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Abstract. The present study aimed to examine the expression 
and function of the metastasis-associated lung adenocarci-
noma transcript 1 (MALAT1)/microRNA (miR)-146a/nuclear 
factor (NF)-κB axis in lipopolysaccharide  (LPS)-induced 
acute kidney injury (AKI). The mRNA levels of MALAT1 and 
miR-146a in AKI tissues and cells were detected using reverse 
transcription-quantitative polymerase chain reaction analysis. 
The NF-κB pathway proteins and cell viability were assessed 
using western blot analysis and the MTT method, respectively. 
The secretion of inflammatory factors was determined using 
the ELISA method. The present study also examined effects 
of the abnormal expression of MALAT1 and miR-146a on 
cytokines and the NF-κB pathway. A potential binding region 
between MALAT1 and miR-146a was confirmed via RNA 
immunoprecipitation. The results revealed that the upregula-
tion of MALAT1 reduced the expression of miR‑146a, and 
there was a negative linear correlation between MALAT1 and 
miR-146a in a RNA-induced silencing complex‑dependent 
manner. The expression levels of miR-146a were lower in 
the kidney injury specimens and NRK-52E cells, compared 
with those in the controls. MALAT1 knockdown and the 
overexpression of miR-146a reduced the production of phos-
phorylated inhibitor of NF-κB and np65 protein. miR‑146a 
was found to be transcriptionally induced by NF-κB, and 
miR-146a repressed the pro-inflammatory NF-κB pathway 
and downstream transcription factors. Taken together, these 

data indicated that the MALAT1/miR‑146a/NF-κB pathway 
exerted key functions in LPS-induced AKI, and provided novel 
insights into the mechanisms of this therapeutic candidate for 
the treatment of the disease.

Introduction

Acute kidney injury (AKI) is a critical care syndrome in clin-
ical practice, which is characterized by a rapid decline in renal 
function, and is responsible for high morbidity and mortality 
rates of patients in intensive care units (1). The clinical symp-
toms of AKI are caused by diverse components, including 
sepsis-induced infection (2), liver transplantation (3), cardiac 
surgery (4) and contrast media (5). Lipopolysaccharide (LPS) 
is an endotoxin produced following infection by Gram negative 
bacteria, and remains the most common trigger for AKI (6). 
In addition, LPS-induced AKI often develops in patients 
with decreased immune-competence, resulting in severe 
renal failure and exacerbated mortality rates (7). It has been 
suggested the onset of LPS-induced AKI is associated with 
an elevation of inflammatory cytokines (8) and transcription 
factors, for example nuclear factor (NF)-κB, which consequen-
tially induce pro-inflammatory mediators, including tumor 
necrosis factor-α (TNF-α), interleukin (IL)-1 and IL-6, which 
coordinate the elimination of pathogens and infected cells (9). 
Although the pathogenic factors of AKI are clear, the complex 
biological and molecular mechanisms underlying AKI remain 
to be fully elucidated.

MicroRNAs (miRNAs; ~22  nt) are important in gene 
regulation and are involved in diverse biological processes, 
including cell growth, migration, apoptosis and differentia-
tion, by binding to the 3'-untranslated regions of mRNAs (10). 
In addition to feedback regulation at the level of transcription, 
miRNAs have been identified to serve in post-transcriptional 
negative feedback loops, which modulate inflammatory 
signaling (11). miR-146a was previously found to be transcrip-
tionally induced by NF-κB in response to the activation of innate 
immune signaling in monocytes (12) and inhibit activation of 
the NF-κB pathway (13). In addition, the miR-146a-induced 
suppression of NF-κB-driven monocyte/macrophage activation 
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and atherosclerosis are regulated by the expression of cellular 
apolipoprotein E   (14). A defect in the NF-κB/miR-146a 
negative feedback loop may be involved in the pathogenesis 
of diabetic neuropathy (15). These previous findings demon-
strate that miR-146a is involved in a negative feedback loop 
to control the NF-κB pathway. However, the function of the 
miR-146a/NF-κB pathway in AKI remains to be fully eluci-
dated. Therefore, the identification of miR‑146a/NF-κB, and 
the clarification of its potential mechanisms, is critical for 
developing efficient therapies against AKI.

Long non-coding RNAs (lncRNAs; ~200 nt) are a class 
of RNAs, which do not encode proteins (16). Accumulating 
evidence shows that lncRNAs are widely expressed in various 
human somatic tissues and are involved in diverse cellular 
events, including epigenetic regulation, gene transcription, 
mRNA processing and gene translation (17). Compared with 
the well-reported dysregulated miRNAs, which are involved in 
various diseases, only a small number of lncRNAs have been 
investigated in relation to their functions in kidney cancer, 
including PRINS (18), CRNDE (19) and H19 (20), and even 
fewer have been recognized in the process of AKI. In the field 
of nephropathy, metastasis-associated lung adenocarcinoma 
transcript 1 (MALAT1) was revealed to be upregulated in 
clear cell renal cell carcinoma (ccRCC) and acted as a novel 
molecule involved in the progression of ccRCC (21). However, 
whether MALAT1 was associated with the malignant progres-
sion of AKI remains to be elucidated and warrants further 
investigations to examine the underlying mechanisms.

The present study aimed to determine the expression and 
function of MALAT1, miR-146a and NF-κB pathway factors 
in AKI tissues and cells. The present study also investigated 
the interactions among the three regulators in the regulation of 
AKI malignant behavior and the potential molecular pathways 
involved.

Materials and methods

Animals. Male Sprague-Dawley rats (n=30; age, 6 weeks; 
weight, 22‑25 g) were obtained from the Laboratory Animal 
Center of Zhejiang University (Hangzhou, China) and were 
maintained in a standard laboratory in an air-conditioned 
room at 18-26˚C with free access to food and water. Artificial 
lighting was provided on a 12/12-h light/dark cycle. All experi-
mental protocols were performed according to the Guide for 
the Care and Use of Laboratory Animals and were approved 
by the Ethics Review Board for Animal Studies of the School 
of Medicine, Zhejiang University.

In  vivo AKI animal model. Following adaptation to the 
laboratory environment for 1 week, the rats were selected for 
establishment of the AKI model. The animals were randomly 
divided into two groups (n=15/group), comprising a control 
and LPS-treated AKI group. The animals in the AKI model 
groups were administered an intraperitoneal injection of 
LPS (10 mg/kg) 6 h prior to sacrifice by cervical dislocation 
following the inhalation of 1,1,1-trichloroethane (TCE) (22,23). 
Blood samples were obtained and centrifuged at 3,600 x g for 
10 min at 4˚C to obtain serum. The blood samples were then 
stored at -20˚C and kidney samples were stored at -80˚C for 
further analysis.

Cell culture. The NRK-52E normal rat kidney epithelial cell 
line and HK-2 human kidney tubular epithelial cell line were 
purchased from the Institute of Biochemistry and Cell Biology 
of the Chinese Academy of Sciences (Shanghai, China). The 
cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% fetal bovine serum (FBS; 
Invitrogen; Thermo Fisher Scientific, Inc.) and antibiotics 
(100 U/ml penicillin and 100 mg/ml streptomycin) in a humidi-
fied atmosphere of 5% CO2 and 95% O2 at 37˚C.

In vivo LPS treatment. The LPS was prepared in ultrapure 
water and used to produce the working dilution at a concen-
tration of 0.5 µg/ml  (24) in serum-free DMEM for direct 
application to cell cultures (25). The NRK-52E and HK-2 cells 
were plated in 96-well plates at a density of 5x104 cells/ml 
per well for 24 h, following which they were challenged with 
LPS and then incubated for another 24 h. Cell viability was 
assessed using an MTT assay.

Cell transfection. The plasmid for the overexpression of 
MALAT1 was constructed by inserting the amplified MALAT1 
cDNA using a MiRcute miRNA first-strand cDNA synthesis 
kit (Tiangen Biotech Co., Ltd., Beijing, China) according to 
the manufacturer's instructions into the pCDNA3.1 vector 
(Invitrogen; Thermo Fisher Scientific, Inc.), resulting in pcDNA 
MALAT1. Small interfering RNA (si)-MALAT1 targeting 
MALAT1 and negative control siRNA were purchased from 
Qiagen GmbH (Hilden, Germany). The miR-146a mimic/nega-
tive control mimic and the miR-146a inhibitor/negative control 
inhibitor were obtained from Guangzhou RiboBio Co., Ltd. 
(Guangzhou, China). For cell transfection, the cells were 
incubated with si-MALAT1/pcDNA MALAT1, miR-146a 
mimic/miR-146a inhibitor or their corresponding controls 
using Lipofectamine  2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions, 
and the cells were harvested 48 h later for subsequent experi-
ments.

The specific primers used were as follows: human 
si-MALAT1 sense, GCAAAUGAAAGCUACCAAUTT and 
antisense, AUUGGUAGCUUUCAUUUGCTT; rat si-MALAT1 
sense, GCAGUUUAGGAGAUUGUAATT and antisense, 
UUACAAUCUCCUAAACUGCTT; negative control siRNA 
sense, UUCUCCGAACGUGUCACGUTT and antisense, 
ACGUGACACGUUCGGAGAATT.

Western blot analysis. Total protein was extracted from 
the kidneys and cultured cells, and the concentrations were 
estimated by collecting equal number of cells and homog-
enizing using RIPA lysis buffer. The protein concentrations 
of the samples were determined using a BCA protein assay 
kit (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) and 
standards. The proteins (50 µg) were denatured with sodium 
dodecyl sulfate (SDS) sample buffer, separated by 10% SDS 
polyacrylamide gel electrophoresis and then transferred 
onto PVDF membranes (EMD M illipore, Billerica, MA, 
USA). Following blocking with 5% skim milk for 2  h at 
room temperature, the membranes were incubated with 
primary antibodies including phosphorylated inhibitor of 
NF-κB (p-IκBα; cat. no. 2859, 1:1,000), IκBα (cat. no. 9247, 
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1:1,000), B-cell lymphoma 2 (Bcl-2; cat. no. 3498, 1:1,000), 
Bcl-2‑associated X protein (Bax; cat. no. 2772, 1:1,000), and 
caspase-3 (cat. no. 9662, 1:1,000) (all from Cell Signaling 
Technology, Boston, MA, USA), np65 (cat. no.  ab83063, 
1:1,000; Abcam, Cambridge, MA, USA), lamin  B (cat. 
no. 13435, 1:1,000) and β-actin (cat. no. 8457, 1:1,000) (both 
from Cell Signaling Technology) overnight at 4˚C. Following 
the addition of anti-rabbit horseradish peroxidase-conjugated 
IgG secondary antibodies (cat. no. ab6721, 1:2000; Abcam) for 
2 h at room temperature. The protein bands on the membranes 
were detected using an enhanced chemiluminescence system 
(UVP, Inc., Upland, CA, USA). The intensity values of the 
bands were adjusted relative to the expression of the internal 
reference (β-actin and lamin B).

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) analysis. Total RNA from 
the tissues and cells was extracted using TRIzol (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
instructions. The mRNA and miRNA were polyadenylated 
using a poly-A polymerase-based First-Strand Synthesis 
kit (Takara Biotechnology Co., Ltd., Shanghai, China) and 
reverse transcription of the total mRNA was performed using 
a PrimeScript RT reagent kit according to the manufacturer's 
instructions. The reactions were incubated in a 96-well plate at 
95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec, 60˚C 
for 30 sec and 72˚C for 30 sec. The resulting amplification were 
quantified on an ABI 7500HT system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) using SYBR-Green I. U6 or 
GAPDH were used as endogenous controls. Relative fold 
expression levels were calculated with the comparative quanti-
fication cycle (2-∆∆Cq) method (26).

The primer sequences were listed as follows: miRNA‑146a 
forward, 5'-ACACTCCAGCTGGGTGAGAACTGAATT 
CCA-3' and reverse, 5'-CTCAACTGGTGTCGTGGAGTCG 
GCAATTCAGTTGAGAACCCATG-3'; and MALAT1 forw
ard, 5'-GCGACGAGTTGTGCTGCTATCT-3' and reverse, 
5'-ACACTGCTCTGGGTCTGCTTTT-3'.

Assessment of biochemical parameters. Serum levels of blood 
urea nitrogen (BUN; mmol/l) and creatinine (Cr; µmol/l) 
were detected using specific kits according to the manufac-
turer's instructions. The serum expression levels of TNF-α and 
IL-6 (ng/l) were determined using commercial ELISA kits 
according to the manufacturer's instructions. All assays were 
performed in triplicate.

Cell viability assay. Cell proliferation was measured using 
an MTT assay. The cells were seeded in a 96-well plate and 
cultured in normal medium. Following transfection, the cells 
were incubated in 0.1 mg/ml MTT at 37˚C for 4 h and lysed 
in dimethyl sulfoxide at room temperature for 10 min. The 
absorbance in each well was measured on a microplate reader 
at a wavelength of 490 nm (Bio-Rad Laboratories, Inc.).

RNA immunoprecipitation (RIP). LncBase Predicted  v.2 
bioinformatics tools (http://carolina.imis.athena-innovation.
gr/) was used to predict the potential interaction of lncRNA 
MALAT1 and miR-146a. The cells were co-transfected 
with a pcDNA‑MS2/pcDNA‑MALAT1‑MS2 vector and 

miR‑146a mimic or non-targeting miRNA mimic. At 48 h 
post-transfection, the cells were washed and lysed in radioim-
munoprecipitation buffer containing 10% proteinase inhibitor 
cocktail and 1 mM phenylmethylsulfonyl fluoride. A fraction 
of the whole cell lysate was used for RNA isolation, and 
the remaining lysate was subjected to IP using an antibody 
against immunoglobulin G (cat. no. 5873, 1:20; Cell Signaling 
Technology) for 18 h at 4˚C. The RNA from the whole cell 
lysates and the RIP fractions were extracted with TRIzol 
according to the manufacturer's instructions. The relative 
mRNA expression levels of MALAT1 and miR-146a were 
determined using RT-qPCR analysis, as described above. The 
relative mRNA enrichment in the RIP fractions was computed 
based on the ratio of relative mRNA levels in the RIP fractions 
and the relative mRNA levels in the whole cell lysates (input).

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation and were analyzed using SPSS 16.0 software 
for Windows (SPSS, Inc., Chicago, IL, USA). An independent 
sample t-test was used to determine the statistical differences 
between two groups. Multiple group comparisons were tested 
using one‑way analysis of variance (ANOVA). Pearson's 
correlation analysis was used to assess the correlation between 
MALAT1 and miR-146a. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Expression of MALAT1 and miR-146a are inversely corre-
lated in the LPS-induced AKI model. To examine aberrant 
gene expression in response to kidney injury, a rat AKI model 
was successfully established. Serum and infarcted kidney 
tissues were isolated for subsequent analysis using RT-qPCR 
and western blot analyses. The results showed a significant 
several-fold increase in serum level of BUN in the AKI group, 
compared with that in the normal control (Fig. 1A), in line with 
markedly elevated Cr production (Fig. 1B). Concomitantly, the 
ELISA results revealed that LPS significantly enhanced the 
expression of serum inflammatory factors IL-6 and TNF-α 
(Fig. 1C and D). In addition, the RT-qPCR analysis indicated 
that the relative expression level of miR‑146a was decreased 
following LPS treatment, compared with that in the control 
group (Fig. 1E), whereas the expression of MALAT1 was 
upregulated in the kidneys stimulated by LPS (0.5 µg/ml; 
Fig. 1F). To further confirm the role of MALAT1 in the AKI 
rats, the potential correlation between MALAT1 and miR‑146a 
was examined using Pearson's correlation analysis. The 
expression of MALAT1 negatively correlated with the expres-
sion of miR-146a (P=0.0219; r=-0.7084; Fig. 1G). The results 
of the western blot analysis for the protein expression levels 
of p-IκBα, np65 and apoptosis-associated regulators showed 
that the production of p-IκBα, np65, cleaved (c)-caspase-3 
and Bax was increased in the model group, compared with 
the control group, which was in contrast to the level of Bcl-2 
in the kidney tissues (Fig. 1H). These results indicated that 
the NF-κB np65-mediated pathways affected the LPS-induced 
upregulation of MALAT1 and downregulation of miR-146a.

MALAT1 silencing protects NRK-52E kidney cells from LPS 
challenge. To determine the abnormal factors expressed in 
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LPS-injured kidney epithelial cells, NRK-52E and HK-2 cells 
were used for investigation of the mechanism. The NRK-52E 
cells were subjected to LPS treatment, simulating the 
LPS-induced AKI model in vitro. Cell viability  (Fig. 2A) 

was detected, and changes in the expression of MALAT1, 
miR-146a and np65, and the production of TNF-α in the 
supernatant were analyzed. Similar results were observed 
in the LPS-treated NRK-52E renal tubular epithelial 

Figure 1. MALAT1 expression negatively correlates with the expression of miR-146a in a LPS-induced AKI rat model. Serum levels of (A) BUN (mmol/l), 
(B) Cr (µmol/l), (C) IL-6 and (D) TNF-α (ng/l). Reverse transcription-quantitative polymerase chain reaction analysis of the expression of (E) miR‑146a and 
(F) MALAT1 in rat AKI tissues (n=15 for each group); U6 and GAPDH were used as internal controls, respectively. (G) Correlation analysis between MALAT1 
and miR-146a (P=0.0219; r=0.7084). (H) Western blot analysis of p-IκBα, np65, c-caspase-3, Bax and Bcl-2 in tissues. β-actin was used as an internal control. 
**P<0.01 vs. control group. All data are expressed as the mean ± standard deviation of at least three independent experiments. MALAT1, metastasis‑associated 
lung adenocarcinoma transcript 1; LPS, lipopolysaccharide; AKI, acute kidney injury; miR, microRNA; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; 
BUN, blood urea nitrogen; Cr, creatinine; p-IκBα, phosphorylated inhibitor of nuclear factor-κB; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

Figure 2. MALAT1 silencing protects NRK-52E renal tubular epithelial cells from LPS challenge. In vitro, cells were randomly divided into four groups: 
Control, LPS, LPS+si-RNA NC and LPS+si-MALAT1. (A) Cell viability was assessed using the MTT method. Expression levels of (B) TNF-α and 
(C) IL-6 (ng/l). Reverse transcription-quantitative polymerase chain reaction analysis of the expression of (D) MALAT1 and (E) miR-146a in cells. U6 and 
GAPDH were used as internal controls, respectively. (F) Western blot analysis of protein levels of NF-κB regulatory factors in NRK-52E cells. Lamin B 
was used as an internal control. **P<0.01 between groups. All data are expressed as the mean ± standard deviation of at least three independent experiments. 
MALAT1, metastasis‑associated lung adenocarcinoma transcript 1; miR, microRNA; LPS, lipopolysaccharide; si, small interfering RNA; NC, negative 
control; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; p-IκBα, phosphorylated inhibitor of nuclear factor-κB.
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cells, including increased production of TNF-α, IL-6 and 
MALAT1 (Fig. 2B-D). By contrast, cell viability was inhibited 
and the expression of miR-146a was markedly downregulated 
in the LPS treatment group, compared with that in the control 
cells (Fig. 2E). Simultaneously, the production of p-IκBα and 
np65 at the protein level were assessed using western blot 
analysis. As shown in Fig. 2F, the levels of NF-κB signaling 
pathway-associated molecules p-IκBα and np65 were higher 
in the NRK-52E cells induced by LPS, compared with those 
in the controls. However, the above-mentioned results were 
reversed by si-MALAT1 in the NRK-52E cells. These results 
indicated that MALAT1 may be important in LPS-induced 
AKI, involve the LPS-induced production of TNF-α via 
NF-κB np65-mediated pathways.

miR-146a attenuates LPS-induced expression of NF-κB 
pathway-associated molecules. As the expression of 
miR‑146a was downregulated following LPS treatment, the 
overexpression of miR-146a was enforced by transfecting the 
miR-146a mimic into NRK-52E cells. As shown in Fig. 3A, 
the LPS-induced downregulation in cell viability was 
reversed by the miR-146a mimic, to close to the baseline 
level. Further analysis of the levels of pro-inflammatory 
cytokines in the supernatant showed that the LPS-induced 
production of TNF-α and IL-6 were significantly attenu-
ated in the miR‑146a-overexpressing kidney epithelial 
cells (Fig. 3B and C). Subsequently, the expression of NF-κB 
pathway-associated regulators (p-IκBα and np65) were 
examined using western blot analysis, and it was found that 

the basal levels of these proteins were suppressed in the cells 
transfected with miR-146a mimic, compared with those in 
the LPS, and LPS+miR-NC groups (Fig. 3D). Therefore, the 
miR-146a-mediated expression of NF-κB and np65 pathway 
members may be the underlying LPS-induced mechanism 
during the pathogenesis of AKI.

Protective effect of MALAT1-silencing on LPS-treated 
NRK-52E cells is reversed by miR-146a inhibitor. To further 
detect the effect of MALAT1 and miR-146a on inflammatory 
response-induced kidney injury, the NRK-52E cells treated 
with LPS were transfected with si-MALAT1 or siRNA NC, 
miR-146a inhibitor or miR-NC. As shown in Fig. 4A, the 
LPS-induced increase of cell viability was markedly attenu-
ated in the miR-146a-inhibited NRK-52E cells. The expression 
levels of TNF-α and IL-6 were markedly upregulated in cells 
co-transfected with miR-146a inhibitor and si-MALAT1, 
compared with those in the corresponding control 
group (Fig. 4B and C). The western blot analysis showed that 
the levels of p-IκBα and np65 were promoted by the inhibi-
tion of miR-146a, compared with that in the control (Fig. 4D). 
Therefore, the cytoprotective effect induced by si-MALAT1 
was undermined by miR-146a-inhibition.

MALAT1 is a direct target of miR-146a. There is increasing 
evidence that lncRNAs may be competing endogenous RNAs 
or molecular sponges in downregulating the expression and 
biological functions of miRNAs. Using a bioinformatics 
database (starBase  v2.0), the present study determined 

Figure 3. miR-146a attenuates the LPS-induced expression of NF-κB pathway-associated molecules. In vitro, cells were randomly divided into four groups: 
Control, LPS, LPS+miR NC and LPS+miR-146a mimic. (A) Cell viability was assessed using the MTT method. Expression of (B) TNF-α, (C) IL-6 (ng/l) and 
(D) NF-κB regulatory proteins were examined in NRK-52E cells. Lamin B was used as an internal control. **P<0.01 between groups. All data are expressed 
as the mean ± standard deviation of at least three independent experiments. miR, microRNA; LPS, lipopolysaccharide; NC, negative control; NF-κB, nuclear 
factor-κB; p-IκBα, phosphorylated inhibitor of NF-κB.
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Figure 5. MALAT1 is a direct target of miR-146a. (A) MALAT1 harbors one putative binding site for miR-146a. Expression of (B) MALAT1 and (C) miR-146a 
in NRK-52E and HK-2 cells transfected with pcDNA-MALAT1. Expression of (D) MALAT1 and (E) miR-146a in NRK-52E and HK-2 cells transfected with 
si-MALAT1. GAPDH was used as the internal control. Relative expression of miR-146a in NRK-52E and HK-2 cells transfected with (C) pcDNA-MALAT1 
or (E) si-MALAT1. U6 was used as the internal control. (F) Relative enrichment of MALAT1 in NRK-52E and HK-2 cells transfected with miR-146a mimic. 
(G) Relative enrichment of miR-146a in NRK-52E and HK-2 cells transfected with pcDNA-MALAT1-MS2. **P<0.01 between groups. All data are expressed as 
the mean ± standard deviation of at least three independent experiments. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; miR, microRNA; 
si, small interfering RNA; NC, negative control.

Figure 4. Cytoprotective effects of si-MALAT1 on LPS-treated acute kidney injury is reversed by the miR-146a inhibitor. Following LPS treatment, the cells 
were divided into si-MALAT1 and si-MALAT1+miR-146a inhibitor groups. (A) Cell viability. Expression of (B) TNF-α, (C) IL-6 (ng/l) and (D) NF-κB regula-
tory proteins in NRK-52E cells. Lamin B was used as an internal control. *P<0.05 and **P<0.01 between groups. All data are expressed as the mean ± standard 
deviation of at least three independent experiments. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; miR, microRNA; LPS, lipopolysac-
charide; si, small interfering RNA; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-κB; p-IκBα, phosphorylated inhibitor of NF-κB.
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that MALAT1 harbored one putative binding site for 
miR‑146a (Fig. 5A). To confirm the hypothesis that miR‑146a 
directly binds to MALAT1, the expression of miR‑146a 
in pcDNA-MALAT1 cells was measured using RT-qPCR 
analysis. The expression of MALAT1 was confirmed to 
be significantly upregulated in NRK-52E and HK-2 cells 
transfected with pcDNA-MALAT1; whereas the expres-
sion of miR-146a was decreased in the pcDNA-MALAT1 
group (Fig. 5B and C). By contrast, the expression of MALAT1 
and miR-146a showed the opposite results when the cells were 

treated with si-MALAT1, compared with those in the si-NC 
control group (Fig. 5D and E).

An RIP assay was performed to determine whether 
MALAT1 and miR-146a were in the expected RNA-induced 
silencing complex (RISC). The RNA levels were exam-
ined using RT-qPCR analysis, which revealed significant 
relative enrichment of mRNA levels of MALAT1 and 
miR-146a, compared with those in the control group, respec-
tively (Fig. 5F and G). Therefore, MALAT1 inhibition was 
confirmed to restore the expression of miR-146a in a RISC-
dependent manner, and there was a negative linear correlation 
between MALAT1 and miR-146a.

MALAT1 regulates the NF-κB pathway via affecting the 
expression of miR-146a. The mechanism underlying the 
effect of MALAT1 in AKI mediated by the miR-146a/NF-κB 
signaling pathway was assessed in NRK-52E rat renal tubular 
epithelial cells, and HK-2 human renal tubular epithelial 
cells were used to confirm the findings. In cells co-treated 
with LPS and si-MALAT1, cell survival rate increased and 
the secretion of inflammatory factors decreased, compared 
with the LPS-only induction group. However, this effect 
was eliminated by miR‑146a inhibitor  (Fig.  6A-C). The 
change in the expression of miR-146a in the supernatant was 
analyzed accordingly, and similar results were observed in 
the treated groups (Fig. 6D). In addition, western blot analysis 
of the expression of p-IκBα and np65 showed that these two 
proteins were increased in the LPS+si-MALAT1+miR‑146a 
inhibitor group, compared with those in cells transfected 
with LPS+si‑MALAT1  (Fig.  6E). These results indicated 
that MALAT1 regulated kidney injury through the miR-
146a/NF-κB signaling pathway in HK-2 cells. A diagram of 
the mechanism is shown in Fig. 7.

Figure 6. MALAT1 regulates the NF-κB pathway by affecting the expression of miR-146a. HK-2 cells were randomly divided into four groups: control, LPS, 
LPS+si-MALAT1 and LPS+si-MALAT1+miR-146a inhibitor. (A) Cell viability. Expression of (B) TNF-α and (C) IL-6 (ng/l). (D) Reverse transcription‑quan-
titative polymerase chain reaction analysis of miR-146a. U6 was used as the internal control. (E) Expression of NF-κB regulatory proteins in HK-2 cells. 
Lamin B was used as an internal control. **P<0.01 between groups. All data are expressed as the mean ± standard deviation of at least three independent 
experiments. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; miR, microRNA; LPS, lipopolysaccharide; si, small interfering RNA; 
IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-κB; p-IκBα, phosphorylated inhibitor of NF-κB.

Figure 7. Diagram of the regulation mechanism of MALAT1 in the progression 
of AKI. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; 
AKI, acute kidney injury; miR, microRNA; NF-κB, nuclear factor-κB. 
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Discussion

In the present study, it was demonstrated that MALAT1 was 
upregulated in damaged tissues and renal tubular epithelial cells. 
The inhibition of MALAT1 impaired the malignant behavior 
of AKI and attenuated the expression of np65. By contrast, 
the expression of miR-146a was downregulated in renal tissue 
samples and cell lines. The restoration of miR‑146a suppressed 
the cell inflammatory response, promoted cell proliferation 
and reduced the expression of np65. miR-146a was also found 
to bind to MALAT1 in a sequence-specific manner, and there 
was reciprocal repression between miR‑146a and MALAT1, 
possibly induced by the RISC. NF-κB was identified as an 
important downstream regulatory factor of miR-146a and was 
involved in the malignant progression of AKI. NF-κB was also 
confirmed to promote the adverse effects of AKI by enhancing 
the expression of cell inflammatory factors and promoting 
apoptosis.

AKI is a complex disorder for which currently there 
is no accepted definition; it is typically characterized by 
kidney function detriment, resulting in profound effects on 
patient health (27). Several factors can cause AKI, including 
predominantly acute hypoxia, trauma, and toxic or septic 
insults (28). Notably, LPS also induces the pathogenesis of 
AKI and leads to kidney failure and multi-organ damage; 
however, the pathogenesis of human AKI is complex and only 
partially elucidated (29). Therefore, it is important to examine 
the potential mechanism and identify effective therapeutic 
strategies for LPS-induced AKI.

miRNAs are vital in several biological processes through 
mRNA degradation or translational suppression (30). miR‑146a 
is widely expressed in kidney diseases, and its urinary excretion 
is specifically associated with the development of interstitial 
lesions and correlated with inflammatory cell infiltration (31). 
Cheng et al demonstrated that the anti-inflammatory activity of 
miR-146a is mediated by the suppression of pro-inflammatory 
transcription factor NF-κB (11). In the present study, it was 
found that the levels of miR-146a were markedly decreased 
in vitro, accompanied by increased protein levels of np65. 
Therefore, miR-146a may be a potential target in the process 
of LPS-induced AKI.

There is substantial evidence that lncRNAs are aberrantly 
expressed in various diseases, and are important regulators 
of physiological and pathological responses. Previous studies 
have indicated that they lncRNAs act as miRNA sponges or 
miRNA inhibitors (antagomirs), which interact with miRNAs 
and regulate the expression of miRNA target genes (32). For 
example, the overexpression of miR21 partly abrogated the 
cancer susceptibility 2-mediated inhibition of human renal 
cell carcinoma (RCC) 786-O and A498 cell proliferation and 
migration (33). The expression of HOTAIR was found to be 
inversely correlated with that of miR-141 in RCC, in which 
miR-141 bound to HOTAIR in a sequence-specific manner, 
and suppressed the expression and functions of HOTAIR, 
including proliferation and invasion  (34). Cardiac hyper-
trophy-related factor was found to directly bind to miR-489 
and regulate the expression of myeloid differentiation primary 
response 88 in cardiac hypertrophy (35). The present study 
investigated whether MALAT1 had similar effects on the 
levels of miR‑146a in LPS-induced AKI. MALAT1 is present 

at high levels in several human cell types and is conserved 
across several mammalian species, indicating its functional 
importance (36). In the present study, MALAT1 was signifi-
cantly increased in tissues and cell lines, and the inhibitory 
effect of MALAT1 on miR-146a levels was observed in 
NRK-52E and HK-2 renal tubular epithelial cells. The down-
regulation of MALAT1 mitigated cytokine secretion and the 
immune response, increased cell viability and increased the 
expression of miR-146a. These data indicated that MALAT1 
may be directly or indirectly involved in inflammation and the 
progression of AKI. It was also confirmed that the inhibition 
of miR-146a reversed the promoting effects of si-MALAT1 on 
np65 and p-IκBα. The knockdown of MALAT1 promoted the 
functions of miR-146a. These results revealed that MALAT1 
was involved in LPS-induced AKI through regulating the 
expression and function of miR-146a. However, the exact 
mechanism by which MALAT1 regulates miR-146a remains 
to be elucidated and warrants further investigation.

In conclusion, based on the results of the present study, 
a simplified pathway to describe the possible involvement of 
MALAT1/miR-146a/NF-κB signaling in LPS-induced AKI 
was demonstrated. The findings not only provide novel insight 
for clarifying the complex molecular mechanisms of specific 
miRNAs and lncRNAs in LPS-induced AKI, but also assist in 
facilitating the development of miRNA- and lncRNA-directed 
therapeutic strategies for kidney injury.
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