to promote the 
progression of SI-AKI [19]. Hence, it can be seen that 
miR-16-5p plays an important role in the pathophysiological 
process of S-AKI.

Currently, the specific mechanism of miR-16-5p in AKI 
remains unclear. In periodontitis, tumor necrosis factor-α 
(TNF-α) upregulates the expression of miR-16-5p so that 
miR-16-5p induces apoptosis of human gingival epithelial 
cells through the BTB domain and CNC homolog 2 [20]. 
Inhibition of miR-16-5p expression can induce the protective 
pathway of activating transcription factor 6 in cells, thereby 
alleviating apoptosis and protecting the heart from oxidative 
stress-mediated damage [21]. Therefore, miR-16-5p can sig-
nificantly promote cell apoptosis.

At present, there are few domestic and foreign studies on 
the role of miR-16-5p in S-AKI. In this study, we found that 
miR-16-5p mediated apoptosis in S-AKI. In addition, miR-16-5p 
can be used as a potential biomarker to contribute to the 
early identification of diseases and provide a new research 
direction for the clinical treatment of S-AKI.

2.  Materials and methods

2.1.  Clinical samples

From June 2020 to December 2022, 18 children with healthy 
physical examinations and 19 children diagnosed with S-AKI 
in the PICU were selected from the Children’s Hospital of 
Nanjing Medical University. Peripheral blood of healthy chil-
dren and S-AKI children was collected and frozen at −80 °C 
for subsequent RNA extraction and real-time fluorescence 
quantitative PCR (qRT–PCR). At the same time, blood bio-
chemistry and other tests were performed on the children. 
The study was conducted in accordance with the principles 
of the Declaration of Helsinki and approved by the Ethics 
Committee of the Children’s Hospital of Nanjing Medical 

University (approval number: 202008056-1), and informed 
consent was obtained from all parents of the children.

2.2.  Animals

This animal study was approved by the Experimental Animal 
Ethics Committee of Nanjing Medical University (approval 
number: 20210229), all methods were carried out in accor-
dance with relevant guidelines and regulations. This study 
was carried out in compliance with the ARRIVE guidelines. 
The male C57BL/6 mice required for this experiment were 
purchased and raised in the Animal Experimental Center of 
Nanjing Medical University. During the experiment, all mice 
were allowed to eat and drink freely with a 12:12-h 
light-dark cycle.

Eight-week-old mice were randomly divided into two 
groups: the control group and the lipopolysaccharide (LPS) 
group. Mice in the LPS group were given a single intraperi-
toneal injection of LPS (50 mg/kg, L2880-100, Sigma-Aldrich, 
St. Louis, MO), and mice in the control group were given an 
equal dose of normal saline. Twelve hours after modeling, 
the mice were euthanized, and serum and kidney tissue were 
retained. Mouse kidney tissue was placed in a 4% parafor-
maldehyde or −80 °C freezer for follow-up experiments.

2.3.  Scr and BUN determination

Scr levels were calculated by measuring the absorbance of 
the serum sample with a microplate reader according to the 
manufacturer’s instructions for the Scr kit (C011-2-1, 
Jiancheng, China). BUN levels were determined according to 
the manufacturer’s instructions for the BUN assay kit 
(11668019, Jiancheng, China).

2.4.  Hematoxylin-eosin (HE) staining and tubular injury 
scoring

Mouse kidney tissue was fixed with 4% paraformaldehyde 
and embedded in paraffin wax. The embedding block was 
sliced 3 μm. The slides were stained with hematoxylin for 
5 min and eosin for 2 min and sealed with neutral gum at 
room temperature. Five visual fields were randomly selected 
from the mouse kidney sections for optical microscope 
observation, and the images were collected for analysis. The 
damaged area of mouse renal tubules was calculated accord-
ing to the renal tubule injury score, including 0 points: nor-
mal shape; 1 point: damaged area ≤25%; 2 points: damaged 
area >25–50%; 3 points: damaged area >50–75%; and 4 
points: damaged area >75–100%.

2.5.  Immunohistochemistry (IHC)

Mouse kidney tissues were fixed in 4% paraformaldehyde 
and then embedded and sectioned at 4 μm. The mouse kid-
ney tissues were stained according to the manufacturer’s 
instructions of the IHC kit (CK0062, Signalway Antibody LLC, 
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Greenbelt, MD). The antibodies used mainly included kidney 
injury molecule-1 (KIM-1) (10 μg/mL, NBP1-76701, Novus, St. 
Charles, MO), B-cell lymphoma-2 (Bcl-2) (1:500, ab182858, 
Abcam, Cambridge, MA), BCL2-associated X protein (Bax) 
(1:1000, 50599-2-lg, ProteinTech, Wuhan, China), and cleaved 
caspase-3 (1:2000, 9664S, Cell Signaling Technology, Danvers, 
MA). Visualization was performed using a light microscope.

2.6.  Enzyme-linked immunosorbent assay (ELISA)

Serum levels of proinflammatory factors, including 
interleukin-6 (IL-6) (EK203/3-96, Multi sciences, Hangzhou, 
China) and interleukin-1β (IL-1β) (EK201B/3-96, Multi sciences, 
China) were determined by ELISA kits according to the man-
ufacturer’s instructions.

2.7.  Cell culture

HK-2 cells from the human proximal renal tubular epithelial 
cell line were obtained from the American Type Culture 
Collection (ATCC, Rockville, MD). The cells were cultured in 
Dulbecco’s modified Eagle medium (DMEM)/F12 medium 
(C11330500BT, Gibco, Carlsbad, CA) containing 10% fetal 
bovine serum (10099141 C, Gibco, USA), 100 U/mL penicillin 
and 0.1 mg/mL streptomycin. When the cell density reached 
80–90%, the cells were given 5 μg/mL or 10 μg/mL LPS, 
respectively. After 24 h of LPS stimulation, the cells were col-
lected for subsequent study.

2.8.  Cell transfection

When the density of cells inoculated in the 6-well plate 
reached 60–70%, transfection complexes were prepared by 
dissolving transfection reagent Lipofectamine 2000 (11668019, 
Thermo Fisher, Waltham, MA) and miR-16-5p mimic, miR-16-5p 
inhibitor and the corresponding negative control (GenePharma, 
Shanghai, China) in serum-free DMEM-F12 medium. After 
incubation at room temperature for 20 min, the transfection 
complexes were dropped into a six-well plate. The six-well 
plates were placed in a 37 °C incubator for 4 h. Then, the cell 

culture medium was changed to complete medium. After 
24 h, LPS was administered to treat the cells for 24 h. The cells 
were collected to detect the transfection efficiency by qRT–
PCR and carry out the next experiment.

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

The cells were inoculated in 96-well plates, and cell viability 
was measured using CCK-8 (K1018-10, APExBIO, Houston, TX). 
The absorbance of the cells at 450 nm was measured on a 
microplate reader. The absorbance of the cells in the experi-
mental group was compared with that of the control group.

2.10.  Flow cytometry analysis

HK2 cells at a density of 1  ×  105 cell/mL were collected, and 
the supernatant was discarded after cell suspension. The 
experiments were then carried out according to the instruc-
tions of the FITC Annexin V Apoptosis Detection kit (556547, 
BD Biosciences, Franklin Lakes, NJ). Finally, the level of cell 
apoptosis was detected by flow cytometry using CytExpert 
software.

2.11.  qRT–PCR

Total RNA from HK-2 cells and kidney tissues was extracted 
by TRIzol (9109, Takara, Beijing, China). mRNA was reverse 
transcribed into cDNA using a reverse transcription kit 
(R222-01, Vazyme, China). After that, qRT–PCR was performed 
with qPCR SYBR Green Master Mix (Q131-02, Vazyme, China). 
Primers for each molecule are shown in Table 1.

2.12.  Western blotting analysis

HK-2 cells and mouse kidney tissue were lysed in RIPA lysis 
buffer (P0013B, Beyotime, China) containing a protease inhib-
itor to prepare protein samples. The sample was transferred 
to a PVDF membrane after electrophoresis by SDS–PAGE. The 
PVDF membrane was blocked with 5% skim milk for 2 h and 
then coincubated with primary antibody at 4 °C overnight. 

Table 1. Primer sequences.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)
Mouse KiM-1 aCaTaTCGTGGaaTCaCaaCGaC aCTGCTCTTCTGaTaGGTGaCa
Mouse nGal GCaGGTGGTaCGTTGTGGG CTCTTGTaGCTCaTaGaTGGTGC
Mouse TnF-α CaGGCGGTGCCTaTGTCTC CGaTCaCCCCGaaGTTCaGTaG
Mouse il-6 GGCaaTTCTGaTTGTaTG GaCTCTGGCTTTGTCTTT
Mouse il-1β CaaCCaaCaaGTGaTaTTCTCCaTG GaTCCaCaCTCTCCaGCTGCa
Mouse miR-16-5P CGCGTaGCaGCaCGTaaaTa aGTGCaGGGTCCGaGGTaTT
Mouse u6 CTCGCTTCGGCaGCaCaTaTaCT aCGCTTCaCGaaTTTGCGTGTC
Mouse GaPDH aaGaaGGTGGTGaaGCaGG GaaGGTGGaaGaGTGGGaGT
Human KiM-1 TGGCaGaTTCTGTaGCTGGTT aGaGaaCaTGaGCCTCTaTTCCa
Human nGal GaaGTGTGaCTaCTGGaTCaGGa aCCaCTCGGaCGaGGTaaCT
Human TnF-α GaGGCCaaGCCCTGGTaTG CGGGCCGaTTGaTCTCaGC
Human il-6 aCTCaCCTCTTCaGaaCGaaTTG CCaTCTTTGGaaGGTTCaGGTTG
Human il-1β aTGaTGGCTTaTTaCaGTGGCaa GTCGGaGaTTCGTaGCTGGa
Human Bcl-2 GGTGGGGTCaTGTGTGTGG CGGTTCaGGTaCTCaGTCaTCC
Human miR-16-5P CGCGTaGCaGCaCGTaaaTa aGTGCaGGGTCCGaGGTaTT
Human GaPDH TGTTGCCaTCaaTGaCCCCTT CTCCaCGaCGTaCTCaGCG
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The antibodies used in this experiment were anti-KIM-1 anti-
body (4 μg/mL, NBP1-76701, Novus), anti-neutrophil 
gelatinase-associated lipocalin (NGAL) antibody (1:500, 53213, 
Signalway Antibody LLC), anti-Bax antibody (1:1000, 50599-2-
lg, ProteinTech, China), anti-Bcl-2 antibody (1:1000, ab182858, 
Abcam), and anti-cleaved caspase-3 antibody (1:1000, 9664S, 
Cell Signaling Technology). After incubation with horseradish 
peroxidase-labeled secondary antibodies, the images were 
imaged by exposure on a gel imager and analyzed for gray-
scale values using Image Lab software.

2.13.  Statistical analysis

GraphPad Prism version 8.0 software (La Jolla, CA) was used to 
process the data. A t test for independent samples was used 
for comparisons between two groups, and one-way ANOVA 
was used for comparisons between multiple groups. p  <  0.05 
indicated that the difference was statistically significant.

3.  Results

3.1.  Serum levels of miR-16-5p were increased in S-AKI 
patients

We first tested serum samples from healthy children and 
patients with S-AKI and collected clinical data from the 
children. In the sera of children with S-AKI, the expression 
level of miR-16-5p was significantly increased by about 
20-fold, and there was a linear positive correlation between 
miR-16-5p and increased Scr levels (shown in Figure 
1(A,B)). The sensitivity and specificity of miR-16-5p, KIM-1, 
and NGAL in diagnosing S-AKI were evaluated using 
receiver operating characteristic (ROC) curves and the area 

under curve (AUC). The AUC was 0.9188, 0.8472, and 
0.7556, respectively, which suggested that miR-16-5p had 
the highest prediction accuracy in the diagnosis of S-AKI 
(shown in Figure 1(C)). Meanwhile, through qRT–PCR 
detection, we confirmed that the expression levels of the 
kidney damage molecules KIM-1 and NGAL were signifi-
cantly increased in the serum of S-AKI patients (shown in 
Figure 1(D)). This proved that miR-16-5p was significantly 
elevated in S-AKI.

3.2.  Overexpression of miR-16-5p aggravated  
LPS-induced S-AKI

Based on the findings of the above clinical studies, we con-
ducted experiments in vitro and in vivo to clarify the role of 
miR-16-5p in S-AKI. The S-AKI mouse model was constructed 
by LPS treatment. ELISA results showed that the levels of Scr, 
BUN, and the inflammatory cytokines IL-6 and IL-1β were sig-
nificantly increased in mice treated with LPS for 12 h (shown 
in Figure 2(A,B)). HE staining revealed that LPS induced renal 
tubule injury in mice, including vacuolation, inflammatory 
cell infiltration, and tubular formation (shown in Figure 
2(C,D)). These results indicated that the S-AKI model of mice 
induced by LPS was successfully constructed. In terms of 
gene and protein levels, we found that compared with the 
normal saline group, in addition to the mRNA and protein 
expression levels of KIM-1, NGAL, and the mRNA expression 
levels of inflammatory cytokines TNF-a, IL-6, and IL-1β 
increased significantly in the LPS group (shown in Figure 
2(E–H)). In the kidney tissues of S-AKI mice, the expression 
level of miR-16-5p was also significantly increased by 1.9 
times (shown in Figure 2(I)). To further clarify the role of 
miR-16-5p, a miR-16-5p mimic was successfully constructed 

Figure 1. Serum levels of miR-16-5p were increased in S-aKi patients. (a) MiR-16-5p levels in healthy children and children with S-aKi. (B) analysis of the 
linear correlation between miR-16-5p and Scr levels in children with S-aKi. (C) The receiver operating characteristic curve of miR-16-5p, KiM-1 and nGal 
predicted S-aKi. The auC were 0.9188, 0.8472, and 0.7556, respectively. (D) qRT–PCR analysis of serum KiM-1 and nGal levels in healthy children and S-aKi 
children. n  ≥  9, *p  <  0.05, **p  <  0.01.
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Figure 2. Overexpression of miR-16-5p aggravated lPS-induced S-aKi. (a) Scr and Bun levels after 12 h of treatment with normal saline and lPS (n  ≥  8). 
(B) Serum inflammatory factor levels after saline and lPS treatment for 12 h by eliSa (n  =  10). (C and D) He staining images and pathological scores of 
mouse kidney tissue treated with normal saline and lPS (n  =  6). Scale bar, 50 μm. (e and F) expression levels and quantitative analysis of KiM-1 and nGal 
in mouse kidney tissues by western blotting (n  =  6). (G) expression levels and quantification of KiM-1 in mouse kidney tissues by iHC. Scale bar, 50 μm. 
(H and i) qRT–PCR analysis of KiM-1, nGal, inflammatory cytokines and miR-16-5p levels in mouse kidney tissue (n  ≥  5). (J) qRT–PCR analysis of miR-16-5p 
levels in miR-16-5p-overexpressing HK-2 cells (n  ≥  4). (K and l) expression levels and quantitative analysis of KiM-1 and nGal in lPS-stimulated 
miR-16-5p-overexpressing HK-2 cells by western blotting (n  =  4). (M) qRT–PCR analysis of KiM-1, nGal, inflammatory cytokines, and miR-16-5p levels in 
lPS-stimulated miR-16-5p-overexpressing HK-2 cells (n  ≥  4). *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.
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in HK-2 cells. In vitro experiments revealed that the miR-16-5p 
mimic significantly increased the expression levels of inflam-
matory cytokines and the kidney damage molecules KIM-1 
and NGAL in LPS-induced HK-2 cells (shown in Figure 2(J–
M)), thereby aggravating LPS-induced HK-2 cell damage. 
These results suggest that overexpression of miR-16-5p can 
significantly aggravate LPS-induced S-AKI.

3.3.  Knockdown of miR-16-5p significantly alleviated  
S-AKI in HK2 cells induced by LPS

In HK-2 cells, LPS stimulation caused a significant decrease in cell 
viability (shown in Figure 3(A)). Western blotting results showed 
that the expression levels of KIM-1 and NGAL in HK-2 cells in the 
LPS group were significantly higher than those in the control 
group. The expression levels of KIM-1 and NGAL were signifi-
cantly increased with increasing LPS concentration, and the dif-
ference was most significant at a concentration of 10 μg/mL LPS 

(shown in Figure 3(B,C)). In addition, 10 μg/mL LPS treatment not 
only caused a significant increase in the mRNA levels of IL-6, 
IL-1β, TNF-a, KIM-1, and NGAL in HK-2 cells but also led to a 
more than 2-fold significant increase in the expression level of 
miR-16-5p (shown in Figure 3(D,E)). To further clarify the role of 
miR-16-5p, a miR-16-5p inhibitor was successfully constructed in 
HK-2 cells. In vitro, inhibition of miR-16-5p significantly decreased 
the expression of KIM-1 and NGAL as well as the inflammatory 
cytokines IL-6, IL-1β, and TNF-a in LPS-induced HK-2 cells (shown 
in Figure 3(F—I)). This suggests that inhibition of miR-16-5p can 
effectively protect LPS-induced HK-2 cells from S-AKI.

3.4.  In S-AKI, upregulation of miR-16-5p improves 
apoptosis of renal tubules

The above studies confirmed that miR-16-5p can significantly 
promote the occurrence of S-AKI. To further clarify the role of 
miR-16-5p, we predicted by the TargetScan database that a 

Figure 3. Knockdown of miR-16-5p significantly alleviated S-aKi in HK-2 cells induced by lPS. (a) Cell viability of HK-2 cells treated with lPS (n  =  8). (B 
and C) expression levels and quantitative analysis of KiM-1 and nGal in HK-2 cells treated with different concentrations of lPS by western blotting (n  =  4). 
(D and e) qRT–PCR analysis of KiM-1, nGal, inflammatory cytokines and miR-16-5p levels in HK-2 cells treated with lPS (n  ≥  4). (F) qRT–PCR analysis of 
miR-16-5p levels in HK-2 cells that inhibit miR-16-5p (n  ≥  4). (G) qRT–PCR analysis of KiM-1, nGal, and inflammatory factor levels in lPS-stimulated 
miR-16-5p knockdown HK-2 cells (n  ≥  4). (H and i) expression levels and quantitative analysis of KiM-1 and nGal in lPS-stimulated miR-16-5p knockdown 
HK-2 cells by western blotting (n  =  4). *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.
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conserved binding site with miR-16-5p was found at the 3′ 
UTR end of BCL2 (shown in Figure 4(A)), suggesting that the 
downstream target of miR-16-5p is BCL2, which is closely 
related to apoptosis. Subsequently, both IHC and Western 
blotting results showed that in LPS-induced S-AKI mice, the 
levels of Bax and caspase-3 were significantly increased, 
while the levels of Bcl-2 were significantly decreased (shown 
in Figure 4(B–E)). qRT–PCR results demonstrated that com-
pared with the control group, the level of Bcl-2 in HK-2 cells 
in the LPS group was downregulated (shown in Figure 4(F)). 
We further explored the role of miR-16-5p in LPS-induced 
S-AKI. It was revealed that overexpression of miR-16-5p fur-
ther promoted the upregulation of Bax levels and downreg-
ulation of Bcl-2 levels induced by LPS stimulation (shown in 
Figure 4(G,H)). This suggests that miR-16-5p can promote the 
apoptosis of renal tubules in S-AKI.

3.5.  Inhibition of miR-16-5p alleviates HK-2 cell apoptosis

In HK-2 cells, LPS was observed to induce a significant 
increase in intracellular Bax and caspase-3 by more than 
1.7-fold and a significant decrease in Bcl-2 by 3.2-fold (shown 
in Figure 5(A–C)). Flow cytometry detected that HK-2 cell 
apoptosis was significantly increased in the LPS group com-
pared with the control group (shown in Figure 5(D,E)). In 
contrast, knockdown of miR-16-5p significantly attenuated 
the LPS-induced increase in Bax levels and decrease in Bcl-2 

levels (shown in Figure 5(F,G)). These results suggest that 
knockdown of miR-16-5p can significantly reduce LPS-induced 
apoptosis in HK-2 cells.

4.  Discussion

S-AKI is a common life-threatening complication and a leading 
cause of death in ICU patients [22]. In recent years, miRNAs 
have become increasingly widespread in the study of AKI. A 
large amount of evidence suggests that in S-AKI, multiple miR-
NAs are involved in damage repair and apoptosis of the dis-
ease by binding to target genes, providing more directions for 
disease treatment [23]. Sang et  al. found that miR-214 acti-
vates the protein kinase B/mammalian target of rapamycin 
signaling pathway by targeting phosphatase and tensin homo-
log, alleviating oxidative stress and autophagy, thereby improv-
ing S-AKI [24]. Ding et  al. [25] demonstrated that miR-103a-3p 
alleviates inflammation and apoptosis of renal tubular epithe-
lial cells by regulating chemokine (c-x-c motif ) ligand 12 
(CXCL12). MiR-22 suppresses the inflammatory response and 
attenuates S-AKI by inhibiting the high-mobility group box 1/
toll-like receptor 4/NF-κB pathway [26]. In our study, an 
important role of miR-16-5p in S-AKI was demonstrated. In 
S-AKI patients, the differentially expressed miRNA we screened 
was miR-16-5p, and its expression level was significantly 
increased. In kidney tissues of S-AKI mice and LPS-stimulated 
HK2 cells, we also verified that miR-16-5p expression was 

Figure 4. in S-aKi, upregulation of miR-16-5p improves apoptosis of renal tubules. (a) Targeted binding sequence of hsa-miR-16-5p to the 3’-uTR end of 
bcl-2. (B and C) expression levels and quantification of bax, bcl-2, and caspase-3 in mouse kidney tissues by iHC. Scale bar, 50 μm. (D and e) expression 
levels and quantitative analysis of bax, bcl-2, and caspase-3 in mouse kidney tissues by western blotting (n  =  6). (F) qRT–PCR analysis of bcl-2 expression 
levels in HK-2 cells treated with different concentrations of lPS (n  ≥  3). (G and H) expression levels and quantification of bax and bcl-2 in lPS-stimulated 
miR-16-5p overexpressing HK-2 cells by western blotting (n  =  4). *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.
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significantly elevated. This suggests that miR-16-5p may serve 
as a potential biomarker for S-AKI.

In the TargetScan database, we predicted that the tradi-
tional binding site of miR-16-5p was BCL-2. A literature review 
identified that BCL-2 is a major regulatory factor located in 
mitochondria that can inhibit apoptosis and is closely related 
to apoptosis [27,28]. Apoptosis, as a form of cell death, has 
been proven to be closely related to the occurrence and devel-
opment of many diseases [29]. More and more studies have 
shown that apoptosis plays an important role in S-AKI. Huang 
et  al. [30] found that apoptosis of renal tubular epithelial cells 
plays an important role in AKI, and calcium/calmodulin- 
dependent protein kinase II may induce apoptosis of renal 
tubular epithelial cells through the yes-associated protein/
nuclear factor of activated T cells 2 pathway, thus promoting 
AKI. LPS can activate cathepsin B by promoting lysosomal 
membrane permeabilization, leading to mitochondrial apopto-
sis, which causes the apoptosis of HK-2 cells and aggravates 
AKI [31]. In addition, miR-16-5p is involved in a variety of 
pathophysiological processes in the body, such as cellular oxi-
dative stress, inflammatory response, and apoptosis. Among 
them, it is closely related to apoptosis [32,33]. In Alzheimer’s 
disease, amyloid beta drives increased expression of miR-16-5p, 
which induces apoptosis through downregulation of Bcl-2 [34]. 
In diabetes, a dual luciferase reporter gene assay verified that 
miR-16-5p and CXCL10 interact and that both are involved in 
the process of apoptosis [35]. It has also been found that 
miR-16-5p promotes apoptosis in breast cancer by targeting 
the actin-binding protein anillin to regulate the cell cycle [36]. 

However, the role of miR-16-5p in apoptosis in S-AKI remains 
unclear. In view of the above findings, we designed experi-
ments to investigate the role of miR-16-5p in apoptosis in S-AKI.

In our study, we used LPS intervention to construct the 
classical model of S-AKI. In this study, we found that in 
LPS-treated mice and HK-2 cells, not only the expression of 
inflammatory factors IL-6, TNF-α, IL-1β, and renal injury mol-
ecules KIM-1 and NGAL but also the expression of 
apoptosis-related indicators Bax and caspase3 were signifi-
cantly increased. Bax, caspase3, and Bcl-2 are commonly 
used markers to reflect the level of apoptosis [37]. When cells 
undergo apoptosis, the levels of Bax and caspase3 increase, 
while the level of Bcl-2 decreases [38]. At the same time, we 
also found that the overexpression of miR-16-5p increased 
the protein levels of the kidney damage molecules KIM-1 
and NGAL and the apoptosis-related indicator Bax protein, 
but decreased the level of Bcl-2, suggesting that the increase 
in miR-16-5p aggravated the cell damage and apoptosis of 
HK-2 cells. However, inhibition of miR-16-5p attenuated the 
elevations of KIM-1, NGAL, and Bax induced by LPS stimula-
tion, suggesting that inhibition of miR-16-5p could block 
LPS-induced kidney injury and apoptosis (shown in Figure 6).

MiRNAs are increasingly being studied in diseases. We ver-
ified that miR-16-5p is significantly upregulated during S-AKI 
at multiple levels. This suggests that miR-16-5p can be used 
as a potential biomarker, providing a new possibility for the 
monotonous diagnostic method of S-AKI, which is a promis-
ing diagnostic scheme. However, the limitation of this study 
is that it only verified the important role of miR-16-5p in 

Figure 5. inhibition of miR-16-5p alleviates HK-2 cell apoptosis. (a-C) expression levels and quantification of bax, bcl-2, and caspase-3 in HK-2 cells treated 
with different concentrations of lPS by western blotting (n  =  4). (D and e) apoptosis levels and quantification of apoptotic cells in lPS-treated HK-2 cells 
by flow cytometry (n  =  6). (F and G) expression levels and quantification of bax and bcl-2 in lPS-stimulated miR-16-5p knockdown HK-2 cells by western 
blotting (n  =  4). **p  <  0.01, ****p  <  0.0001.
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S-AKI cell apoptosis without clarifying the target of miR-16-5p 
and its specific mechanism of regulating cell apoptosis. In 
the future, we will conduct dual luciferase experiments to 
clarify the target of miR-16-5p in cell apoptosis and conduct 
further experiments to explore its specific mechanism.

5.  Conclusion

In summary, in in vitro and in vivo studies, we confirmed that 
miR-16-5p plays a key role in S-AKI. Inhibition of miR-16-5p 
expression could effectively ameliorate kidney injury, and its 
possible mechanism of action is closely related to the pro-
motion of apoptosis by miR-16-5p. Our study suggests that 
miR-16-5p could be used as a potential biomarker and ther-
apeutic target for S-AKI.

Acknowledgments

Not applicable.

Authors’ contributions

Han Li, Junyan Duan: Performed the experiments; Analyzed 
and interpreted the data; Contributed reagents, materials, 
analysis tools or data; Wrote the article.

Tongtong Zhang, Yingjie Fu, Yue Xu: Contributed reagents, 
materials, analysis tools or data; Analyzed and interpreted 
the data.

Xuhua Ge and Hongjun Miao: Conceived and designed 
the experiments.

Ethics approval and consent to participate

This animal study was approved by the Experimental Animal 
Ethics Committee of Nanjing Medical University (approval num-
ber: 20210229), all methods were carried out in accordance with 
relevant guidelines and regulations. This study was carried out in 
compliance with the ARRIVE guidelines.

The clinical study was conducted in accordance with the 
principles of the Declaration of Helsinki and approved by the 
Ethics Committee of the Children’s Hospital of Nanjing 
Medical University (approval number: 202008056-1), and 
informed consent was obtained from all parents of the 
children.

Consent for publication

All authors approved the final manuscript and the submis-
sion to this journal.

Disclosure statement

The authors have no conflicts of interest to declare.

Funding

This research was supported by the National Natural Science 
Foundation of China (No.: 82170733) and Nanjing Medical 
University Science and Technology Development Fund (No.: 
NMUB20220019).

Availability of data and materials

The original contributions presented in the study are included 
in the article, and further inquiries can be directed to the 
corresponding authors.

ORCID

Xuhua Ge  http://orcid.org/0000-0002-1097-2677

References

 [1] Wang W, Liu CF. Sepsis heterogeneity. World J Pediatr. 
2023;19(10):1–11. doi: 10.1007/s12519-023-00689-8.

 [2] Wang QL, Xing W, Yu C, et  al. ROCK1 regulates 
sepsis-induced acute kidney injury via TLR2-mediated en-
doplasmic reticulum stress/pyroptosis axis. Mol Immunol. 
2021;138:99–109. doi: 10.1016/j.molimm.2021.07.022.

 [3] Chang YM, Chou YT, Kan WC, et  al. Sepsis and acute 
kidney injury: a review focusing on the bidirectional in-
terplay. Int J Mol Sci. 2022;23(16):9159. doi: 10.3390/
ijms23169159.

 [4] Koyner JL. Sepsis and kidney injury. Contrib Nephrol. 
2021;199:56–70. doi: 10.1159/000517701.

 [5] Poston JT, Koyner JL. Sepsis associated acute kidney in-
jury. BMJ. 2019;364:k4891. doi: 10.1136/bmj.k4891.

 [6] Chen L, Heikkinen L, Wang C, et  al. Trends in the devel-
opment of miRNA bioinformatics tools. Brief Bioinform. 
2019;20(5):1836–1852. doi: 10.1093/bib/bby054.

 [7] Correia de Sousa M, Gjorgjieva M, Dolicka D, et  al. 
Deciphering miRNAs’ action through miRNA editing. Int 
J Mol Sci. 2019;20(24):6249. doi: 10.3390/ijms20246249.

 [8] Bernardo BC, Ooi JY, Lin RC, et  al. miRNA therapeutics: 
a new class of drugs with potential therapeutic applica-
tions in the heart. Future Med Chem. 2015;7(13):1771–
1792. doi: 10.4155/fmc.15.107.

Figure 6. Graphical abstract. in the lPS-induced S-aKi model, the expres-
sion of miR-16-5p is significantly upregulated by mediating the occurrence 
of apoptosis, thus aggravating S-aKi.

https://doi.org/10.1007/s12519-023-00689-8
https://doi.org/10.1016/j.molimm.2021.07.022
https://doi.org/10.3390/ijms23169159
https://doi.org/10.3390/ijms23169159
https://doi.org/10.1159/000517701
https://doi.org/10.1136/bmj.k4891
https://doi.org/10.1093/bib/bby054
https://doi.org/10.3390/ijms20246249
https://doi.org/10.4155/fmc.15.107


10 H. LI ET AL.

 [9] Hill M, Tran N. miRNA: miRNA interactions: a novel 
mode of miRNA regulation and its effect on disease. 
Adv Exp Med Biol. 2022;1385:241–257. doi: 10.1007/ 
978-3-031-08356-3_9.

 [10] Petejova N, Martinek A, Zadrazil J, et  al. Acute kidney inju-
ry in septic patients treated by selected nephrotoxic anti-
biotic Agents-Pathophysiology and Biomarkers-A review. 
Int J Mol Sci. 2020;21(19):7115. doi: 10.3390/ijms21197115.

 [11] Liu Z, Yang D, Gao J, et  al. Discovery and validation of 
miR-452 as an effective biomarker for acute kidney in-
jury in sepsis. Theranostics. 2020;10(26):11963–11975. 
doi: 10.7150/thno.50093.

 [12] Lv LL, Feng Y, Wu M, et  al. Exosomal miRNA-19b-3p of 
tubular epithelial cells promotes M1 macrophage  
activation in kidney injury. Cell Death Differ. 2020; 
27(1):210–226. doi: 10.1038/s41418-019-0349-y.

 [13] Cao Z, Liu J, Zhao Z, et  al. miR-16-5p regulates PTPN4 
and affects cardiomyocyte apoptosis and autophagy  
induced by hypoxia/reoxygenation. Evid Based 
Complement Alternat Med. 2021;2021:5599031–
5599012. doi: 10.1155/2021/5599031.

 [14] Gupta S, Silveira DA, Mombach JCM, et  al. The lncRNA 
DLX6-AS1/miR-16-5p axis regulates autophagy and 
apoptosis in non-small cell lung cancer: a boolean 
model of cell death. Noncoding RNA Res. 2023;8(4):605–
614. doi: 10.1016/j.ncrna.2023.08.003.

 [15] Małachowska B, Tkaczyk M, Chrul S, et  al. Serum mi-
croRNA profiles in patients with autosomal dominant 
polycystic kidney disease show systematic dysregula-
tion partially reversible by hemodialysis. Arch Med Sci. 
2021;17(6):1730–1741.

 [16] Duan YR, Chen BP, Chen F, et  al. Exosomal microRNA- 
16-5p from human urine-derived stem cells ameliorates 
diabetic nephropathy through protection of podocyte. J 
Cell Mol Med. 2021;25(23):10798–10813. doi: 10.1111/
jcmm.14558.

 [17] Xu G, Mo L, Wu C, et  al. The miR-15a-5p-XIST-CUL3  
regulatory axis is important for sepsis-induced acute 
kidney injury. Ren Fail. 2019;41(1):955–966. doi: 10.1080/ 
0886022X.2019.1669460.

 [18] Shibata S, Zhang J, Puthumana J, et  al. Kelch-like 3 and 
cullin 3 regulate electrolyte homeostasis via ubiquitina-
tion and degradation of WNK4. Proc Natl Acad Sci USA. 
2013;110(19):7838–7843. doi: 10.1073/pnas.1304592110.

 [19] Wu J, Li DD, Li JY, et al. Identification of microRNA-mRNA 
networks involved in cisplatin-induced renal tubular  
epithelial cells injury. Eur J Pharmacol. 2019;851:1–12. 
doi: 10.1016/j.ejphar.2019.02.015.

 [20] Liu X, Su K, Kuang S, et  al. miR-16-5p and miR-145-5p 
trigger apoptosis in human gingival epithelial cells by 
down-regulating BACH2. Int J Clin Exp Pathol. 2020; 
13(5):901–911.

 [21] Toro R, Pérez-Serra A, Mangas A, et  al. miR-16-5p  
suppression protects human cardiomyocytes against 
endoplasmic reticulum and oxidative stress-induced  
injury. Int J Mol Sci. 2022;23(3):1036. doi: 10.3390/ijms 
23031036.

 [22] Kuwabara S, Goggins E, Okusa MD. The pathophysiolo-
gy of sepsis-associated AKI. Clin J Am Soc Nephrol. 
2022;17(7):1050–1069. doi: 10.2215/CJN.00850122.

 [23] Ren GL, Zhu J, Li J, et  al. Noncoding RNAs in acute  
kidney injury. J Cell Physiol. 2019;234(3):2266–2276. doi: 
10.1002/jcp.27203.

 [24] Sang Z, Dong S, Zhang P, et  al. miR-214 ameliorates 
sepsis-induced acute kidney injury via PTEN/AKT/
mTOR-regulated autophagy. Mol Med Rep. 2021;24(4): 
683. doi: 10.3892/mmr.2021.12322.

 [25] Ding G, An J, Li L. MicroRNA-103a-3p enhances 
sepsis-induced acute kidney injury via targeting CXCL12. 
Bioengineered. 2022;13(4):10288–10298. doi: 10.1080/ 
21655979.2022.2062195.

 [26] Zhang J, Chen Q, Dai Z, et  al. miR-22 alleviates sepsis- 
induced acute kidney injury via targeting the HMGB1/
TLR4/NF-κB signaling pathway. Int Urol Nephrol. 2023; 
55(2):409–421. doi: 10.1007/s11255-022-03321-2.

 [27] Sarkar A, Paul A, Banerjee T, et  al. Therapeutic advance-
ments in targeting BCL-2 family proteins by epigenetic 
regulators, natural, and synthetic agents in cancer. Eur J 
Pharmacol. 2023;944:175588. doi: 10.1016/j.ejphar.2023. 
175588.

 [28] Kuszczak B, Wróbel T, Wicherska-Pawłowska K, et  al. The 
role of BCL-2 and PD-1/PD-L1 pathway in pathogenesis 
of myelodysplastic syndromes. Int J Mol Sci. 2023;24(5): 
4708. doi: 10.3390/ijms24054708.

 [29] D’Arcy MS. Cell death: a review of the major forms of 
apoptosis, necrosis and autophagy. Cell Biol Int. 2019; 
43(6):582–592.

 [30] Huang Z, Peng Y, Ke G, et  al. CaMKII may regulate renal 
tubular epithelial cell apoptosis through Yap/NFAT2 in 
acute kidney injury mice. Ren Fail. 2023;45(1):2172961. 
doi: 10.1080/0886022X.2023.2172961.

 [31] Wang Y, Xi W, Zhang X, et  al. CTSB promotes sepsis- 
induced acute kidney injury through activating mito-
chondrial apoptosis pathway. Front Immunol. 2022;13: 
1053754. doi: 10.3389/fimmu.2022.1053754.

 [32] Chen F, Li J, She J, et  al. Exosomal microRNA-16-5p from 
macrophage exacerbates atherosclerosis via modulating 
mothers against decapentaplegic homolog 7. Microvasc 
Res. 2022;142:104368. doi: 10.1016/j.mvr.2022.104368.

 [33] Zhang J, Chen Y, Gao W. Puerarin protects against  
human retinal endothelial cells injury induced by high 
glucose via regulating miR-16-5p/CASP1 axis. Gen Physiol 
Biophys. 2021;40(3):235–243. doi: 10.4149/gpb_2021010.

 [34] Kim YJ, Kim SH, Park Y, et  al. miR-16-5p is upregulated 
by amyloid β deposition in alzheimer’s disease models 
and induces neuronal cell apoptosis through direct tar-
geting and suppression of BCL-2. Exp Gerontol. 
2020;136:110954. doi: 10.1016/j.exger.2020.110954.

 [35] Gao X, Zhao S. miRNA-16-5p inhibits the apoptosis of 
high glucose-induced pancreatic β cells via targeting of 
CXCL10: potential biomarkers in type 1 diabetes melli-
tus. Endokrynol Pol. 2020;71(5):404–410. doi: 10.5603/
EP.a2020.0046.

 [36] Wang Z, Hu S, Li X, et  al. MiR-16-5p suppresses breast 
cancer proliferation by targeting ANLN. BMC Cancer. 
2021;21(1):1188. doi: 10.1186/s12885-021-08914-1.

 [37] Wang X, Liu K, Gong H, et  al. Death by histone deacety-
lase inhibitor quisinostat in tongue squamous cell carci-
noma via apoptosis, pyroptosis, and ferroptosis. Toxicol 
Appl Pharmacol. 2021;410:115363. doi: 10.1016/j.taap. 
2020.115363.

 [38] Li G, Zhang S, Cheng Y, et  al. Baicalin suppresses neu-
ron autophagy and apoptosis by regulating astrocyte 
polarization in pentylenetetrazol-induced epileptic rats 
and PC12 cells. Brain Res. 2022;1774:147723. doi: 
10.1016/j.brainres.2021.147723.

https://doi.org/10.1007/
https://doi.org/10.1007/
https://doi.org/10.3390/ijms21197115
https://doi.org/10.7150/thno.50093
https://doi.org/10.1038/s41418-019-0349-y
https://doi.org/10.1155/2021/5599031
https://doi.org/10.1016/j.ncrna.2023.08.003
https://doi.org/10.1111/jcmm.14558
https://doi.org/10.1111/jcmm.14558
https://doi.org/10.1080/
https://doi.org/10.1080/
https://doi.org/10.1073/pnas.1304592110
https://doi.org/10.1016/j.ejphar.2019.02.015
https://doi.org/10.3390/ijms
https://doi.org/10.3390/ijms
https://doi.org/10.2215/CJN.00850122
https://doi.org/10.1002/jcp.27203
https://doi.org/10.3892/mmr.2021.12322
https://doi.org/10.1080/
https://doi.org/10.1080/
https://doi.org/10.1007/s11255-022-03321-2
https://doi.org/10.1016/j.ejphar.2023.
https://doi.org/10.1016/j.ejphar.2023.
https://doi.org/10.3390/ijms24054708
https://doi.org/10.1080/0886022X.2023.2172961
https://doi.org/10.3389/fimmu.2022.1053754
https://doi.org/10.1016/j.mvr.2022.104368
https://doi.org/10.4149/gpb_2021010
https://doi.org/10.1016/j.exger.2020.110954
https://doi.org/10.5603/EP.a2020.0046
https://doi.org/10.5603/EP.a2020.0046
https://doi.org/10.1186/s12885-021-08914-1
https://doi.org/10.1016/j.taap.
https://doi.org/10.1016/j.taap.
https://doi.org/10.1016/j.brainres.2021.147723

	miR-16-5p aggravates sepsis-associated acute kidney injury by inducing apoptosis
	ABSTRACT
	1. Introduction
	2. Materials and methods
	2.1. Clinical samples
	2.2. Animals
	2.3. Scr and BUN determination
	2.4. Hematoxylin-eosin (HE) staining and tubular injury scoring
	2.5. Immunohistochemistry (IHC)
	2.6. Enzyme-linked immunosorbent assay (ELISA)
	2.7. Cell culture
	2.8. Cell transfection
	2.9. Cell counting kit-8 (CCK-8) assay
	2.10. Flow cytometry analysis
	2.11. qRTPCR
	2.12. Western blotting analysis
	2.13. Statistical analysis

	3. Results
	3.1. Serum levels of miR-16-5p were increased in S-AKI patients
	3.2. Overexpression of miR-16-5p aggravated LPS-induced S-AKI
	3.3. Knockdown of miR-16-5p significantly alleviated S-AKI in HK2 cells induced by LPS
	3.4. In S-AKI, upregulation of miR-16-5p improves apoptosis of renal tubules
	3.5. Inhibition of miR-16-5p alleviates HK-2 cell apoptosis

	4. Discussion
	5. Conclusion
	Acknowledgments
	Authors contributions
	Ethics approval and consent to participate
	Consent for publication
	Disclosure statement
	Funding
	Availability of data and materials
	ORCID
	References



