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Acute kidney injury (AKI) is a common and serious complication of sepsis accompanied 
by kidney dysfunction resulting from various etiologies and pathophysiological processes. 
Unfortunately, there is currently no ideal therapeutic strategy for AKI. Numerous studies 
have confirmed that long noncoding RNAs (lncRNAs) play important regulatory roles in 
the pathogenesis of sepsis-associated AKI. In this study, lncRNA TCONS_00016406 
(termed lncRNA 6406), a novel lncRNA identified by using TargetScan, was significantly 
downregulated in the kidney tissues of mice with sepsis-associated AKI. This study aimed 
to explore the role of lncRNA 6406  in lipopolysaccharide (LPS)-induced AKI and its 
potential molecular mechanism. The models of sepsis-induced AKI (called LPS-induced 
AKI models) in mice and cell lines were established with male C57BL/6 mice and renal 
tubular epithelial (PTEC) cells, respectively. Twenty-four hours after LPS administration, 
kidneys and cell samples were collected after various treatments to examine the alterations 
in the lncRNA 6406 levels and to evaluate the effects on LPS-induced inflammation, 
oxidative stress, and apoptosis through real-time PCR (RT-PCR) analysis, western blotting, 
and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
staining. The results revealed that lncRNA 6406 could significantly attenuate LPS-induced 
AKI, as shown by the alleviation of inflammation, the suppression of oxidative stress and 
the inhibition of apoptosis. Mechanistically, a luciferase reporter assay and additional 
research showed that lncRNA 6406 functioned as a ceRNA to sponge miRNA-687, 
thereby modulating LPS-stimulated AKI by targeting the miR-687/PTEN axis; thus, this 
study presents a novel therapeutic strategy or sepsis-associated AKI.
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INTRODUCTION

Sepsis is a kind of systemic inflammatory response syndrome caused by an infection (Girardot 
et al., 2019; Jiang et al., 2019b; Lin et al., 2019). Acute kidney injury (AKI), a severe complication 
of sepsis, can trigger the occurrence of organ dysfunction, thereby leading to high morbidity 
and mortality in most patients with septic shock (Gong et  al., 2019). The morbidity of septic 
AKI caused by endotoxemia is only 3–5% in general patients, but reaches nearly 50% in 
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patients in intensive care units (ICUs; Shi et al., 2019; Wiersema 
et  al., 2019). It has been confirmed by some studies that  
the pathogenesis of sepsis-induced AKI is highly associated  
with renal hemodynamic abnormalities and inflammatory 
responses (Wiersema et al., 2019). Unfortunately, the underlying 
mechanisms of sepsis-induced AKI remain unclear. Hence, 
providing novel insight into the pathogenesis of AKI is extremely 
crucial for the development of potential therapies for AKI.

Increasing evidence has considered that a variety of effector 
cells, inflammation, oxidative stress, and apoptosis play key 
roles in the process of endotoxemia-induced AKI (Islam et  al., 
2019). Inflammation can induce the occurrence of apoptosis 
and necrosis and the activation of a series of inflammatory 
cells in patients with endotoxic inflammation. These factors 
not only initiate the immune inflammatory response but also 
stimulate the oxidative stress response through the oxygen free 
radicals produced during the process of injury, thus aggravating 
renal tubular injury (Islam et  al., 2019; Jiang et  al., 2019a). 
Therefore, improving the levels of inflammation, oxidative stress, 
and apoptosis in patients with endotoxemia and renal injury 
will be  highly beneficial to AKI patients.

Long noncoding RNAs (lncRNAs) are defined as noncoding 
RNAs with a length of approximately 200 nucleotides, and 
these molecules were previously described as “junk” transcripts 
(Zhang et  al., 2017b). In fact, lncRNAs are expressed not only 
in the nucleus but also in the cytoplasm. Many studies have 
demonstrated that lncRNAs participate in the regulation of 
various physiological and pathological processes in diseases 
by modulating the function of their target miRNAs (Liu et  al., 
2019). Different expression levels of lncRNAs can be  seen 
circulating in the blood or tissues of patients with different 
diseases, including tumors, cardiovascular diseases, and nervous 
system and immune system diseases. Recently, by comparing 
the RNA and lncRNA expression profiles in the blood of AKI 
patients, healthy controls, and ischemic disease patients, some 
studies have found that certain lncRNAs in the blood of AKI 
patients are dysregulated, and that the level of the endogenous 
antisense lncRNA TapSAKI in circulation can predict the 
survival rate of AKI patients (Tian et  al., 2019).

In our study, we focused on a novel lncRNA (lncRNA 6406) 
that was significantly downregulated in AKI patients based on 
prechip analysis (Chun-Mei et  al., 2016). On the basis of a 
series of in vitro and in vivo experiments evaluating the 
inflammatory response, oxidative stress, and apoptosis, 
we identified that lncRNA 6406 could attenuate sepsis-associated 
AKI by modulating the miR-687/PTEN signaling pathway, which 
may provide a new therapeutic approach for AKI in the future.

MATERIALS AND METHODS

Animal Experiments
This study was approved by the Ethics Committee of University. 
All the experiments conformed to all the relevant regulatory 
standards. Male C57BL/6 mice were obtained from Cavens 
Lab Animal (Changzhou, China) and housed in a specific 
pathogen-free (SPF) laboratory animal facility under a 12-h 

light/dark cycle; the mice were given free access to standard 
chow and water. To induce septic AKI, the mice were 
intraperitoneally injected with lipopolysaccharide (LPS) from 
Escherichia coli O111:B4 (5  mg/kg) (Cat No. L2630, Sigma-
Aldrich, USA) to induce sepsis. Twelve hours after the injection, 
the mice were sacrificed, and kidney samples were fixed in 
4% paraformaldehyde (PFA) or snap frozen in azote nitrite 
and stored at −80°C for further analysis. Three weeks prior 
to the LPS injection, 100  μl of a kidney-targeting recombinant 
adeno-associated virus carrying an overexpression-LncRNA 
TCONS_00016406 construct or a cntl-LncRNA construct (Hanbio 
Biotechnology Co., China) was administered to the mice via 
tail vein injection. These procedures were followed by 
further experiments.

Cell Culture and Treatments
BU.MPT cells, a mouse kidney proximal tubular epithelial cell 
line (PTEC) was purchased from the Cell Bank of the Chinese 
Academy of Sciences, were cultured in Dulbecco’s modified 
Eagle’s medium (Gibco, USA) containing 10% fetal bovine 
serum at 37°C in an incubator with an atmosphere of 5% 
CO2. To identify suitable concentrations and time points, the 
PTEC cells were treated with different concentrations of LPS 
(0, 1, 2, 5, and 10  μg/ml) for 24  h and with 2  μg/ml LPS 
for different time points (0, 6, 12, 24, and 48  h). To evaluate 
the effect of lncRNA 6406 on LPS-treated PTEC cells, the 
lncRNA 6406 overexpression plasmid was constructed, and a 
shRNA targeting lncRNA 6406 (Sh-LncRNA 6406) was obtained 
from Gene Pharma Co., Ltd. LncRNA 6406 (2  μg/ml) or 
Sh-LncRNA 6406 (2  μg/ml) was transfected into the PTEC 
cells prior to LPS exposure. To further investigate the mechanism 
by which lncRNA 6406 exerts its effect, the PTEC cells were 
cotransfected with a miR-687 mimic (50  nM) or PTEN siRNA 
(75  nM) followed by LPS treatment. All transfections were 
performed using Lipo-3000 (Invitrogen, USA) according to 
the manufacturer’s instructions.

Cell Counting Kit-8 (CCK-8) Assay
PTEC cell viability was detected using the Cell Counting Kit-8 
(CCK-8; Dojindo, Japan). After all the treatments, 10 μl of 5 mg/
ml CCK-8 reagent was added to each well, and then, the plate 
was incubated at 37°C for 2  h. A microplate reader (Thermo 
Fisher, USA) was used to measure the absorbance at 490  nm.

Real-Time Polymerase Chain Reaction 
(RT-PCR) Analysis
RNA samples were obtained from whole cell lysate or specific 
subcellular fractions using a PARISTM Kit (Applied Biosystem, 
USA), and cDNA was synthesized using the iScript™ cDNA 
Synthesis Kit (Bio-Rad, USA). Q-PCR was performed using 
SYBR Green (Applied Biosystems, USA) on a Roche LightCycler 
480 PCR System according to the manufacturer’s instructions. 
The relative expression levels of the relevant genes were 
compared with the respective internal control using the 2−△△Ct 
method. The primers used in the qRT-PCR are shown in 
Supplementary Table  1.
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Western Blotting Analysis
Western blots were performed using standard procedures. Briefly, 
cells or tissues were lysed with RIPA buffer (Beyotime, China). 
Equal quantities of the total proteins were separated by SDS-PAGE 
gels, transferred to PVDF membranes, and blocked with 5% 
BSA for 2  h. The membranes were incubated with specific 
primary antibodies at 4°C overnight, including antibodies against 
GAPDH (Cat. No. 10494-1-AP, Proteintech, China), BAX (Cat. 
No. 50599-2-Ig, Proteintech, China), and BCL2 (Cat. No. 26593-
1-AP, Proteintech, China). The membranes were then incubated 
with the corresponding secondary antibodies for 2  h at room 
temperature. The protein bands were visualized using an enhanced 
chemiluminescence (ECL) kit in a ChemiDoc XRS Plus 
luminescent image analyzer (Bio-Rad, USA), and the expression 
of each protein was analyzed using ImageJ software after 
normalization to its internal control.

Luciferase Reporter Assay
To generate the LncRNA 6406 wt-luc vector, a fragment of 
the 3′ UTR of LncRNA 6406 that contained the target site of 
miR-687 was obtained via PCR amplification and subsequently 
cloned into the pGL3-Basic Vector (Promega, Madison, WI, 
USA). The MutaBest kit (Takara, Tokyo, Japan) was then used 
to generate the LncRNA 6406 mutant-luc vector. Forty-eight 
hours after transfection, the luciferase activities were examined 
by using a dual luciferase reporter assay system (RiboBio, China).

TUNEL Staining
Apoptosis of the PTEC cells or frozen kidney sections was 
examined using a TUNEL kit (Roche, Germany) according to 
the manufacturer’s instructions. Briefly, the samples were fixed 
with 4% PFA, permeabilized with 0.5% Triton X-100  in PBS, 
and blocked with 5% bovine serum album (BSA). Then, the 
cells or tissue sections (5  μm) were stained with the TUNEL 
Apoptosis Detection Kit (Roche, Germany) and counterstained 
with DAPI. After staining, the images were captured by a 
fluorescence microscope system (Carl Zeiss AG, Germany).

Renal Function Analysis
To assess renal function, mouse blood samples were collected 
before the mice were sacrificed, and the concentrations of 
blood urea nitrogen (BUN) and serum creatinine (SCR) were 
measured using available kits (Thermo Fisher Scientific, USA).

Histological Analysis
For the morphometric analyses, transverse tissue sections (5 μm) 
of formalin-fixed and paraffin-embedded murine kidney tissues 
were stained with a standard hematoxylin and eosin (H&E) 
procedure. LUCIA software (Nikon) was used to capture the images.

Dihydroethidium (DHE, Cat No. S0063, Beyotime, China) 
was used to examine reactive oxygen species (ROS). Briefly, 
transverse tissue sections (5 μm) were subjected to DHE staining 
according to the manufacturer’s instructions, and the images 
were captured by a fluorescence microscope system (Carl Zeiss 
AG, Germany).

Statistical Analysis
All the experimental data were analyzed using GraphPad Prism 
software 6.0 and data represent the mean  ±  SD of three 
independent measurements. An independent-sample t-test was 
used for two-group comparisons, and one-way ANOVA followed 
by Bonferroni’s post hoc test was used for multiple-group 
comparisons; p  <  0.05 was considered statistically significant.

RESULTS

LncRNA 6406 Is Downregulated in the 
Kidneys of Mice in the LPS-Induced AKI 
Model
To explore whether LncRNA 6406 played a functional role in 
sepsis-related AKI, we  first constructed a mouse model of 
LPS-induced renal injury and determined the levels of 
inflammation, oxidative stress, and apoptosis in the renal tissues 
of the control and LPS groups. The HE  staining results showed 
that in the LPS group, there was punctate and granular 
inflammatory cell infiltration in the renal cortex and interstitium, 
swelling and vacuolar degeneration in most renal tubular epithelial 
cells, and falling off of the brush-like edge (Figure  1A). The 
levels of inflammatory cytokines, including IL-1β, TNF-α, and 
IL-18, in the kidneys of the mice in the LPS-induced AKI 
group were obviously upregulated compared with those in the 
control groups, confirming the activation of the inflammatory 
response by LPS injection (Figure  1B). The DHE staining and 
real-time PCR (RT-PCR) results revealed that the level of oxidative 
stress in kidney tissues of the LPS group was significantly 
increased compared with that of the control group (Figures 1C,D). 
In addition, to provide more evidence supporting the successful 
establishment of the LPS-induced AKI model, the level of 
LPS-induced cell apoptosis was examined by TUNEL assay, and 
the TUNEL staining results showed that the number of apoptotic 
cells (green) was clearly increased in the kidneys of the 
LPS-challenged mice (Figure  1E). Consistently, the changes in 
the expression of apoptosis-related proteins (including the Bax 
and Bcl-2 proteins) were consistent with the above mentioned 
results. As demonstrated in Figure  1F, the expression level of 
the Bax protein was significantly increased, while the Bcl-2 
proteins exhibited the opposite trend. In addition, the ratio of 
the Bax/Bcl-2 expression level was elevated to a certain extent. 
Taken together, these results suggested that the successful 
establishment of the LPS-induced AKI model presented evidence 
of increased inflammatory responses, oxidative stress, and apoptosis 
in the kidney tissues of these mice. Notably, the expression of 
lncRNA 6406  in the kidneys of the mice in the LPS-induced 
AKI group was remarkably decreased and time-dependent (from 
7 to 24 h) compared with that in the control group (Figures 1G,H). 
Finally, we  verified the expression of lncRNA 6406  in different 
tissues and its subcellular localization in the cells. The RT-PCR 
analysis results showed that the expression level of lncRNA 
6406  in the kidney was significantly higher than that in the 
heart, brain, lung, and liver (Figure  1I), and that it was mainly 
expressed in the cytoplasm (Figure  1J). These data suggest that 
lncRNA 6406 may have a potential function in sepsis-induced AKI.
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FIGURE 1 | Downregulation of long noncoding RNAs (lncRNA) 6406 was observed in the kidneys of mice in the lipopolysaccharide (LPS)-induced acute kidney 
injury (AKI) model. (A) HE staining was used to observe the outline of renal morphology, scale bar = 20 μm. (B) The relative expression of inflammatory cytokines in 
the kidneys of mice in the LPS-induced AKI model was detected by real-time PCR (RT-PCR) analysis (n = 6). (C,D) The LPS-induced oxidative stress in the kidneys 
of mice in the AKI model was determined by Dihydroethidium (DHE) staining and RT-PCR analysis (n = 6), scale bar = 20 μm. (E,F) The TUNEL-positive cells and 
Bax and Bcl-2 protein expression levels in the LPS-induced AKI model were determined to evaluate apoptosis (n = 6), scale bar = 10 μm. (G) The relative expression 
of lncRNA 6406 was detected in the AKI mouse kidneys (n = 6). (H) The expression of lncRNA 6406 was confirmed at different time points after LPS injection in the 
mice (n = 6). (I) The expression level of LncRNA 6406 was determined in different tissues (n = 6). (J) The subcellular localization of lncRNA 6406 was detected by 
extracting specific subcellular fractions from the PTEC cell line (n = 6). Each experiment was conducted independently three times. *p < 0.05; **p < 0.01; 
***p < 0.001; versus respective control.
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Downregulation of LncRNA 6406 Is 
Observed in the LPS-Stimulated in vitro 
Model
To choose the most appropriate LPS concentration and to 
confirm the expression of lncRNA 6406  in LPS-treated PTEC 
cells, the cell viability of PTEC cells treated with a series of 
LPS concentrations (0, 1, 2, 5, and 10  μg/ml) for different 
time points (0, 6, 12, 24, and 48  h) was assessed using a 
CCK-8 assay. As illustrated in Figures  2A,B, the PTEC cell 
viability gradually decreased with increasing LPS concentrations, 
and the cell viability significantly decreased once the LPS 
concentration reached 2  μg/ml. To further validate the effect 
of 2  μg/ml LPS, the viability of PTEC cells treated with LPS 
(2  μg/ml) for different time points (0, 6, 12, 24, and 48  h) 

was measured, and the results showed that the PTEC cell 
viability was gradually decreased with time, which was consistent 
with the aforementioned results. In addition, we  found that 
LPS (2 μg/ml) significantly reduced the lncRNA 6406 expression, 
but with the increase in LPS concentration, the lncRNA 6406 
expression did not change further (Figure  2C). Therefore, 
we  chose 2  μg/ml as the final concentration of LPS in vitro. 
As shown in Figure  2D, the levels of inflammatory cytokines, 
including IL-1β, TNF-α, and IL-18, in the LPS-induced AKI 
cell group were also obviously upregulated compared with those 
in the control groups, which was consistent with the inflammatory 
response exhibited in Figure  1B. Additionally, a parallel 
experiment measuring the SOD1, GSH, and HO-1 levels in 
PTEC cells was performed to confirm that LPS administration 

A B

C D

E F

G

FIGURE 2 | The downregulation of LncRNA 6406 was determined in an in vitro cell model of LPS-induced AKI. (A,B) The viability of PTEC cells was evaluated after 
exposure to different concentrations of LPS (0, 1, 2, 5, and 10 μg/ml) for 24 h and after exposure to 2 μg/ml LPS for different time points (0, 6, 12, 24, and 48 h) 
(n = 6). (C) The relative expression was determined after exposure to LPS at different concentrations (n = 6). (D) The relative expression of inflammatory cytokines 
was detected in the LPS-stimulated AKI cell model. (E) Oxidative stress in the PTEC cells was determined after LPS stimulation by RT-PCR analysis (n = 6). (F,G) 
Apoptosis in the PTEC cells were evaluated via TUNEL assay and western blot analysis (n = 6), scale bar = 10 μm. Each experiment was conducted independently 
three times. *p < 0.05; **p < 0.01; ***p < 0.001; versus respective control.
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FIGURE 3 | The function of lncRNA 6406 in LPS-stimulated AKI was determined. (A) The transfection efficacies of the lncRNA 6406 overexpressing vector 
(pcDNA-LncRNA 6406) or knockdown vector (Sh-LncRNA 6406) were verified in the PTEC cells via RT-PCR assays (n = 6). (B,C) LncRNA 6406 overexpression 
inhibited the LPS-induced upregulation of pro-inflammatory cytokines (including IL-1β, TNF-α, and IL-8) and oxidative stress-related proteins, while lncRNA 6406 
knockdown showed the opposite effect on the PTEC cells (n = 6). (D,E) LncRNA 6406 attenuated LPS-induced apoptosis, and lncRNA 6406 inhibition further 
promoted LPS-induced apoptosis in vitro (n = 6), scale bar = 10 μm. Each experiment was conducted independently three times. *p < 0.05; **p < 0.01; 
***p < 0.001; versus respective control.

induced the oxidative stress. As shown in Figure 2E, the SOD1, 
GSH, and HO-1 levels in the PTEC cells were all downregulated 
to varying extents upon LPS treatment. Next, the successful 
establishment of a cell model of LPS-stimulated AKI was 
confirmed by the promotion of apoptosis in the PTEC cells, 
as determined by the results of TUNEL staining and an enhanced 
ratio of Bax/Bcl-2 (Figures  2F,G).

LncRNA 6406 Attenuates LPS-Stimulated 
AKI by Mitigating Cell Inflammation, 
Oxidative Stress, and Apoptosis
To test the function of lncRNA 6406  in the pathogenesis  
of sepsis-associated AKI, lncRNA 6406 overexpression (pcDNA-
LncRNA 6406) and inhibition vectors (Sh-LncRNA 6406) were 
transfected into PTEC cells. As shown in Figure  3A, the 

transfection efficacies were successfully confirmed by the 
corresponding changes in the lncRNA 6406 levels. To determine 
whether lncRNA 6406 can alleviate LPS-stimulated AKI, pcDNA-
LncRNA 6406, and Sh-LncRNA 6406 were transfected into 
PTEC cells, followed by LPS administration. As shown in 
Figure  3B, lncRNA 6406 overexpression inhibited the 
upregulation of pro-inflammatory cytokines (including IL-1β, 
TNF-α, and IL-18) induced by LPS treatment. By contrast, 
the downregulation of lncRNA 6406 by sh-lncRNA 6406 exhibited 
the opposite effect on the pro-inflammatory cytokine production, 
which was consistent with the above results. As shown in 
Figure  3C, lncRNA 6406 overexpression alleviated AKI via 
oxidative stress suppression, as shown by the drastically elevated 
levels of SOD1, GSH, and HO-1  in the PTEC cells; however, 
lncRNA 6406 knockdown led to the opposite trend. As expected, 
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the LPS-induced increase in apoptosis was decreased by the 
upregulation of lncRNA 6406, but exacerbated by the knockdown 
of lncRNA 6406 (Figures  3D,E). In summary, these results 
revealed that lncRNA 6406 possesses protective effects against 
LPS-induced cell damage by modulating inflammation, oxidative 
stress, and apoptosis.

LncRNA 6406 Relives LPS-Induced Cell 
Damage by Sponging miR-687
Accumulating evidence has revealed that lncRNAs and miRNAs 
are highly involved in the modulation of biological processes 
in various diseases. To further explore the possible mechanism 
of lncRNA 6406  in the pathogenesis of sepsis-associated AKI, 
bioinformatics software (TargetScan) was applied to predict 
the miRNAs that might interact with lncRNA 6406. Here, 
miR-646, which possesses a lncRNA 6406 binding site as 
described, was identified as a candidate, and the interaction 
between lncRNA 6406 and miR-646 was verified. As a result, 
as shown in Figure  4A, wild-type lncRNA 6406 (wt-lncRNA 
6406) and mutant lncRNA 6406 (mut-lncRNA 6406) reporter 
vectors were constructed to conduct a luciferase reporter assay, 
and the results indicated that lncRNA 6406 could combine 
with miR-687. To further examine whether miR-687 is involved 
in the role of lncRNA 6406 in LPS-induced cell injury, we used 
the lncRNA 6406 overexpression plasmid and an miRNA mimic 
(miR-687 mimic) to transfect cells separately or jointly; the 
transfection efficiency of the miR-687 mimic is shown in 
Figure  4B. Consequently, as shown in Figures  4C–F, the 
corresponding RT-PCR, TUNEL staining, and western blotting 
analyses revealed that the protective effects of lncRNA 6406 
on LPS-induced cell injury, including the amelioration of 
inflammation, oxidative stress, and apoptosis, were drastically 
reversed by miR-687 overexpression.

LncRNA 6406 Ameliorates LPS-Induced 
AKI by Modulating PTEN
PTEN, as a downstream target gene of miR-687, is involved 
in the pathogenesis of AKI by regulating apoptosis and 
inflammation (Wang et  al., 2011; Palliyaguru et  al., 2016; 
Schaalan and Mohamed, 2016; Luan et  al., 2017). Herein, to 
determine whether lncRNA 6406 could ameliorate LPS-induced 
AKI by modulating the PTEN signaling pathway, we  first 
constructed PTEN siRNA and verified its efficiency (Figure 5A); 
then, we  transfected cells separately or jointly with lncRNA 
6406 overexpression plasmids. The RT-PCR analysis  
results confirmed that the LPS-induced upregulation of 
pro-inflammatory cytokines (including IL-1β, TNF-α, and IL-18) 
and suppression of oxidative stress-related proteins (SOD1, 
GSH, and HO-1) were further exaggerated by PTEN knockdown 
and that the inhibition of PTEN partially reversed the function 
of lncRNA 6406 (Figures  5B,C). Consistently, the TUNEL 
staining and western blotting analysis results showed that the 
apoptosis aggravated by PTEN downregulation could be rescued 
by lncRNA 6406 overexpression (Figures  5D,E). These data 
indicate that lncRNA 6406 attenuates LPS-induced cell injury 
by regulating PTEN expression.

LncRNA 6406 Suppresses LPS-Induced 
AKI in vivo
To further study the effect of lncRNA 6406 on LPS-induced 
AKI and the role of lncRNA 6406  in regulating miR-687/
PTEN in vivo, we  established an LPS-induced AKI model 
and overexpressed lncRNA 6406 by AAV9-lncRNA 6406. 
RT-PCR analysis showed downregulation of the PTEN level 
and upregulation of the miR-687 level in the mice after LPS 
injection, and these changes in expression were effectively 
reversed by lncRNA 6406 overexpression (Figures  6A–C). To 
elucidate the effect of lncRNA 6406 on LPS-induced renal 
dysfunction, we  also observed that the LPS-induced increase 
in BUN and SCR in the serum was significantly inhibited 
by lncRNA 6406 overexpression (Figures  6D,E). RT-PCR 
analysis results indicated that the expression of 
pro-inflammatory cytokines (including IL-1β, TNF-α, and 
IL-18) induced by LPS in mice was significantly decreased 
after lncRNA 6406 overexpression (Figure  6F). As shown in 
Figure 6G, the HE staining demonstrated that tubular epithelial 
cell swelling, brush border loss, cell membrane bleb formation, 
interstitial edema, cytoplasmic vacuolization, and cell necrosis 
were observed in the LPS groups, and was alleviated by 
lncRNA 6406 overexpression. In addition, the RT-PCR and 
DHE staining results confirmed that the LPS-induced levels 
of ROS and the related indicators of oxidative stress (SOD1, 
GSH, and HO-1) were significantly inhibited by the 
overexpression of lncRNA 6406 (Figures  6H,I). Consistent 
with the above results, the LPS-induced apoptosis in mice 
was also efficiently alleviated by lncRNA 6406 overexpression, 
which was shown by TUNEL staining and a decreased Bax/
Bcl-2 ratio (Figures  6J,K).

DISCUSSION

Sepsis is a systemic inflammatory response syndrome resulting 
from microbial infection, which is associated with high morbidity 
and mortality rates. AKI, as a common complication of sepsis, 
has attracted much attention due to its high mortality rate of 
up to 75% and its various complications, such as chronic kidney 
disease (Chawla et  al., 2014; Zhang et  al., 2017a). Studies have 
reported that AKI is induced in more than 50% of sepsis patients, 
and this AKI leads to renal dysfunction and triggers the excessive 
production of inflammatory cytokines and mediators. It has 
been confirmed that the pathogenesis of AKI involves multiple 
aspects, including renal inflammation, ischemia, acute hypoxia, 
hypercoagulation, oxidative stress, and microcirculatory 
disturbance, etc., (Shum et  al., 2016). However, the detailed 
mechanisms underlying AKI remain unclear. Hence, it is essential 
to reveal the pathogenesis of AKI, thereby paving the way for 
the development of a new, effective therapy for AKI. The 
participation of pro-inflammatory cytokines or mediators due 
to the systemic inflammatory response is thought to play a 
crucial role in the pathogenesis of sepsis-associated AKI. In 
addition, the excessive production of the relevant pro-inflammatory 
cytokines may even trigger the occurrence of organ dysfunction, 
such as kidney injury (Khajevand-Khazaei et  al., 2019).
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TNF-α, as a critical cytokine, has been shown to exacerbate 
renal injury by modulating TNF receptors (Cunningham et  al., 
2002). Changes in TNF-α can also be  associated with changes 

in the concentrations of other relevant inflammatory factors (Kurt 
et  al., 2007). It has been reported that AKI could be  attenuated 
by downregulating TNF-α expression in mice (Faubel et al., 2007). 

A

B C

D

E

F

FIGURE 4 | MiR-687 negatively regulated the function of lncRNA 6406. (A) The luciferase reporter assay indicated that miR-687 is a target of lncRNA 6406. (B) 
The transfection efficacy of the miR-687 mimic was determined by RT-PCR analysis (n = 6). (C,D) The miR-687 mimic inhibited the lncRNA 6406 overexpression-
induced functional changes in the inflammatory response and oxidative stress (n = 6). (E,F) The miR-687 mimic promoted LPS-induced apoptosis and inhibited the 
effect of lncRNA 6406 on apoptosis in LPS-stimulated PTEC cells (n = 6), scale bar = 10 μm. Each experiment was conducted independently three times. *p < 0.05; 
**p < 0.01; ***p < 0.001; versus respective control.
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IL-1β and IL-6 were also identified as prognostic indicators for 
sepsis-associated AKI due to their crucial function in  local acute 
inflammation and acute renal damage (Chawla et al., 2007; Zhao 
et  al., 2016). As shown in this study, the secretion of the above 
pro-inflammatory cytokines was evidently promoted in renal 
tissues and PTEC cells after LPS administration. More importantly, 
the protective effect of lncRNA 6406 on ameliorating LPS-stimulated 
inflammation was obviously shown by the low levels of 
pro-inflammatory cytokine production in the in vivo and in vitro 
experiments, and this effect strengthened cellular immune responses, 
activated defensive functions, and prevented the occurrence 
of infection.

The role of oxidative stress is also highlighted in the 
pathogenesis of AKI (Agarwal et al., 2016). It has been reported 

that DEX pretreatment showed antioxidative and renal protective 
effects that attenuated AKI in mice (Yu et  al., 2016). The 
stress-responsive enzyme heme oxygenase-1 (HO-1) is known 
to prevent ischemia-reperfusion injury (IRI), which is a main 
cause of AKI. Hence, we  examined the antioxidant activities 
of SOD1, GSH, and HO-1  in response to various treatments 
in this study. As shown in the results, the suppression of 
oxidative stress-related proteins (SOD1, GSH, and HO-1) by 
LPS treatment was successfully alleviated by lncRNA 6406 
overexpression. Moreover, the apoptosis induced by the 
inflammatory responses in AKI is also essential in the 
development and progression of AKI. Bax served as a proapoptotic 
protein, while Bcl-2 functioned as an antiapoptotic factor. The 
elevated ratio of Bax/Bcl-2, which is a hallmark of exacerbated 

A

C D

E

B

FIGURE 5 | LncRNA 6406 exerted its effect on AKI by regulating PTEN. (A) RT-PCR analysis revealed the efficacy of the PTEN siRNA (n = 6). (B,C) The inhibition 
of PTEN inhibited the effect of lncRNA 6406 on inflammation and oxidative stress. (D,E) The inhibition of PTEN increased the LPS-induced apoptosis and 
attenuated the effect of lncRNA 6406 in PTEC cells (n = 6), scale bar = 10 μm. Each experiment was conducted independently three times. *p < 0.05; **p < 0.01; 
***p < 0.001; versus respective control.
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FIGURE 6 | LncRNA 6406 protected against LPS-induced AKI in vivo. (A–C) The relative expression of lncRNA 6406, miR-687 and PTEN was examined via qRT-
PCR analysis (n = 6). (D,E) The difference in blood urea nitrogen (BUN) and serum creatinine (SCR) were detected via ELISA after 24 h of the LPS injection in mice. 
(F) RT-PCR analysis demonstrated that lncRNA 6406 attenuated the LPS-induced inflammatory response in the kidneys of the AKI mice (n = 6). (G) LncRNA 6406 
improved the outline of renal morphology in LPS-induced AKI, scale bar = 20 μm. (H,I) RT-PCR analysis and DHE staining revealed that lncRNA 6406 improved the 
LPS-induced oxidative stress in the kidney (n = 6), scale bar = 20 μm. (J,K) LncRNA 6406 decreased the LPS-induced apoptosis in the kidney in vivo (n = 6), scale 
bar = 10 μm. Each experiment was conducted independently three times. *p < 0.05; **p < 0.01; ***p < 0.001; versus respective control.
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apoptosis caused by LPS treatment, was markedly downregulated 
due to lncRNA 6406 overexpression, confirming the protective 
effect of lncRNA 6406 against AKI. Therefore, there were fewer 
TUNEL-positive cells in the LPS-induced group treated with 
lncRNA 6406 overexpression than in the control group.

Mechanistically, lncRNAs serve as ceRNAs to sponge miRNAs. 
For instance, the lncRNA NEAT1 promotes hypoxia-induced 
renal tubular epithelial apoptosis by downregulating miR-27a-3p 
(Jiang et  al., 2019a). Jiang et al. also reported that the 
overexpression of the lncRNA HOTAIR can alleviate AKI in 
septic rats by inhibiting the apoptosis of kidney tissues by 
downregulating the miR-34a/Bcl-2 signaling pathway (Jiang 
et  al., 2019b). Herein, to further explore the underlying 
mechanism of lncRNA 6406  in ameliorating sepsis-associated 
AKI, we  identified miR-687 as a target of lncRNA 6406 on 
the basis of TargetScan. In addition, the functions of miRNAs 
(e.g., miR-21, miR-24, miR-30 family, miR-126, miR-127, 
miR-150, miR-494, and miR-687) and lncRNAs (e.g., TapSAKI, 
AK139328, and lncRNA-PRINS) in the pathogenesis of AKI 
have been revealed in research. Consequently, the results showed 
that lncRNA 6406 could relieve LPS-induced AKI by sponging 
miR-687, which was consistent with our hypothesis.

PTEN has attracted much more attention due to its crucial 
function in the pathophysiological processes of acute injury 
or dysfunction in multiple organs (Ning et al., 2004; Lan et al., 
2012; Yang et al., 2016). In addition, PTEN has been emphasized 
as a central regulator in the development of AKI (Bhatt et  al., 
2015; Potočnjak and Domitrović, 2016). In the present study, 
to test whether lncRNA6406 could exert a significant effect 
on LPS-induced AKI by modulating the PTEN pathway, 
LPS-induced AKI was exacerbated by PTEN knockdown via 
transfection of PTEN siRNA, and then lncRNA 6406 was 
administered to assess its interaction with PTEN in the 
pathogenesis of AKI. Our results suggested that lncRNA6406 
could exert a significant effect on LPS-induced AKI by regulating 
the miR-687/PTEN axis, thus providing deeper insight for the 
development of a new therapeutic strategy for AKI.

In conclusion, based on the in vivo and in vitro experiments 
that aimed to evaluate inflammation, oxidative stress, apoptosis, 
and renal function, we showed that lncRNA 6406 could attenuate 
sepsis-associated AKI by modulating the miR-687/PTEN 
signaling pathway.
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