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A B S T R A C T   

Renal ischemia is the initial stage of kidney damage, leading to mitochondrial metabolism dis
orders and cell necrosis. In this study, we aimed to investigate the biological functions and po
tential mechanisms of miR-21 in protecting renal tubular epithelial cells from oxidative stress and 
apoptosis following oxygen glucose deprivation (OGD). Following an OGD injury, miR-21 levels 
increased in HK-2 renal tubular epithelial cells. Overexpression of miR-21 decreased the protein 
expressions of cleaved caspase-3, BAX, P53, cell apoptosis and increased Bcl-2 expression in HK-2 
cells with OGD injury. In vivo studies found that miR-21 agomir reduced renal tissue apoptosis, 
while miR-21 antagomir increased it. In addition, overexpression of miR-21 reduced levels of 
reactive oxygen species (ROS), malondialdehyde (MDA) and lactate dehydrogenase (LDH) in HK- 
2 cells with OGD injury. However, miR-21 inhibition exhibited the opposite effect. A dual- 
luciferase reporter assay demonstrated that miR-21 directly regulates Toll-like receptor 4 
(TLR4) by targeting the 3′-UTR of TLR4 mRNA. Overexpression of miR-21 led to decreased TLR4 
protein expression, and TLR4 knockdown was shown to greatly increase AKT activity in HK-2 
cells by in vitro kinase assay. Additionally, TLR4 knockdown promoted AKT phosphorylation and 
hypoxia-inducible factor-1α (HIF-1α) expression, while TLR4 overexpression inhibited these 
processes. Furthermore, AKT activation abolished the effect of TLR4 on HIF-1α, while AKT in
hibition decreased the expression of TLR4 on HIF-1α in TLR4 knockdown HK-2 cells. Further 
study revealed that HIF-1α inhibition abolished the protective effect of miR-21 overexpression on 
ROS, LDH levels and cell apoptosis in HK-2 cells after OGD injury, which is indicated by increased 
levels of ROS and LDH, as well as increased cell apoptosis after HIF-1α inhibition in miR-21- 
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treated HK-2 cells. In conclusion, miR-21 defends OGD-induced HK-2 cell injury via the TLR4/ 
AKT/HIF-1α axis.   

1. Introduction 

Renal ischemia is the initial stage of kidney damage, which leads to mitochondrial metabolism disorders and cell necrosis [1]. It 
often occurs as a consequence of hemorrhagic shock, kidney transplantation, large-vessel surgery, and other factors, resulting in acute 
kidney injury or even acute renal failure [2,3]. It is well known that severe renal ischemia in vivo can impair proximal tubule function 
and cause afferent arterioles and glomeruli to contract. For instance, renal tubular epithelial cells play a crucial role in clearing 
apoptotic and necrotic cells, thus preventing further inflammation-related damage. What is more, tubular epithelial cells can dedif
ferentiate and express innate repair receptors, both of which significantly contribute to the promotion of repair [4,5]. However, 
prolonged exposure to hypoxia or ischemia can cause tubular epithelial cells to undergo apoptosis and necrosis, impairing kidney 
function. Therefore, improving the tolerance of renal tubular epithelial cells to oxygen-glucose deprivation (OGD) may be an 
appropriate management strategy for saving damaged renal tissue and recovering impaired renal function caused by renal ischemia. 

MicroRNAs (miRNAs) are small, single-stranded RNAs that are endogenously produced, which bind to the 3′-non-coding region (3′- 
UTR) of the target gene with their seed sequence, leading to the degradation of the target gene or its inhibition in post-transcriptional 
translation [6,7]. MiRNAs play a crucial role in the regulation of cell proliferation, apoptosis, and immune-inflammatory reactions [8, 
9]. MiR-21 was revealed to play a protective role during tissue injury caused by ischemia-reperfusion (I/R). By suppressing P53, 
miR-21 overexpression reduced neuronal death, and protected against ischemic damage [10]. Upregulation of miR-21 has been 
observed in renal I/R damage, and miR-21 knockdown has been shown to promote renal cells apoptosis and angiogenesis by negatively 
regulating thrombospondin-1 [11–13]. However, the significance of miR-21 in alleviating renal ischemia injury remains unclear, and 
no investigation has examined whether miR-21 improves the OGD tolerance of renal tubular epithelial cells. 

Toll-like receptor 4 (TLR4) recognizes pathogen-associated molecular patterns and triggers the body’s inflammatory response. 
TLR4 activation by endogenous extracellular matrix ligands has been studied in various inflammation and tissue injury paradigms. For 
example, in Alzheimer’s disease, inhibition of TLR4 induces M2 microglial polarization and provides neuroprotection via the LRP3 
inflammasome [14]. Studies have confirmed that TLR4 plays an important role in the renal I/R process and helps to reduce renal I/R 
injury by causing a significant number of inflammatory factors to be expressed [15,16]. However, only a few studies have been 
conducted on the function of TLR4 after renal ischemia. Using bioinformatics analysis, TLR4 was predicted to be a potential target gene 
of miR-21. Therefore, in our study, we investigated how the interaction between miR-21 and TLR4affects HK-2 cells after OGD 
damage. 

Hypoxia-inducible factor-1α (HIF-1α) is an important transcriptional regulator, and is thought to induce vascular endothelial 
growth factor [17]. It is extremely significant in the process of I/R injury and is sensitive to ischemia and hypoxia [18]. HIF-1αmediates 
mitophagy in tubular cells and protects against renal I/R injury via BNIP3 [18]. HIF-1α activation is also necessary during cilastatin 
preconditioning to prevent renal I/R injury [19]. Moreover, TLR4 may play a role in the activation of protein kinase B (AKT) in murine 
macrophages [20] and AKT may regulate HIF-1α in hepatocellular cancer [21]. Therefore, we hypothesized that miR-21-mediated 
AKT/HIF-1α signaling could protect renal tubular epithelial cells from ischemia-induced injury by targeting TLR4. 

2. Materials and methods 

2.1. Cell culture 

HK-2 cells, which are renal tubular epithelial cells, obtained from the American Type Culture Collection (Manassas, VA, USA), was 
cultured in DMEM/F12 (Gibco, Rockville, MD, USA) and supplemented with 10% (v/v) fetal bovine serum (Gibco), and 100 IU/ml 
penicillin-streptomycin. The cells were incubated in an atmosphere of 5% CO2 at 37 ◦C. 

2.2. OGD injury 

To mimic ischemia in vitro, the cells were subjected to OGD treatment. HK-2 cells were grown in glucose-free DMEM/F12 (Gibco) at 
37 ◦C with 5% CO2, 1% O2 and 94% N2 for 24 h. 

2.3. RT-qPCR assay 

HK-2 cells and renal tissues were treated with the miRNeasy Mini Kit (Qiagen, Dusseldorf, Germany), and total RNA was extracted. 
For the analysis of miR-21 expression, RNA was reverse-transcribed into cDNA using the one step Primescript miRNA cDNA Synthesis 
Kit (Takara, Dalian, China), according to the manufacturer’s instructions. For mRNA analysis, total RNA was extracted using TRIzol 
(Thermo Fisher Scientific, Waltham, MA, USA), and cDNA was synthesized using M-MLV Reverse Transcriptase (Clontech, Palo Alto, 
CA, USA). RT-qPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA). The relative 
expression level was compared with an internal reference gene, i.e., U6 snRNA (for miRNAs) and GAPDH (for mRNA), using the 2− ΔΔCt 

method. 
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2.4. Western blot 

Cells and renal tissues were lysed with lysis buffer, and equal amounts of protein (25 μg) were separated by 12% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis. The protein was then transferred onto polyvinylidene fluoride (Millipore, Billerica, MA, 
USA). The membrane was blocked with 5% non-fat dry milk dissolved in PBS containing 20% Tween-20 for 2.5 h. Next, it was 
incubated overnight at 4 ◦C with primary antibodies. The membrane was then incubated with horseradish peroxidase-conjugated 
secondary antibody (Sigma, St. Louis, MO, USA) for 2 h at room temperature. The proteins were analyzed using a Bio-Rad Chem
iDoc apparatus. The primary antibodies used were as follows: cleaved caspase-3 (Asp175) antibody (#9661, 1:1000); BAX antibody 
(#2774, 1:1000); Bcl-2 (124) mouse mAb (#15071, 1:100); P53 antibody (#9282, 1:1000); Toll-like receptor 4 (E5D8T) rabbit mAb 
(#38519, 1:1000); phospho-AKT (Thr308) antibody (#9275,1:1000); AKT antibody (#9272, 1:1000); HIF-1α antibody (#3716, 
1:1000); GAPDH (14C10) rabbit mAb (#2118, 1:1000). The primary antibodies were obtained from Cell Signaling Technology 
(Danvers, MA, USA). 

2.5. TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling) assay 

A TUNEL apoptosis detection kit (Beyotime, Nantong, China) was used, following the manufacturer’s protocol, to detect apoptosis 
in HK-2 cells and kidney tissue. Briefly, paraffin embedded renal tissue sections (4 μm) were deparaffinized. After being permeabilized 
with 20 μg/ml of DNase-free proteinase K at 37 ◦C for 20 min, the sections were exposed to a TUNEL reaction mixture and incubated at 
37 ◦C for 60 min in the dark. Cells nuclei were stained with DAPI for 5 min. For quantification, the number of TUNEL-positive cells in 
kidney sections in 10 optical fields in each tissue section was counted, and the number of TUNEL-positive cells per mm2 was calculated. 

HK-2 cells with the indicated treatment were fixed with 4% polyformaldehyde at 4 ◦C for 25 min. After being permeabilized with 
0.2% Triton X-100, the cells were labeled with the TUNEL reaction mixture and incubated at 37 ◦C for 60 min in the dark. Cells nuclei 
were stained with DAPI for 5 min. The number of TUNEL-positive HK-2 cells was counted in five different fields by an observer who 
was unaware of the cell treatment or transfection status. 

2.6. Assay of ROS and MDA 

To detect the level of reactive oxygen species (ROS), HK-2 cells (at a density of 1 × 105/well) were incubated with carboxy-H2DFF- 
DA (Invitrogen, Carlsbad, CA, USA) for 45 min at 37 ◦C. Thereafter, they were washed twice with serum-free medium and resuspended 
in OptiMEM I medium (Invitrogen). Fluorescence-positive cells were measured using a flow cytometer (Beckman Coulter, Kraemer 
Boulevard Brea, CA, USA) with 488 and 530 nm excitation and emission filters, respectively. 

Malondialdehyde (MDA) in the culture medium was measured using an MDA assay kit (Beyotime, Nantong, China) in accordance 
with the manufacturer’s instructions. Briefly, HK-2 cells (at a density of 1 × 106/ml) with the indicated treatment were lysed with lysis 
buffer. After being centrifuged at 12, 000 g for 10 min at 4 ◦C, the supernatant was collected, and 100 μl of the supernatant was 
incubated with 200 μl of MDA detection buffer at 100 ◦C for 15 min. The absorbance was determined using an ELISA reader (Synergy 
HT, BioTek Instruments, Winooski, VT) at 532 and 500 nm, respectively. 

2.7. LDH leakage detection 

The lactate dehydrogenase (LDH) leakage in the culture medium supernatant was tested using an LDH cytotoxicity assay kit 
(Beyotime). Briefly, the transfected cells in a 96-well plate were incubated with 20 μl of LDH release reagent for 1 h. After being 
centrifuged at 400 g for 5 min, the supernatant was collected and incubated with 60 μl of LDH detection reagent for 30 min at room 
temperature in the dark. The absorbance was determined using an ELISA reader at 490 nm. 

2.8. Recombinant plasmid construction and cell transfection 

MiR-21 mimic, miR-21 inhibitor, TLR4 overexpression plasmid (pcDNA3.1-TLR4), TLR4 small interference RNA (siRNA), and HIF- 
1α siRNA were obtained from GenePharma (Shanghai, China). The pcDNA3.1-TLR4 was generated as follows: the cDNA of full-length 
TLR4 was amplified (GenBank accession no. U88880). The cDNA was then treated with restriction endonucleases EcoRI and BamHI, 
followed by its insertion into pcDNA.3.1 vector (Invitrogen). Then, the recombinant vector was transformed into competent cells of 
E. coli DH5α strain (Invitrogen), amplified at 37 ◦C for 12 h, and then extracted for sequencing. After being sequenced, the correct 
recombinant plasmid was named pcDNA.3.1-TLR4. The sequence for miR-21 mimic is as follows: 5′-UAGCUUAUCAGACUGAU
GUUGA-3’ (for sense) and 5′-AACAUCAGUCUGAUAAGCUAUU-3’ (for antisense). The sequence for the miR-21 inhibitor is 5′- 
UCAACAUCAGUCUGAUAAGCUA-3’. The sequence of TLR4 siRNA is as follows: 5′-UUUCCAAAUGGAACAAACCCC-3’. The sequence 
of HIF-1α siRNA is 5′-GCUGGAGACACAAUCAUAUTT-3’. For miR-21 mimic or inhibitor transfection, HK-2 cells were transfected with 
50 nM miR-21 mimic (mimic control was used as a negative control), or inhibitor (inhibitor control was used as a negative control) for 
24 h using Turbofect (Thermo Fisher Scientific, Waltham, MA, USA). Finally, the cells were incubated at 37 ◦C in 5% CO2, 2% O2, and 
93% N2 for 24 h. 

For pcDNA.3.1-TLR4 transfection, HK-2 cells were transfected with 50 nM miR-21 mimic or inhibitor for 24 h using Turbofect 
(Thermo Fisher Scientific, Waltham, MA, USA). Finally, the cells were incubated at 37 ◦C in 5% CO2, 2% O2, and 93% N2 for 24 h. 

TLR4 siRNA or HIF-1α siRNA transfection was conducted using X-tremeGENE™ siRNA reagent (Roche). Briefly, 3 × 104 cells were 
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transfected with 2 μl of X-tremeGENE™ siRNA supplemented with 48 μl serum-free medium and 50 pmol TLR4 siRNA or HIF-1α siRNA 
and cultured at room temperature for 15 min. After 48 h, the transfection efficiency was detected by Western blot. Finally, cells were 
incubated at 37 ◦C in 5% CO2, 2% O2, and 93% N2 for 24 h. 

With the AKT activation experiments, pcDNA.3.1-TLR4 transfected-HK-2 cells were treated with 10 μM of AKT activator SC79 for 1 
h (Abcam, Cambridge, UK, DMSO was used as control) followed by OGD exposure. TLR4 siRNA-transfected HK-2 cells were treated 
with 20 μM of LY294002 (Abcam) for 1 h to inhibit PI3K and with 10 μM of SH-5 (Abcam) for 1 h to inhibit AKT. After that, the HK-2 
cells were exposed to OGD exposure as previously described. 

2.9. Dual-luciferase reporter assay 

The 3′-UTR and mutated 3′-UTR of TLR4 in the binding sites for miR-21 were amplified and subcloned into the pmirGLO vectors 
(Invitrogen). The pmirGLO vectors containing wild-type (WT) or mutant-type (MT) 3′-UTR of TLR4 with miR-21 mimic were co- 

Fig. 1. MiR-21 inhibited cell apoptosis in HK-2 cells induced by OGD. (A) HK-2 cells were subjected to 24 h OGD. The level of miR-21 in HK-2 cells 
with or without OGD treatment was detected by RT-qPCR. (B) HK-2 cells were subjected to 24 h OGD. Representative images of TUNEL assay. (C) 
HK-2 cells were subjected to 24 h OGD. Quantity analyses of the percentage of apoptotic cells based on TUNEL assay. (D) HK-2 cells were transfected 
with miR-21 mimic or miR-21 inhibitor. RT-qPCR was performed to detect the level of miR-21. HK-2 cells were transfected with miR-21 mimic or 
miR-21 inhibitor, followed by OGD exposure. (E) Representative images of TUNEL assay. (F) Quantity analyses of the percentage of apoptotic cells 
based on TUNEL assay. (G) The protein expressions of cleaved caspase-3, BAX, P53and Bcl-2 were measured by Western blot. (H–K) Quantity 
analyses of cleaved caspase-3, BAX, P53, and Bcl-2 in HK-2 cells based on Western blot analyses. Normal, HK-2 cells without OGD injury; OGD, HK- 
2 cells with OGD injury; mimic control + OGD, mimic control transfected HK-2 cells with OGD treatment; miR-21 mimic + OGD, miR-21 mimic 
transfected HK-2 cells with OGD treatment; inhibitor control + OGD, inhibitor control transfected HK-2 cells with OGD treatment; miR-21 inhibitor 
+ OGD, miR-21 inhibitor transfected HK-2 cells with OGD treatment. N = 3, *P < 0.05. 
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transfected into HK-2 cells for 48 h post-transfection. The relative luciferase activity was analyzed using a dual-luciferase system 
(Promega). 

2.10. In vitro kinase assay 

The AKT activity in TLR4 siRNA transfected cells was analyzed using an AKT activity assay kit (ab65786; Abcam), according to the 
manufacturer’s instructions. Briefly, HK-2 cells were lysed in ice-cold kinase extraction buffer for 5 min, centrifuged at 13,000 rpm for 
10 min at 4 ◦C, and the protein concentration was determined using the BCA method. Then, 2 μl of AKT-specific antibody and 50 μl of 
protein A-sepharose were added to 200 μl of cell lysates (300 μg of total cellular protein) and rotated at room temperature for 45 and 
60 min, respectively. The mixture was centrifuged, washed with 0.5 ml kinase extraction buffer twice, and washed with 0.5 ml kinase 
assay buffer once. Thereafter, 2 μl of GSK-3α protein/ATP mixture was added and incubated at 30 ◦C for 2 h 15 μl of 3 × SDS-PAGE 
buffer was added to 30 μl of the supernatant. Then, the 45 μl supernatant (containing SDS PAGE buffer) was boiled for 3 min and was 
extracted. The supernatant (20 μl) was loaded onto a 12% SDS-PAGE gel. Western blotting was performed using the rabbit anti- 
phospho-GSK-3α (Ser 21) specific antibody at 1:1000 dilution. A 37 kDa band corresponding to the phosphorylated GSK-3α should be 
detected in AKT-activated samples. 

2.11. Animals and ischemic treatments 

Sprague Dawley (SD) rats were purchased from the Center of Experimental Animals of Nanchang University. Animal experiments 
were conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee of Nanchang University. 
For ischemic treatments, the rats were anesthetized by subcutaneous injection of 2% pentobarbital sodium (60 mg/kg), followed by a 
ventral incision to expose bilateral renal pedicles. Later, bilateral renal pedicles were exposed for clamping to induce 45 min of 
ischemia. To avoid reflow following ischemia, the clamps remained in place until the removal of the kidneys. Rats in the sham group 
underwent the same operation without renal pedicle clamping. For miR-21 treatment, the rats received a tail vein injection with 10 
mg/kg miR-21 agomir or antagomir (GenePharma) for 10 days (once a day), following an ischemic treatment. 

2.12. Serum creatinine detection 

Blood was collected and immediately centrifuged at 3000 g for 10 min at 4 ◦C to obtain serum for the analysis. The concentrations 
of serum creatinine were measured with a fully automatic biochemical detector to determine renal function. 

2.13. Statistical analysis 

All data were expressed as means ± standard error of mean (SEM). Comparisons between groups were made using the one-way 
ANOVA test followed by Tukey’s post-hoc correction in SPSS for Windows, version 21.0. The student’s t-test was used to compare 
the mean values of the two groups. A value of P < 0.05 was considered statistically significant. 

3. Results 

3.1. MiR-21 inhibited apoptosis of HK-2 cells induced by OGD 

To investigate the effect of OGD on miR-21 in HK-2 cells, the level of miR-21 was measured using RT-qPCR assay. OGD-treated HK- 
2 cells showed significantly higher levels of miR-21 than the normal group (P < 0.05, Fig. 1A). Cell apoptosis was significantly 
increased in the OGD group compared to the normal group (P < 0.05, Fig. 1B and C). To investigate the role of miR-21 in OGD-induced 
injury, the HK-2 cells were transfected with miR-21 mimic or miR-21 inhibitor to overexpress or downregulate miR-21. The RT-qPCR 
results revealed that miR-21 mimic transfection increased miR-21 levels and that miR-21 inhibitor transfection decreased miR-21 
levels (Fig. 1D). The TUNEL assay was used to evaluate cell apoptosis of HK-2 cells. The data demonstrated that compared to the 
mimic control + OGD group, miR-21 mimic significantly reduced the apoptosis of HK-2 cells with OGD injury (P < 0.05, Fig. 1E and F). 
Compared to the inhibitor control + OGD group, the miR-21 inhibitor significantly enhanced the apoptosis of HK-2 cells with OGD 
injury (P < 0.05, Fig. 1E and F). Western blot assay demonstrated that compared to the normal group, the protein expressions of 
cleaved caspase-3 (Fig. 1G and H), BAX (Fig. 1G and I) and P53 (Fig. 1G and J) were significantly increased in the OGD group. The 
protein expression of Bcl-2 was significantly decreased in the OGD group in HK-2 cells (Fig. 1G and K). Compared to the mimic control 
+ OGD group, overexpression of miR-21 significantly reduced the protein expressions of cleaved caspase-3 (Fig. 1G and H), BAX 
(Fig. 1G and I), and P53 (Fig. 1G and J), while increased protein expression of Bcl-2 (Fig. 1G and K) in HK-2 cells with OGD injury. 
However, compared to the inhibitor control + OGD group, miR-21 inhibitor significantly enhanced the protein expressions of cleaved 
caspase-3 (Fig. 1G and H), BAX (Fig. 1G and I), and P53 (Fig. 1G and J), yet decreased the protein expression of Bcl-2 in HK-2 cells with 
OGD injury (Fig. 1G and K). 

3.2. MiR-21 inhibits oxidative stress and cell cytotoxicity in HK-2 cells induced by OGD 

Intracellular ROS and MDA levels were considered as indicators of oxidative stress [22]. Moreover, LDH release is widely used to 
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detect cytotoxicity [23]. To investigate the effect of miR-21 on oxidative stress and cell cytotoxicity, ROS, MDA, and LDH levels were 
assessed in HK-2 cells with OGD injury following transfection of miR-21 mimic or inhibitor. The results revealed that compared to the 
normal group, OGD treatment significantly enhanced the levels of ROS (P < 0.05, Fig. 2A), MDA (P < 0.05, Fig. 2B), and LDH (P <
0.05, Fig. 2C). Compared to the mimic control + OGD group, overexpression of miR-21 significantly reduced ROS (P < 0.05, Fig. 2A), 
MDA (P < 0.05, Fig. 2B) and LDH (P < 0.05, Fig. 2C) levels in HK-2 cells with OGD treatment. Compared to the inhibitor control + OGD 
group, the miR-21 inhibitor significantly increased ROS (Fig. 2A), MDA (Fig. 2B), and LDH (Fig. 2C) levels in OGD-treated HK-2 cells. 
These results indicated that miR-21 inhibits oxidative stress and cell cytotoxicity of HK-2 cells induced by OGD. 

3.3. MiR-21 directly targets the 3′-UTR of TLR4 

In order to elucidate the underlying molecular mechanism of miR-21 in OGD-induced HK-2 cell injury, we predicted the target 
genes of miR-21 through bioinformatics analysis. Interestingly, the 3′-UTR of TLR4 had miR-21 binding sites, with the position 
666–673 of TLR4 exhibiting a higher absolute value of the context score (Fig. 3A). To investigate whether miR-21 directly targeted 
TLR4, the position 666–673 of TLR4 3′-UTR was inserted into the luciferase reporter vector with either the wild-type or mutant miR-21 
binding site. Then, a dual-luciferase reporter assay was conducted to verify the relationship between miR-21 and TLR4. The dual- 
luciferase reporter assay indicated that compared to the mimic control group, overexpression of miR-21 significantly restrained 
luciferase activity in wild-type pGL3-TLR4 3′-UTR (WT) transfected cells, whereas it exhibited no significant effect on luciferase ac
tivity in mutated-type pGL3-TLR4 3′-UTR (MT) transfected cells (Fig. 3B). Western blot assay demonstrated that compared to the 
normal group, the expression of TLR4 was significantly decreased in the OGD group (Fig. 3C). MiR-21 mimic significantly decreased 
TLR4 protein expression compared to the mimic control + OGD group (P < 0.05, Fig. 3C). MiR-21 inhibitor increased TLR4 protein 
expression compared to the inhibitor control + OGD group (P < 0.05, Fig. 3C). 

3.4. TLR4 modulates HIF-1α via AKT 

OGD treatment led to an increased miR-21 level and a decreased TLR4 level in HK-2 cells. To investigate the role of TLR4 in HK-2 
cells with OGD injury, TLR4 was overexpressed via the transfection of pcDNA3.1-TLR4 into HK-2 cells, and TLR4 was silenced via the 
transfection of TLR4 siRNA into HK-2 cells. Western blot assay showed that compared to the pcDNA3.1-transfected HK-2 cells, the 
protein expression of TLR4 was significantly increased in pcDNA.3.1-TLR4 transfected HK-2 cells (P < 0.05, Fig. 4A). Compared to the 
si-NC group, the protein expression of TLR4 was significantly decreased in the si-TLR4 group in HK-2 cells (P < 0.05, Fig. 4B). GSK-3 is 
a substrate for the AKT kinase reaction, and the phosphorylation of GSK-3 reflects the activity of AKT. Compared to the si-NC group, 
TLR4 silencing increased the expression of GSK-3 phosphorylation (Fig. 4C). Compared to the normal group, the protein levels of p- 
AKT and HIF-1α were increased in the OGD group (P < 0.05, Fig. 4D, F-G). Compared to the pcDNA3.1 + OGD group, TLR4 over
expression significantly restrained the protein levels of p-AKT and HIF-1α in HK-2 cells with OGD injury (P < 0.05, Fig. 4D–G). 
Compared to the si-NC + OGD group, TLR4 silencing significantly increased the protein expressions of p-AKT and HIF-1α in HK-2 cells 
with OGD injury (P < 0.05, Fig. 4D–G). Additionally, the AKT activator SC79, which binds to the pleckstrin homology domain of AKT 
and augments AKT phosphorylation at both the Thr308 and S473 sites [24,25], elevated levels of AKT phosphorylation and HIF-1αin 
pcDNA3.1-TLR4 transfected HK-2 cells with OGD injury (P < 0.05, Fig. 4H and I). Compared to the si-TLR4 + DMSO + OGD group, the 
specific AKT inhibitor (SH-5) or PI3K inhibitor (LY294002) significantly reduced levels of AKT phosphorylation and HIF-1α in TLR4 
siRNA-transfected HK-2 cells with OGD injury (P < 0.05, Fig. 4J and K). 

Fig. 2. Effect of miR-21 on oxidative stress and cytotoxicity of HK-2 cells induced by OGD injury. HK-2 cells were transfected with miR-21 mimic or 
miR-21 inhibitor, followed by OGD exposure. (A) ROS release was measured using a reactive oxygen species assay kit. (B) MDA level in cell su
pernatant was tested using an MDA assay kit. (C) An LDH assay was performed using an LDH kit. N = 3, *P < 0.05. 
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3.5. HIF-1α is involved in the regulation of miR-21 on OGD-induced cell injury 

To investigate the function of HIF-1α in miR-21 mimic-transfected HK-2 cells with OGD injury, HIF-1α siRNA was transfected into 
HK-2 cells. Western blot assay revealed that compared to miR-21 + OGD + non specific siRNA group, the expression of HIF-1α was 
inhibited in miR-21 + OGD + HIF-1α siRNA group (P < 0.05, Fig. 5A and B). Compared to the miR-21 + OGD + non specific siRNA 
group, silencing of HIF-1αincreased ROS expression (P < 0.05, Fig. 5C) and LDH levels (P < 0.05, Fig. 5D) in the miR-21 + OGD + HIF- 
1α siRNA group. In addition, the TUNEL assay demonstrated that compared to non specific siRNA transfected HK-2 cells, cell apoptosis 
was significantly increased in HIF-1α siRNA transfected HK-2 cells with OGD injury (P < 0.05, Fig. 5E and F). 

3.6. MiR-21 alleviated renal ischemia injury in vivo 

To assess the function of miR-21 in vivo, rats were injected with miR-21 agomir or antagomir for 10 days and then subjected to 45 
min of bilateral renal ischemia. Compared to the sham group, serum creatinine was significantly increased in the ischemia group, 
indicating the success of renal ischemia models (P < 0.05, Fig. 6A). The expression of miR-21 was significantly increased in the 
ischemia group compared to the sham group (P < 0.05, Fig. 6B). Injection ofmiR-21 agomir significantly increased the level of miR-21, 
whereas injection of miR-21 antagomir significantly decreased the level of miR-21 (P < 0.05, Fig. 6B). Rats treated with miR-21 agomir 
had reduced serum creatinine levels after renal ischemia compared to the agomir control + ischemia group (P < 0.05, Fig. 6A). Rats 

Fig. 3. MiR-21 directly targeted the 3′-UTR of TLR4. (A) The potential miR-21 binding sites on the 3′-UTR of TLR4 predicted by microRNA.org. (B) 
HK-2 cells were co-transfected with a luciferase reporter vector containing either wild-type (WT) TLR4 3′-UTR or mutant (MT) TLR4 3′-UTR along 
with miR-21 mimic. Relative luciferase activity was determined using the dual luciferase reporter assay. (C) HK-2 cells were transfected with miR-21 
mimic or inhibitor, followed by OGD exposure. The protein expression of TLR4 was quantified by Western blot. N = 3, *P < 0.05. 
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treated with miR-21 antagomir had significantly higher serum creatinine levels after renal ischemia compared to the antagomir 
control + ischemia group (P < 0.05, Fig. 6A). The effect of miR-21 on cell apoptosis was analyzed by TUNEL assay. The data showed 
that ischemia triggered more apoptosis in comparison to the sham group. MiR-21 agomir significantly reduced apoptosis, while miR-21 
antagomir promoted apoptosis (P < 0.05, Fig. 6C and D). Additionally, the ratio of p-AKT/t-AKT and HIF-1α expression were both 
clearly higher in the ischemia group compared to the sham group (Fig. 6E). TLR4 expression was significantly lower in the ischemia 
group compared to the sham group (Fig. 6E). Compared to the agomir control + ischemia group, miR-21 agomir downregulated the 
expression of TLR4 and increased the ratio of p-AKT/t-AKT and HIF-1α expression (Fig. 6E). Compared to the antagomir control +
ischemia group, miR-21 antagomir up-regulated the expression of TLR4 and decreased the ratio of p-AKT/t-AKT and HIF-1α expression 
(Fig. 6E). 

4. Discussion 

The incidence of acute kidney injury caused by renal ischemia occurs particularly frequently [26]. It exacerbates kidney injury by 
influencing the formation of ROS, cell apoptosis, and the inflammatory activity of several cytokines [27,28]. Renal ischemia is one of 

Fig. 4. TLR4 regulated HIF-1α and AKT. (A) HK-2 cells were transfected with pcDNA3.1-TLR4, and the transfection efficiency was analyzed by 
Western blot. (B) HK-2 cells were transfected with TLR4 small interference RNA (siRNA), and the transfection efficiency was analyzed by Western 
blot. (C) Western blot assay was used to detect the phosphorylation of GSK-3α, which is a substrate in the AKT kinase reaction. HK-2 cells transfected 
with pcDNA3.1-TLR4 or TLR4 siRNA were subjected to 24 h of OGD. (D) The protein expressions of TLR4, p-AKT, t-AKT, and HIF-1α were tested by 
Western blot. (E–G) Quantity analyses of TLR4, p-AKT/AKT, and HIF-1α in HK-2 cells based on Western blot analyses. (H and I) pcDNA.3.1-TLR4 
transfected HK-2 cells were treated with AKT activator SC79 (10 μM) for 1 h, followed by OGD exposure. The protein expressions of p-AKT, t-AKT, 
and HIF-1α were detected by Western blot. (J, K) TLR4 siRNA-transfected HK-2 cells were treated with PI3K inhibitor LY294002 (20 μm) or AKT 
inhibitor SH-5 (10 μm) for 1 h, followed by OGD exposure. The protein expressions of p-AKT, t-AKT, and HIF-1α were detected by Western blot. N =
3, *P < 0.05. 
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the common causes of acute death and disability worldwide [29]. In this study, we discovered that miR-21 was highly expressed in 
HK-2 cells treated with OGD as well as in the ischemic injured renal tissue of rats. Overexpression of miR-21 inhibited apoptosis and 
reduced oxidative stress in HK-2 cells via the TLR4/AKT/HIF-1α pathway, while inhibition of miR-21 exhibited the opposite effects. 

MiRNA usually acts as a negative regulator of gene expression [6,7]. Various studies found a protective role of miR-21 during 
I/R-induced tissue injury. For instance, Song et al. [30] discovered that miR-21 alleviated I/R-induced acute kidney injury by 
inhibiting epithelial cell apoptosis and dendritic cell maturation. By controlling oxidative stress, apoptosis, and other processes in the 
kidney, miR-21 was implicated in regulating the onset and progression of renal I/R injury [31,32]. Next, Jia et al. [33] demonstrated 
that inhibition of miR-21 in dendritic cells led to renal I/R damage. Unfortunately, little is known regarding the function of miR-21 
following ischemic injury. Furthermore, Li et al. [11] reported that miR-21 may be involved in ischemia pre-treatment protection 
against I/R-induced kidney injury by targeting the MKK3/IL-6/TNF-α pathway. In this study, we aimed to investigate HK-2 cells injury 
caused by OGD. As found, miR-21 was elevated after OGD incubation in HK-2 cells. Evidently, after OGD injury, overexpression of 
miR-21 increased the expression of Bcl-2 in HK-2 cells while suppressing levels of cleaved caspase-3, BAX, and P53 as well as cell 
apoptosis. Conversely, the miR-21 inhibitor exhibited the opposite results. The accumulation of p53 in the cytosol functioned anal
ogously to the BH3-only subset of proapoptotic Bcl-2 protein to activate BAX and trigger apoptosis [34]. Reduced P53 expression after 
OGD suggests that p53 is involved in BAX expression induced by OGD. Moreover, miR-21 may protect against OGD-induced HK-2 cells 
injury by reducing levels of ROS, MDA, and LDH, while miR-21 downregulation may exacerbate OGD-induced HK-2 cells injury. An in 
vivo study demonstrated that overexpression of miR-21 significantly reduced apoptosis, while miR-21 knockdown induced it in renal 
tissues. Using bioinformatics analysis, we discovered that TLR-4 was a potential target gene of miR-21. Zou et al. [35] found that the 
miR-21/TLR4/NF-κB signaling pathway might reduce curcumin in lung injury. Additionally, the amelioration of renal I/R injury was 
closely related to the lowering of TLR-4 expression [36]. We found that miR-21 negatively regulated TLR4 expression in renal tissue 
with ischemic injury and in HK-2 cells with OGD injury. A dual-luciferase reporter assay further validated the direct interaction 

Fig. 5. HIF-1α is involved in the regulation of miR-21 in OGD-induced cell injury. HK-2 cells were co-transfected with miR-21 mimic and HIF-1α 
siRNA, followed by OGD exposure. (A) The protein expression of HIF-1α was examined by Western blot. (B) Quantity analysis of HIF-1α expression 
based on Western blot analyses. (C) ROS release was measured using a reactive oxygen species assay kit. (D) An LDH assay was performed using an 
LDH kit. (E) Representative images of the TUNEL assay. (F) Percentage of apoptotic cells. Normal, HK-2 cells without OGD injury; OGD, HK-2 cells 
with OGD injury; miR-21 mimic + OGD, miR-21 mimic transfected HK-2 cells with OGD treatment; miR-21 + OGD + HIF-1α siRNA, HIF-1α siRNA 
was transfected in HK-2 cells with miR-21 overexpression and OGD treatment; miR-21 + OGD + non-specific siRNA, non-specific siRNA was 
transfected into HK-2 cells with miR-21 overexpression and OGD treatment. N = 3, *P < 0.05 vs. miR-21 + OGD + non-specific siRNA. 
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between miR-21 and TLR4. 
AKT activation could be mediated by TLR4 in murine macrophages [20], and AKT may regulate HIF-1α in hepatocellular carcinoma 

[21]. HIF-1α mainly regulates the expression of downstream hypoxia-sensitive genes to enable cells to survive under hypoxia [37]. The 
current study demonstrated that in HK-2 cells with OGD injury, AKT phosphorylation and HIF-1α protein expression were both 
apparently reduced by TLR4 overexpression, and they were significantly increased by TLR4 knockdown. In vitro kinase assay revealed 
a decrease in AKT activation after TLR4 knockdown. Meanwhile, up-regulation of AKT phosphorylation by SC79 distinctly elevated 
HIF-1α protein expression. This finding suggested that the up-regulation of AKT phosphorylation could abolish the effect of TLR4 on 
HIF-1α expression in HK-2 cells with OGD injury. Consequently, TLR4 regulated HIF-1α expression by regulating AKT in HK-2 cells 
with OGD injury. These findings showed that miR-21 alleviated kidneys from ischemia injury by modulating TLR4/AKT/HIF-1α. 
Previous research demonstrated that mTOR was an upstream mediator of HIF-1α activation [38], making us speculate that AKT 
activation induces HIF-1α to be activated via mTOR. 

Furthermore, the protective effect of miR-21 on cell apoptosis, ROS, and LDH levels was reversed by HIF-1α inhibition, as shown by 
the enhanced apoptosis and oxidative stress after HIF-1α siRNA treatment in miR-21 overexpressed HK-2 cells after OGD treatment. 
The function of HIF-1α following I/R injury was controversial. According to Fu et al. [18], HIF-1α could mediate tubular cell 
mitophagy and protect against renal I/R injury. Sethi et al. [39] argued that targeting HIF-1α exhibited an inhibitory effect on renal I/R 
injury. Our results demonstrated a protective role of HIF-1α after a renal ischemic injury. The opposite effect of HIF-1α may be relying 
on different upstream regulatory genes. To sum up, we first discovered that miR-21 alleviated HK-2 cells OGD injury by targeting the 

Fig. 6. MiR-21 alleviated renal ischemia injury in vivo. Rats were subjected to 45 min of bilateral renal ischemia or sham operation (sham). Kidney 
tissues were collected for histological and biochemical analysis. (A) Blood samples were collected for the measurement of serum creatinine. (B) 
Relative expression of miR-21 was detected by RT-qPCR. (C) Percentage of apoptotic cells. (D) Representative images of the TUNEL assay. Scale bar: 
50 μm. (E) Quantity analysis of TLR4, p-AKT, t-AKT, and HIF-1α expression based on Western blot analyses. *P < 0.05. 
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TLR4 and AKT/HIF-1α axis. HIF-1α could mediate tubular cell mitophagy and protect against renal I/R damage according to Fu et al. 
[23]. Renal I/R injury were inhibited by HIF-1α targeting. Our findings showed that HIF-1α exhibited a protective effect on renal 
damage caused by ischemia. The opposing action of HIF-1α may depend on many upstream regulatory genes. 

5. Conclusion 

This study revealed that miR-21 was elevated in HK-2 cells with OGD. Apoptosis was significantly reduced by miR-21 over
expression both in vivo and in vitro. In HK-2 cells with OGD injury, overexpression of miR-21 significantly inhibited oxidative stress, 
and cell injury. Furthermore, miR-21 could regulate the AKT/HIF-1α axis by modulating TLR4 expression in HK-2 cells with OGD 
injury, providing further insight into the molecular mechanism of miR-21 in renal injury induced by ischemia. 
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