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MicroRNA-23a-3p ameliorates acute kidney injury by targeting FKBP5 and 
NF-κB signaling in sepsis 
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A B S T R A C T   

Low miR-23a-3p expression in patients with acute kidney injury (AKI) or sepsis has been revealed. However, the 
specific role of miR-23a-3p in AKI remains unclear. Our study aimed to determine the function of miR-23a-3p in 
AKI. Exposure to lipopolysaccharide (LPS) was used to induce cell injury in vitro. Cecal ligation and puncture 
(CLP) surgery was used to establish an animal model of septic AKI. Bioinformatics analysis and a wide range of 
experiments, including RT-qPCR, luciferase reporter, western blot, ELISA, TUNEL, hematoxylin and eosin 
staining, and immunofluorescence assays were conducted. The experimental results revealed that LPS exposure 
induced the significant apoptosis and inflammatory response of HK-2 cells, and miR-23a-3p exhibited a low 
expression in LPS-exposed HK-2 cells. Functionally, miR-23a-3p overexpression inhibited cell apoptosis and 
release of inflammatory cytokines including interleukin (IL)-1β, IL-6 and IL-8. Mechanistically, miR-23a-3p 
bound to the FKBP prolyl isomerase 5 (FKBP5) 3′ untranslated region and negatively regulated its expression 
at mRNA and protein levels. Rescue assays indicated that FKBP5 overexpression reversed the influence of miR- 
23a-3p mimics on cell apoptosis and inflammatory response. Furthermore, miR-23a-3p overexpression attenu-
ated the sepsis-induced impairment of renal function and the inflammatory response in mice with AKI. Finally, 
the knockdown of FKBP5 inactivated the nuclear factor kappaB (NF-κB) signaling by inactivating NF-κB nuclear 
translocation, and thereby inhibited the release of proinflammatory cytokines. Overall, our study demonstrates 
that miR-23a-3p ameliorates sepsis induced AKI by targeting FKBP5 and inactivating the NF-κB signaling, 
implying a potential therapeutic or diagnostic target for AKI.   

1. Introduction 

Sepsis, characterized by systemic inflammatory response, was re-
ported to be the leading cause of mortality in intensive care units [1–3]. 
In particular, acute kidney injury (AKI) is a fatal complication that 
happens during the development of sepsis [4]. It has been estimated that 
severe sepsis is the cause for approximately 50% of AKI cases [5]. 
Recently, a number of researchers have explored the pathogenesis, 
progression and prognosis of septic AKI, while the pathophysiology of 
septic AKI remains elusive [6]. Thus, it is critical to elucidate the un-
derlying mechanisms responsible for the pathogenesis of AKI and to 
identify potential effective markers for AKI diagnosis or treatment. 

In recent years, it has been indicated that non-coding RNAs play 
critical roles in a number of diseases [7]. MicroRNAs, a subgroup of non- 
coding RNAs, are short and single stranded with approximately 22 nu-
cleotides in length [8]. Despite the lack of protein-encoding ability, 
miRNAs are capable of combining with mRNA 3́ untranslated region (3́ 

UTR) to downregulate mRNA levels at the post-transcription level and 
thereby exert a marked effect on several cellular processes, like cell 
proliferation, apoptosis, differentiation, autophagy, and inflammation 
[9]. As an example, miR-218 was proposed to promote the osteogenic 
differentiation of fibroblast-like synovial cells via a ROBO/Slit pathway 
in rheumatoid arthritis [10]. Recently, miR-23a-3p has been extensively 
reported to be dysregulated in several tumors [11,12]. Importantly, 
miR-23a-3p inhibits the inflammatory response in diverse pathogeneses, 
including traumatic brain injury, insulin resistance and osteoarthritis 
[13–15]. Moreover, miR-23a-3p has been identified to display low level 
in blood samples collected from AKI patients [16] and in patients with 
sepsis [16]. Nevertheless, the specific role of miR-23a-3p in acute kidney 
injury (AKI) remains unclear. 

The protein FKBP prolyl isomerase 5 (FKBP5), belonging to the 
immunophilin protein family, has been reported to participate in protein 
folding and trafficking [17,18]. Additionally, FKBP5, a cis–trans prolyl 
isomerase, was proposed to combine with the immunosuppressants 
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FK506 or rapamycin [19–22]. Previously, FKBP5 was also identified to 
modulate inflammatory response in airway epithelial cells, Th2 cells and 
human fibroblasts [20,23,24]. However, the detailed role of FKBP5 in 
AKI is still unclear. 

The NF-κB signaling was extensively reported to mediate the regu-
lation of cell inflammatory response in sepsis-induced AKI [25–27]. In 
detail, the downregulation of tissue inhibitor of metalloproteinases in-
hibits the development of sepsis-induced AKI by regulating the NF-κB 
signaling [28]. Furthermore, Lidanpaidu prescription has been shown to 
inactivate NF-κB signaling to alleviate sepsis-induced AKI [29]. 

In the present study, an in vitro cell model and an animal model of 
sepsis-induced AKI were established to figure out the biological role and 
potential mechanisms of miR-23a-3p in sepsis-induced AKI. We 
concluded that miR-23a-3p attenuated AKI by targeting FKBP5 and NF- 
κB signaling in sepsis, which may provide a potential therapeutic or 
diagnostic target for patients with AKI. 

2. Materials and methods 

2.1. Septic patients and healthy controls 

Eighteen septic plasma samples were collected from eighteen septic 
patients who were admitted to intensive care unit at the Jiangxi Pro-
vincial People’s Hospital (Nanchang, Jiangxi), and eight normal control 
plasma samples were collected from eight healthy volunteers. Patients 
were diagnosed with sepsis according to the American College of Chest 
Physicians/Society of Critical Care Medicine consensus definition [30]. 
The study was approved by the Ethic Committee of the Jiangxi Provin-
cial People’s Hospital (No. 2022-021; Nanchang, Jiangxi). The ethical 
document was provided as a supplemental file. 

2.2. Bioinformatics analysis 

The present study used the starBase tool (starBase: https://starbase. 
sysu.edu.cn/) to reveal the potential targets of miR-23a-3p. Predicted by 
PITA, RNA22, miRanda and TargetScan programs in starBase, 6 mRNAs 
including CAMTA1, PHLDA1, TK2, FKBP5, TNFAIP3 and PPP2R5E were 
identified. 

2.3. Cells and cell treatment 

HK-2 cells (American Type Culture Collection, Manassas, USA) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo 
Fisher Scientific, Inc. USA) with 10% fetal bovine serum (FBS; Gibco), 
streptomycin (100 μg/ml) and penicillin (100 U/ml, Sigma-Aldrich; 
USA) in a humidified atmosphere with 5% CO2 at 37 ◦C. For cell treat-
ment, the HK-2 cells were stimulated by 100 ng/ml [31] of lipopoly-
saccharide (LPS) for 24 h to mimic cell injury, and cells treated with the 
same dose of cell culture medium served as the controls (Con). 

2.4. Cell transfection 

For cell transfection, 50 nmol/l of miR-23a-3p mimics (miR-23a-3p, 
GenePharma, Shanghai, China) were applied for the overexpression of 
miR-23a-3p, and NC mimics (50 nmol/l, GenePharma) served as the 
negative controls. The full length of FKBP5 was inserted into the 
pcDNA3.1 vector (500 ng/well, GenePharma) to overexpress FKBP5 
with empty pcDNA3.1 serving as a control. sh-FKBP5 (20 nmol/l) was 
used to knock down FKBP5 expression. Plasmids were transfected into 
cells using Lipofectamine 2000 reagent (Thermo Fisher Scientific) under 
the manufacturer’s instruction. Forty-eight hours after transfection, 
subsequent experiments were conducted. 

2.5. Establishment of a mouse model of sepsis 

A total of 75 C57BL/6 mice (male, 6–8 weeks old, weighing 20–22 g) 

were purchased from Vital River Co. ltd. All mice were raised inde-
pendently with 50% humidity at 20–25 ◦C, and randomly divided into 4 
groups as follows: The sham-operated (sham) group (n = 15), sham +
AAV-miR-23a-3p group (n = 15), the cecal ligation and puncture (CLP) 
group (n = 15), the CLP + AAV-NC group (n = 15) and the CLP + AAV- 
miR-23a-3p group (n = 15). CLP surgery was used to the establish the 
animal model of sepsis as previously described [32]. At first, mice in the 
different groups were anesthetized by the inhalation of isoflurane. 
Following oral intubation, the mice were anesthetized with isoflurane 
(5% for induction and 2% for maintenance) and mechanically ventilated 
with 20% oxygen and 80% air. The abdomen of the mice was then wiped 
with 70% isopropanol after shaving, and an incision (1 to 2 cm) was 
made at the midline abdomen. Simultaneously, after exteriorizing the 
cecum, a sterile silk suture was used for ligation (1 cm from the tip), and 
a 20-gauge needle was used for puncture twice. After squeezing minimal 
fecal material out from the cecum, the cecum was returned to the 
abdominal cavity. Finally, the incision was sutured with auto-clips and 
cleaned by povidone-iodine (betadine). The sham-operated mice 
received similar treatment but without CLP. All mice were sacrificed 24 
h after CLP or sham operation by cervical dislocation. Mouse kidneys 
were dissected for the following assays. All experimental procedures 
were approved by the National Institutes of Health Guidelines for the 
Care and Use of Laboratory Animals. Ethics approval for the animal 
studies has been obtained from the Ethics Committee of the Jiangxi 
Provincial People’s Hospital. 

2.6. Injection of adeno-associated virus (AAV) 

AAV (serotype 2, Vigene Biosciences, shanghai, China) containing 
the sequences of miR-23a-3p and empty AAV were injected (1012 vg/ml) 
via the tail vein into mice (n = 15 in each group) at 21 days prior to CLP 
surgery. 

2.7. Measurement of renal function 

Venous blood (5 ml) was collected via tail vein. Serum creatinine 
(SCr) levels were detected using a creatinine assay kit (BioAssay Sys-
tems, LLC), and the blood urea nitrogen (BUN) concentration was 
determined with a Hitachi 7060 automatic biochemistry analyzer 
(Hitachi, ltd.). 

2.8. Reverse transcription-quantitative polymerase chain reaction 
(RT‑qPCR) 

TRIzol Reagent (Thermo Fisher Scientific) was utilized for the 
extraction of RNA from HK-2 cells and renal tissues. A RevertAid First 
Strand cDNA Synthesis kit (K1622; Thermo Fisher Scientific) and a 
TaqMan advanced miRNA cDNA synthesis kit (A28007; Applied Bio-
systems, USA) were used for reverse transcription. The qPCR was per-
formed with the SYBR-Green PCR Master Mix kit (4367659; Applied 
Biosystems) or the TaqMan miRNA assay kit (4440887; Applied Bio-
systems). The RNA levels were calculated with the 2− ΔΔCq method [33]. 
GAPDH and U6 functioned as the internal controls. Relative PCR primer 
sequences are provided in Table SI. 

2.9. Histological analysis 

Renal tissues were isolated from the mice in sham and CLP groups. 
After being fixed with 4% paraformaldehyde, the renal tissues were 
embedded, sliced into sections (4 µm), and stained with hematoxylin (5 
min) and eosin (2 min) at room temperature. Finally, the pathological 
changes were observed under a light microscope (Leica DM 6000 B; 
Leica Microsystems GmbH). The degree of kidney damage was deter-
mined using the following criteria: 0, Normal; 1, area of damage <25% 
of tubules; 2, damage involving 25–50% of tubules; 3, damage involving 
50–75% of tubules; and 4, damage involving 75–100% of tubules. 
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2.10. TUNEL staining 

TUNEL staining was conducted to analyze the apoptosis of HK-2 cells 
using the In Situ Cell Death Detection kit (11684817910; Roche Di-
agnostics). Following fixation in 4% PFA (Sigma-Aldrich), the HK-2 cells 
were stained for 60 min at 37 ◦C using TUNEL reaction mixture. Cell 
nuclei were dyed using DAPI (1:100; Sigma-Aldrich) for 10 min at room 
temperature. Images were observed using a light microscope (BX53; 
Olympus Corporation). 

2.11. Enzyme-linked immunosorbent assay (ELISA) 

After indicated treatment, mouse serum or supernatants of HK-2 cells 
were used for ELISA. Interleukin (IL)-6, IL-8, and IL-1β levels in the 
supernatants of HK-2 cells were detected using human IL-6 ELISA kit 
(ab178013, Abcam), human IL-8 ELISA kit (ab214030, Abcam), and 
human IL-1β ELISA kit (ab214025, Abcam), respectively. The levels of 
above three cytokines in mouse serum were evaluated utilizing mouse 
IL-6 ELISA kit (ab100713, Abcam), mouse IL-8 (CXCL-15) ELISA kit 
(ab193720, Abcam), and mouse IL-1β ELISA kit (ab197742, Abcam), 
respectively, as per the manufacturer’s instructions. For detecting the 
effects of NF-κB inhibition on IL-6, IL-8 and IL-1β proteins, cells were 
treated with 0.5 μmol/l of 4-N-[2-(4-phenoxyphenyl)ethyl]quinazoline- 
4,6-diamine (QNZ, an inhibitor of NF-κB; SelleckChem) for 24 h. 

2.12. Protein extracts from cytoplasm and nucleus 

HK-2 cell suspensions were prepared by Trypsin-EDTA treatment. 
The protein samples in cytoplasm and nucleus of the HK-2 cells were 
extracted using NE-PER™ nuclear and cytoplasmic extraction reagents 
(78833; Thermo Fisher Scientific) following the manufacturer’s 
protocols. 

2.13. Western blot analysis 

HK-2 cells or renal tissues were lysed with lysis buffer containing 
protease inhibitors. The protein concentration was determined using a 
BCA Protein Assay kit (Beijing Solarbio Science & Technology). Protein 
(30 µg protein per lane) from each sample was resolved by 12% SDS- 
PAGE and then transferred onto PVDF membranes. After being 
blocked with 5% skim milk for 1 h at 37 ◦C, the membranes were 
incubated with primary antibodies against Bcl-2 (ab182858, 1/2,000), 
Bax (ab32503, 1/1,000), FKBP5 (ab126715, 1/1,000), p50 (ab32360, 
1/5,000), p-p65 (ab76302, 1/1,000), p65 (ab32536, 1/2,000), p-IκBα 
(ab133462, 1/10,000), IκBα (ab32518, 1/1,000), Lamin B (ab133741, 
1/1,000) and GAPDH (ab9485, 1/2,500) at 4 ◦C overnight. The mem-
branes were subsequently incubated using secondary antibodies 
(ab205718, 1/2,000) at room temperature for 2 h. All the antibodies 
were purchased from Abcam. Finally, proteins were visualized via an 
enhanced chemiluminescence (Beyotime Institute of Biotechnology) and 
quantified with the ImageJ software (version 1.38X; National Institutes 
of Health). 

2.14. Luciferase reporter assay 

The binding site between miR-23a-3p on FKBP5 was predicted by the 
TargetScan website (https://www.targetscan.org/vert_71/). The 3′ UTR 
of FKBP5 complementary to miR-23a-3p was sub-cloned into pmirGLO 
plasmids (Promega, USA) to construct the pmirGLO-FKBP5-Wt plas-
mids. The mutated 3′ UTR of FKBP5 was sub-cloned into pmirGLO 
plasmids to construct the pmirGLO-FKBP5-Mut plasmids. HK-2 cells 
were co-transfected with wild-type or mutant pmirGLO dual-luciferase 
vector FKBP5 (1 µg) together with 25 nM of miR-23a-3p mimics or NC 
mimics using Lipofectamine 2000 in 24-well plates. Luciferase activity 
was detected 48 h after vector transfection using dual luciferase reporter 
assay system (Promega). 

Fig. 1. LPS induced cell apoptosis, inflammatory response and miR-23a-3p downregulation. (A) TUNEL assay was used to measure cell apoptosis. (B) Bax and Bcl-2 
protein levels in HK-2 cells were examined by western blot analysis. (C) Contents of IL-8, IL-6 and IL-1β in the supernatant of HK-2 cells were detected by ELISA in 
HK-2 cells. (D) RT-qPCR was applied to detect the miR-23a-3p levels in plasma from 18 septic patients and 8 healthy individuals. (E) RT-qPCR was applied to detect 
the miR-23a-3p level in HK-2 cells. *p < 0.05, **p < 0.01, vs control. 
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2.15. RNA immunoprecipitation (RIP) assay 

A Magna RIP RNA-Binding Protein Immunoprecipitation kit (17-700; 
EMD Millipore) was used for RIP assay. Cells were incubated with 
radioimmunoprecipitation assay lysis buffer. The cell lysates were then 
probed with magnetic beads conjugated with anti-Ago2 antibody 
(ab186733, 1/30, Abcam) or control anti-IgG antibody (ab6715, 1/100, 
Abcam). The cell lysates were then treated with 150 µl of proteinase K 
buffer at 55 ◦C for 30 min to digest the protein. The expression of miR- 
23a-3p and FKBP5 in precipitates of anti-Ago2 or anti-IgG was measured 
by RT-qPCR. 

2.16. Immunofluorescence (IF) staining 

HK-2 cells were seeded in 6-well plates and fixed with 4% para-
formaldehyde. Subsequently, 0.5% Triton X-100 was applied to per-
meabilize cell for 10 min at room temperature. Hereafter, the cells were 
blocked in PBST containing 5% BSA (Amersco) for 1 h, and then incu-
bated with primary antibody anti-NF-κB (ab16502, 1/100, Abcam) 
overnight at 4 ◦C. Subsequently, fluorochrome-labeled anti-rabbit sec-
ondary antibody (ab6717, 1/1,000, Abcam) was added for 1 h of incu-
bation at room temperature. DAPI (Beyotime) was applied to stain the 
nucleus. Images were observed under a fluorescence microscope (Nikon 
Corporation) and analyzed using Adobe Photoshop 6.0 software. 

2.17. Statistical analysis 

Statistical analysis was performed with SPSS software (version 17.0). 
Data were shown as the means ± SD (standard deviation). The unpaired 
Student’s t-test was used for comparison between 2 groups. One-way 
analysis of variance followed by Tukey’s post hoc test was applied for 
the comparisons of >2 groups. P-value <0.05 was considered to possess 
a statistical significance. 

3. Results 

3.1. miR-23a-3p level is downregulated in LPS-exposed cells 

A previous study identified that serum miR-23a-3p level was 
decreased in sepsis-induced AKI patients [16]. To further investigate the 
function of miR-23a-3p in AKI, we established a cell model of sepsis by 
exposing HK-2 cells to LPS. As shown in Fig. 1A, LPS stimulation 
significantly promoted cell apoptosis. Furthermore, LPS exposure 
elevated Bax protein level but reduced Bcl-2 protein level (Fig. 1B). 
Moreover, the addition of LPS increased the accumulation of IL-6, IL-8 
and IL-1β in the supernatant of HK-2 cells (Fig. 1C). Plasma miR-23a-3p 
levels were lower in 18 septic patients than 8 healthy individuals 
(Fig. 1D). RT-qPCR analysis also demonstrated that LPS exposure 
decreased miR-23a-3p expression in HK-2 cells (Fig. 1E). 

Fig. 2. miR-23a-3p hinders cell apoptosis and inflammation of LPS-exposed HK-2 cells. (A) The overexpression efficiency of miR-23a-3p mimics in LPS-exposed cells. 
(B) TUNEL assay was performed to measure the apoptosis of LPS-exposed cells. (C) Western blot was used to determine Bax and Bcl-2 protein levels in LPS-exposed 
cells. (D) Accumulation of IL-8, IL-6 and IL-1β in the supernatants of LPS-stimulated HK-2 cells were detected by ELISA in LPS-exposed cells. **p < 0.01, ***p < 0.001, 
vs NC mimics. 
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3.2. miR-23a-3p hinders cell apoptosis and the inflammatory response of 
LPS-stimulated HK-2 cells 

We then evaluated the effects of miR-23a-3p exerted on HK-2 cell 
apoptosis and inflammation. First, miR-23a-3p levels were effectively 
overexpressed by transfection of miR-23a-3p mimics (Fig. 2A). More-
over, TUNEL assay demonstrated that number of TUNEL-positive cells 
was decreased by miR-23a-3p overexpression (Fig. 2B). Additionally, 
miR-23a-3p mimics reduced the Bax protein level and increased the Bcl- 
2 protein level (Fig. 2C). In addition, the contents of IL-8, IL-6 and IL-1β 
in the supernatants of LPS-exposed HK-2 cells were significantly 

downregulated by miR-23a-3p overexpression (Fig. 2D). 

3.3. miR-23a-3p directly binds with the FKBP5 3́ UTR 

Emerging evidence suggests that miR-23a-3p can bind with the 
mRNA 3́ UTR to inhibit its mRNA and protein levels [34,35]. It was thus 
hypothesized that miR-23a-3p also acts in this pattern in AKI. Using 
bioinformatics analysis, 6 potential target mRNAs were found and are 
shown in Fig. 3A (conditions: predicted by PITA, RNA22, miRanda and 
TargetScan). Additionally, RT-qPCR results indicated that only FKBP5 
exhibited the most evident upregulation in LPS-stimulated HK-2 cells 

Fig. 3. miR-23a-3p can directly bind with the FKBP5 3́ UTR. (A) Venn diagram showing the mRNAs harboring the binding site on miR-23a-3p. (B) RT-qPCR analysis 
was performed to measure the levels of candidate mRNAs in HK-2 cells exposed to LPS or not. (C) RT-qPCR was applied to detect the FKBP5 levels in plasma from 18 
septic patients and 8 healthy individuals. (D) Western blot analysis was used to determine the protein level of FKBP5 in HK-2 cells exposed to LPS or not. (E) Binding 
sequences of miR-23a-3p on position 667–674 of FKBP5 3′ UTR. (F) Luciferase reporter assay was applied to examine the luciferase activities of wild-type or mutant 
pmirGLO-FKBP5. (G) Relative enrichment of miR-23a-3p and FKBP5 in IgG and Ago2 precipitated products. (H) Western blot analysis was used to determine the 
protein level of FKBP5 in LPS-exposed HK-2 cells in the context of miR-23a-3p overexpression. *p < 0.05, **p < 0.01, ***p < 0.001 vs respective controls. 
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among these mRNAs (Fig. 3B). Plasma FKBP5 levels were higher in 18 
septic patients than 8 healthy individuals (Fig. 3C). Likewise, the FKBP5 
protein levels were increased in the LPS-stimulated HK-2 cells (Fig. 3D). 
According to the prediction of the TargetScan website, the binding po-
sition of miR-23a-3p on the FKBP5 3́ UTR is presented in Fig. 3E. Based 
on luciferase reporter assay, miR-23a-3p overexpression attenuated the 
luciferase activity of wild-type pmirGLO-FKBP5, whereas the luciferase 
activity of mutant pmirGLO-FKBP5 was not significantly altered 
(Fig. 3F). In addition, miR-23a-3p and FKBP5 were significantly 
enriched in Ago2 precipitated products according to RNA immunopre-
cipitation assay (Fig. 3G). Finally, miR-23a-3p also reduced the FKBP5 
protein level in the LPS-stimulated HK-2 cells (Fig. 3H). 

3.4. miR-23a-3p regulates cell apoptosis and the inflammatory response 
by targeting FKBP5 

To explore whether miR-23a-3p affects cell apoptosis and inflam-
mation by targeting FKBP5 in HK-2 cells, rescue assays were designed 
and performed. The protein level of FKBP5 was significantly overex-
pressed by transfection with pcDNA3.1/FKBP5 (Fig. 4A). The over-
expression of FKBP5 significantly reversed the suppressive effect of miR- 
23a-3p on FKBP5 protein level (Fig. 4B). Subsequently, cell apoptosis 
was detected by TUNEL assay. It was found that FKBP5 overexpression 
counteracted the inhibitory effect of miR-23a-3p mimics on cell 
apoptosis (Fig. 4C). Furthermore, western blot analysis revealed that the 

Fig. 4. miR-23a-3p regulates cell apoptosis and inflammation via targeting FKBP5. (A) The overexpression efficacy of pcDNA3.1/FKBP5 in LPS-exposed cells. (B) 
Western blot analysis of FKBP5 protein levels in NC mimics, miR-23a-3p mimics, miR-23a-3p mimics + FKBP5 groups in LPS-exposed cells. (C) TUNEL assay was used 
to measure the apoptosis of LPS-exposed cells in the different groups. (D and E) Bax and Bcl-2 protein levels in the different groups. (F) ELISA was used to detect the 
contents of IL-8, IL-6 and IL-1β in the supernatants of LPS-stimulated HK-2 cells in above three groups. *p < 0.05, **p < 0.01 vs respective controls. 
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Fig. 5. FKBP5 exerts effects on the cell inflammatory response by targeting the NF-κB signaling pathway. (A) Knockdown efficacy of FKBP5 was explored by RT- 
qPCR and western blot analysis. (B) Effects of sh-FKBP5 on p50, phosphorylated p65, phosphorylated IκBα, and IκBα levels in LPS-exposed HK-2 cells were 
detected by western blotting. (C) Effects of sh-FKBP5 on cytoplasmatic p65 and nuclear p65 levels in LPS-exposed HK-2 cells. (D) Immunofluorescence assay showed 
the nuclear translocation of NF-κB in LPS-exposed HK-2 cells. (E) The contents of IL-8, IL-6 and IL-1β in the supernatants of HK-2 cells were examined by ELISA in the 
indicated groups. *p < 0.05, **p < 0.01 vs respective controls. 
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Fig. 6. miR-23a-3p overexpression alleviates sepsis-induced AKI in 
mice. (A) RT-qPCR analysis was conducted to evaluate the over-
expression efficiency of miR-23a-3p mimics in mice (n = 15/group). 
(B) H&E staining was used to analyze the histological changes of the 
kidney tissues (n = 15/group). (C) Statistical analysis detected the 
BUN and serum creatinine (n = 15/group) levels. (D) The serum 
contents of IL-8, IL-6 and IL-1β were examined by ELISA in mice (n 
= 15/group). (E) The Bax and Bcl-2 protein levels in renal tissues 
were detected by western blot analysis (n = 15/group). (F-G) RT- 
PCR and western blot analyses were performed to determine 
FKBP5 mRNA and protein levels in renal tissues of mice (n = 15/ 
group). (H) Protein levels of p50, phosphorylated p65, phosphory-
lated IκBα, and IκBα in renal tissues were detected by western blot 
analysis (n = 15/group). *p < 0.05, **p < 0.01, ***p < 0.001. BUN, 
blood urea nitrogen; SCr, serum creatinine.   
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miR-23a-3p mimic-induced decrease in the Bax protein level and the 
increase in Bcl-2 protein level were neutralized by FKBP5 over-
expression (Fig. 4D and E). In addition, the inhibitory influence of miR- 
23a-3p on the IL-8, IL-6 and IL-1β contents in the supernatants of LPS- 
stimulated HK-2 cells was abrogated by FKBP5 overexpression (Fig. 4F). 

3.5. FKBP5 facilitates cell inflammatory response by targeting NF-κB 
signaling 

Previously, FKBP5 was indicated to be involved in the NF-κB 
signaling-activated inflammatory response [36]. We then explored the 
correlation between FKBP5 and NF-κB signaling in HK-2 cells. The 
mRNA and protein levels of FKBP5 were increased by LPS exposure and 
then knocked down by transfection with sh-FKBP5 (Fig. 5A). Moreover, 
western blot analysis indicated that LPS-induced the increase in the p- 
IκBα/IκBα ratio, p50 and phosphorylated p65 protein levels was sup-
pressed by the knockdown of FKBP5 (Fig. 5B). Additionally, the 
increased nuclear p65 protein level and the decreased cytoplasmic p65 
protein level resulting from LPS exposure were also neutralized by 
FKBP5 inhibition (Fig. 5C). Similarly, immunofluorescence assay 
revealed that the LPS-induced translocation of NF-κB was offset by 
FKBP5 inhibition (Fig. 5D). Finally, the increase in cytokine contents 
arising from FKBP5 overexpression in the supernatants of HK-2 cells was 
abrogated by treatment with QNZ (Fig. 5E). 

3.6. miR-23a-3p overexpression alleviates sepsis-induced AKI in mice 

To further clarify the function of miR-23a-3p in sepsis-induced AKI, 
an animal model of AKI was established by performing CLP surgery on 
mice. To begin with, RT-qPCR revealed that the miR-23a-3p level was 

effectively overexpressed by the injection of AAV-miR-23a-3p to sham- 
operated mice (Fig. 6A). Additionally, miR-23a-3p level was greatly 
reduced after CLP surgery compared with that in the sham group 
(Fig. 6A). The injection of AAV-miR-23a-3p to mice in CLP group suc-
cessfully upregulated miR-23a-3p expression (Fig. 6A). Furthermore, 
H&E staining assay indicated that miR-23a-3p overexpression alleviated 
kidney damage resulting from CLP surgery (Fig. 6B). Furthermore, the 
concentrations of BUN and SCr increased by CLP were decreased by the 
injection of AAV-miR-23a-3p (Fig. 6C). ELISA revealed that serum IL-8, 
IL-6 and IL-1β levels were reduced by miR-23a-3p overexpression in 
mice subjected to CLP (Fig. 6D). In response to miR-23a-3p over-
expression, Bax protein levels were also reduced, while Bcl-2 protein 
levels were increased (Fig. 6E). FKBP5 expression in the mouse model 
was also detected. PCR analysis and western blot analyses revealed that 
FKBP5 mRNA and protein levels were upregulated in mice received CLP 
surgery (Fig. 6F and G). Additionally, FKBP5 levels were downregulated 
by miR-23a-3p both in sham-operated mice or AKI model mice (Fig. 6F 
and G). Moreover, Fig. 6H revealed that the ratio of p-IκBα/IκBα, p50 
and phosphorylated p65 protein levels were higher in the renal tissues of 
mice in the CLP group than that in the sham group. Mice injected with 
AAV-miR-23a-3p showed decreased ratio of renal p-IκBα/IκBα, p50 and 
phosphorylated p65 protein levels (Fig. 6H). 

3.7. miR-23-3p inhibits HK-2 cell apoptosis and inflammation by 
targeting FKBP5 to inactivate the NF-κB signaling 

As shown by the diagram Fig. 7, miR-23a-3p was downregulated in 
HK-2 cells after LPS stimulation while FKBP5 level was upregulated. 
FKBP5 promotes the phosphorylation of IκBα, leading to proteasomal 
degradation and the releasing of NF-κB. The nuclear translocation of p65 
and p50 increased the levels of cytokines, thereby promoting HK-2 cell 
inflammation. miR-23a-3p targets FKBP5 to inactivate the NF-κB 
signaling and thus alleviates HK-2 cell apoptosis and inflammatory 
response. 

4. Discussion 

AKI, a common and severe complication during the development of 
sepsis, is characterized by insufficient blood filtration and impaired 
urine production [37,38]. With high morbidity and mortality, sepsis- 
induced AKI is a serious threat to human health [37,39]. Although 
modern therapies, including continuous renal replacement therapy, 
hemodialysis, peritoneal dialysis and sustained low-efficiency dialysis 
are used for the treatment of patients with AKI, the prognosis of such 
patients remains poor [40]. miRNAs have been identified to serve as 
biomarkers in AKI. For instance, miRNA-20a inhibits LPS-induced injury 
to HK-2 cells by targeting CXCL12 via NF-κB and ERK1/2 signaling in 
AKI [41]. Additionally, exosomal miR-21 has been reported to exert 
protective effects on kidney during sepsis progression [42]. Moreover, 
miR-218-5p alleviates AKI by targeting heme oxygenase-1 in sepsis [43]. 
Recently, miR-23a-3p downregulation has been identified in the serum 
of AKI patients [16]. In our study, miR-23a-3p exhibited relatively low 
levels in LPS-exposed HK-2 cells. MiR-23a-3p overexpression inhibited 
cell apoptosis and inflammatory response under LPS treatment. 
Furthermore, miR-23a-3p overexpression alleviated histological alter-
ations, renal dysfunction, inflammatory response, and cell apoptosis in 
AKI mouse. 

Mechanistically, miR-23a-3p has been proposed to inhibit mRNA 
translation by binding to the 3′ UTR of mRNAs. For example, miR-23a- 
3p binds with the 3′ UTR of KLF3 to regulate melanoma progression 
[44]. Moreover, miR-23a-3p has been reported to bind with SNAP-25 3′

UTR region to modulate Alzheimer’s disease [45]. Likewise, in the 
present study, it was revealed that miR-23a-3p interacted with FKBP5 3′

UTR and inhibited its mRNA expression. Furthermore, miR-23a-3p 
negatively regulated the FKBP5 protein levels. 

Previously, FKBP5 was reported to participate in the inflammatory 

Fig. 7. A schematic diagram to illustrate the mechanism mediated by miR-23a- 
3p in LPS-stimulated HK-2 cells. 
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response [36,46,47]. Additionally, the dysregulation of FKBP5 is 
involved in the activation of NF-κB signaling [36]. In the present study, 
rescue assays revealed that the inhibitory effect of miR-23a-3p mimics 
on cell apoptosis and inflammatory response was reversed by the 
overexpression of miR-23a-3p and FKBP5. Finally, it was demonstrated 
that the knockdown of FKBP5 suppressed the NF-κB signaling pathway 
by inhibiting the nuclear translocation of NF-κB, and thereby attenuated 
the inflammatory response. 

In conclusion, miR-23a-3p ameliorated AKI by targeting FKBP5 and 
NF-κB signaling in sepsis, implying a potential diagnostic or therapeutic 
target for AKI. Nevertheless, the pathology of sepsis is complex and the 
mechanism of miR-23a-3p warrants further investigation. 
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