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Abstract. The mortality rate for patients experiencing sepsis is 
decreasing; however, an effective therapeutic strategy requires 
further investigation. Increasing evidence has supported the 
idea that dysregulated microRNAs (miR) participate in the 
development of sepsis. Meanwhile, macrophages are crucial 
players in various inflammatory responses and diseases. The 
objective of the current study was to investigate the associated 
molecular mechanisms of action of miR‑15a‑5p on inflam-
matory responses in lipopolysaccharide (LPS)-stimulated 
mouse macrophages and the macrophage cell line RAW264.7. 
RAW264.7 macrophages were stimulated with LPS for 4 h, 
and ELISAs were subsequently used to measure the expres-
sion levels of pro‑inflammatory cytokines, including tumor 
necrosis factor (TNF)-α, interleukin (IL)‑1β and IL-6, in 
RAW264.7 macrophages. The expression levels of miR-15a-5p 
in RAW264.7 macrophages were detected after the stimula-
tion of LPS using reverse transcription quantitative-PCR. The 
results indicated that the IL-1β, IL-6, TNF-α and miR-15a-5p 
levels were significantly increased compared with the control 
group. The Target gene prediction database (TargetScan) and 
dual-luciferase reporter assays were subsequently employed, 
and TNF-α induced protein 3-interacting protein 2 (TNIP2) 
was confirmed as a direct target for miR‑15a‑5p. Additionally, 
it was found that the TNIP2 expression levels were decreased 
in RAW264.7 macrophages following LPS treatment compared 
with controls. The present study also examined the effects of 
miR‑15a‑5p inhibitor on inflammatory cytokine expression 
levels and the activation of the NF-κB signaling pathway. 
These results demonstrated that miR-15a-5p inhibitor reduced 
the secretion of inflammatory cytokines and inhibited NF‑κB 
pathway activation by targeting TNIP2. This may be associ-
ated with the progression of sepsis. Meanwhile, a LPS-induced 

mouse model of sepsis was established to examine the regula-
tion of TNIP2 and miR‑15a‑5p during inflammation. In the 
animal model, miR‑15a‑5p inhibitor significantly suppressed 
the secretion of inflammatory factors. The levels of creatin, 
blood urea nitrogen, aspartate aminotransferase and alanine 
aminotransferase in the serum of LPS-treated mice were also 
found to be decreased in the miR-15a-5p inhibitor treatment 
group, while the protective effects of miR-15a-5p inhibitor 
on sepsis were eliminated by TNIP2-small interfering RNA 
combination therapy. In conclusion, the present findings indi-
cated that miR‑15a‑5p may be involved in the inflammatory 
process during sepsis by activating the NF-κB pathway and 
targeting TNIP2. This suggests that miR-15a-5p inhibitor may 
be a novel anti‑inflammatory agent and therapeutic strategy 
for sepsis.

Introduction

Sepsis, a severe systemic inflammatory response syndrome (1), 
results in multiple organ dysfunction, shock and even 
death (2-4). The high incidence of sepsis in elderly populations 
results in high mortality and morbidity rates worldwide (5,6). 
Although great efforts have been made to improve the outcome 
for the diagnosis and treatment of sepsis, targets for earlier 
treatment require further investigation (7,8).

MicroRNAs (miRNAs), a class of endogenous 
non-encoding small molecules of 20-22 nucleotides in length, 
can regulate the target gene expression by interacting with 
the 3'-untranslated region (3'-UTR) of target mRNAs (9,10). 
miRNAs are involved in the regulation of numerous cell func-
tions, including cell growth, differentiation, proliferation and 
apoptosis (11). Studies have generated promising treatments 
for complex human diseases by restraining translational, 
destroying targets and silencing genes (12,13). Moreover, 
inflammation is a potential sepsis biomarker, and a number 
of studies have demonstrated that miRNAs serve as important 
regulators for the inflammatory response by preventing NF‑κB 
activation (14). Multiple miRNAs have been confirmed to be 
dysregulated in sepsis, including miRNA-133a, miRNA-146a, 
miRNA-297 and miRNA-122, which provide vital refer-
ences for the diagnosis and treatment of sepsis (15-19). 
Previous studies have indicated that miRNA (miR)-146a 
prevents NF-κB activation and inflammation by targeting 
tumor necrosis factor (TNF) receptor-associated factor 6 
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and interleukin (IL)‑1 receptor‑associated kinase (20,21). 
NF-κB, a transcription factor, has been reported to regulate 
the inflammatory response and be activated by several 
different stimulants, including lipopolysaccharide (LPS). 
Additionally, NF-κB participates in the inflammation process 
by regulating the expression of inflammatory cytokines and 
mediator genes (22). Notably, miR-15a-5p is considered a 
tumor suppressor and serves important roles in a number of 
cancer types including endometrial cancer (23), human hepa-
tocellular carcinoma (24) and non-small cell lung cancer (25). 
However, its participation in the progression of sepsis remains 
unclear. 

A previous study has demonstrated that the macro-
phage‑mediated inflammatory response is involved in severe 
inflammation and the immune suppression of sepsis (20). 
During sepsis, macrophages mediate the inflammatory 
response and are heavily involved in the serious inflamma-
tion and immune suppression during sepsis. LPS is widely 
used in both in vitro and in vivo models focusing on inflam-
mation (26). LPS stimulation causes various intracellular 
activities in macrophages, including the phosphorylation and 
activation of p65. Phosphorylated (p)-p65 is subsequently 
transferred into the nucleus where it regulates the expression 
of genes associated with inflammation (27). TNF‑α induced 
protein 3-interacting protein (TNIP) 2 is a negative regulator 
of NF-κB signaling. Overexpression of TNIP2 has been 
reported to suppress NF-κB activation (28). However, whether 
and how miR‑15a‑5p functions in the inflammatory process in 
sepsis in vivo and in vitro remains unknown. 

In the present study, increased levels of miR-15a-5p and 
pro‑inflammatory cytokines in RAW264.7 macrophages 
stimulated with LPS were observed. It was subsequently 
confirmed that TNIP2 is a direct target of miR-15a-5p. 
Furthermore, miR-15a-5p inhibitor was found to protect 
against LPS‑induced pro‑inflammatory cytokine secretions 
by inhibiting NF-κB signal activation in macrophages. In an 
in vivo model, miR‑15a‑5p inhibitor exhibited anti‑inflam-
matory and organ-protective effects. In particular, the effects 
of miR-15a-5p inhibitor were significantly eliminated by 
TNIP2-small interfering RNA (siRNA) treatment.

In summary, the present study provided novel evidence 
that miR-15a-5p is a vital regulator and is involved in the 
inflammatory process in sepsis. miR-15a-5p may regulate 
inflammatory responses by inhibiting TNIP2, while activating 
the NF-κB pathway.

Materials and methods

Animals. Healthy adult male C57BL/6 mice (age, 6‑8 weeks; 
weight, 20-22 g) were purchased from the Experimental Animal 
Center of the Fourth Military Medical University. A total of 50 
C57BL/6 mice were used in the present investigation. All animals 
were housed under standard conditions at room temperature 
(22‑24˚C) and humidity (60‑65%) on a 12‑h light/dark cycle with 
ad libitum supply of food and water. This study was performed 
in accordance to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (29) and was approved 
by the Committee of Experimental Animals of the Affiliated 
Hospital of Medical School of Ningbo University. The mice were 
acclimated to the environment for 1 week prior to experiments.

Animal model. C57BL/6 mice were intraperitoneally 
injected with LPS (10 mg/kg; Sigma‑Aldrich; Merck KGaA) 
to induce sepsis. For treatment, the inhibitor control 
(80 mg/kg/day; 5'‑CAG UAC UUU UGU GUA GUA CAA‑3'; 
Shanghai GenePharma Co., Ltd.), miR-15a-5p inhibitor 
(80 mg/kg/day; Guangzhou RiboBio Co., Ltd.) or miR‑15a‑5p 
inhibitor (80 mg/kg/day; 5'‑CAC UGG UAC AAG GGU UGG 
GAG A-3'; Shanghai GenePharma Co., Ltd.) + TNIP2-siRNA 
(80 mg/kg/day) were injected by caudal vein for 3 consecutive 
days as previously described (30), followed by LPS (10 mg/kg) 
injection at 24 h following the last administration. The mice 
were anaesthetized with sodium pentobarbital (30 mg/kg; 
intraperitoneal injection) and sacrificed by cervical disloca-
tion. The blood was subsequently collected for further analysis 
at 24 h after LPS injection. The duration of the experiment was 
4 days in total, and the health and behavior of all mice were 
monitored every 2 days. No mice died during the experiment. 
The experiment was terminated when the mice lost >15% of 
their body weight, and throughout the experiment attempts 
were made to alleviate the pain of the mice.

ELISA and biochemical marker detection. At 24 h after LPS 
injection, blood was collected from each mouse. The blood 
was centrifuged for 15 min at 1,600 x g at 4˚C and the serum 
was collected for biochemical analysis. The levels of cyto-
kines, including IL‑1β (cat. no. PI301), IL-6 (cat. no. PI326) 
and TNF-α (cat. no. PT512), were examined using ELISA 
(Beyotime Institute of Biotechnology). The signal produced 
from each well was detected at a wavelength of 450 nm. 
Alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), creatine (Cr) and blood urea nitrogen (BUN; all kits 
supplied by Nanjing Jiancheng Bioengineering Institute) were 
detected in the serum to evaluate organ function, according to 
the manufacturer's protocols. 

Cell culture and LPS treatment. The mouse macrophage 
cell line RAW264.7 (cat. no. (ATCC® TIB-71™; American 
Type Culture Collection) and 293 cells (cat. no. (ATCC® 
CRL-1573; American Type Culture Collection) were grown 
in DMEM (Gibco; Thermo Fisher Scientific, Inc.), including 
10% FBS (Thermo Fisher Scientific, Inc.) and 1% penicillin 
and streptomycin (Beyotime Institute of Biotechnology). The 
cells were maintained at 37˚C with 5% CO2. In the present 
study, a concentration of 1 µg/ml LPS was used to stimulate 
RAW264.7 cells for 4 h, and cells were harvested for further 
experiments. 

Cell transfection and reagents. Prior to transfection, cells were 
changed to antibiotic-free media for 24 h, then RAW264.7 
macrophage cells (5x104 cells per well) were transfected 
with 0.2 µM control‑siRNA (cat. no. sc‑36869; Santa Cruz 
Biotechnology, Inc.), 0.2 µM TINP2-siRNA (cat. no. sc-44638; 
Santa Cruz Biotechnology, Inc.), 100 nM inhibitor control 
(Shanghai GenePharma Co., Ltd.; 5'-CAG UAC UUU UGU 
GUA GUA CAA-3'), 100 nM miR-15a-5p inhibitor (Shanghai 
GenePharma Co., Ltd.; 5'-CAC UGG UAC AAG GGU UGG GAG 
A-3') or 100 nM miR-15a-5p inhibitor + 0.2 µM TNIP2-siRNA 
using Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. The 
efficiency of cell transfection was measured using reverse 
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transcription quantitative-PCR (RT-qPCR) and western blot 
assays with samples collected 48 h after cell transfection. Cells 
without any treatment were used as the control.

Detection of IL‑1β, IL‑6 and TNF‑α level in cell supernatant. 
RAW264.7 cells were transfected with inhibitor control, 
miR-15a-5p inhibitor, or miR-15a-5p inhibitor+TNIP2-siRNA 
for 48 h. Then the cells were subjected to 1 µg/ml LPS for 4 h. 
Subsequently, the expression levels of IL-1β, IL-6 and TNF-α 
in the cell supernatant were also detected using ELISA kits, 
according to the manufacturer's protocols.

Dual‑luciferase reporter assay. Target prediction database 
(TargetScan 7.2; http://www.targetscan.org/vert_72/) was used 
to examine the association between miR-15a-5p and TNIP2. 
The results indicated that TNIP2 was a potential target of 
miR-15a-5p. The 3'-UTR of TNIP2, containing wild-type 
(WT) or mutant (MUT) target sites for miR-15a-5p, was subse-
quently amplified and inserted into the pGL3‑Control Vector 
(Promega Corporation) to form the reporter vector TNIP2-WT 
or TNIP2-MUT, respectively. For the luciferase reporter assay, 
the luciferase reporter vectors and 50 nM mimic control 
(Shanghai GenePharma Co., Ltd.; sense, 5'-UUC UCC GAA 
CGU GUC ACG UTT-3'; and antisense, 5'-ACG UGA CAC GUU 
CGG AGA ATT-3') or 50 nM miR-15a-5p mimic (Shanghai 
GenePharma Co., Ltd.; sense, 5'-UCU CCC AAC CCU UGU 
ACC AGU G-3'; and antisense, 5'-CUG GUA CAA GGG UUG 
GGA GAUU-3') were co-transfected into 293 cells (5x104 cells 
per well) using Lipofectamine 2000 for 48 h according to 
the manufacturer's protocol. Dual-Luciferase Reporter assay 
system (Promega Corporation) was used to measure the lucif-
erase activity and results were normalized to that of Renilla 
luciferase, according to the manufacturer's protocol. Each 
experiment was repeated in triplicate.

RT‑qPCR. Total RNA was extracted from serum samples and 
RAW264.7 macrophages using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. In order to detect mRNA expression levels, 
PrimeScript™ RT reagent kit (Takara Biotechnology Co., 
Ltd.) was used for cDNA synthesis. The reaction condi-
tions were as follows: Initial annealing at 25˚C for 5 min, 
followed by extension at 42˚C for 60 min and termination 
at 80˚C for 2 min. The expression levels of miR‑15a‑5p 
and TNIP2 were measured using Real-time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) with 
the SYBR Green PCR kit (Takara Biotechnology Co., 
Ltd.), according to the manufacturer's protocols. GAPDH 
or U6 was used as an internal control. Primer sequences 
(all provided by Sangon Biotech Co., Ltd.) are as following: 
U6 forward, 5'GCT TCG GCA GCA CAT ATA CTA AAA T3' 
and reverse, 5'CGC TTC ACG AAT TTGC GTG TCA T3'; 
GAPDH forward, 5'CTT TGG TAT CGT GGA AGG ACTC3' 
and reverse, 5'GTA GAG GCA GGG ATG ATG TTC T3'; 
miR-15a-5p forward, 5'GGG TAG CAG CAC ATA ATG GTT 
TGT G3' and reverse, 5'CAG TGC GTG TCG TGG AGT3'; 
TNIP2 forward, 5'-CTA AAG AGG CGG CAG GTC CCT C-3' 
and reverse, 5'-CAA GAT GAC CTT CCA GTG AC-3'. The 
following thermocycling conditions were used: 35 cycles of 
initial denaturation at 95˚C for 15 sec, annealing at 60˚C 

for 1 min, extension at 72˚C for 1 min; and a final extension 
step at 72˚C for 10 min. The relative expression of genes 
was determined using the 2-ΔΔCq method (31). 

Western blot assay. Total protein was obtained from cells 
using RIPA lysis buffer (Beyotime Institute of Biotechnology). 
Protein concentration was measured using a bicinchoninic 
acid protein assay kit (Thermo Fisher Scientific, Inc.). Equal 
amounts of protein (40 µg) were separated by 10% SDS‑PAGE 
(Bio‑Rad Laboratories, Inc.) and transferred onto PVDF 
membranes (EMD Millipore). Membranes were subsequently 
blocked with 5% fat‑free skim milk in PBS‑Tween (PBST), 
containing 0.05% Tween‑20, for 1 h at room temperature, 
and incubated with the following primary antibodies at 4˚C 
overnight: TNIP2 (1:1,000; cat. no. ab205925; Abcam), 
p-p65 (1:1,000; cat. no. ab86299; Abcam), p65 (1:1,000; 
cat. no. ab16502; Abcam) and β-actin (1:2,000; cat. no. ab8227; 
Abcam). The membranes were washed in triplicate with PBST 
and then incubated with horseradish peroxidase-conjugated 
goat anti-rabbit IgG H&L (1:2,000; cat. no. Ab7090; Abcam) 
at room temperature for 1 h. The protein bands were visual-
ized using the ECL detection reagent (Beyotime Institute 
of Biotechnology). The intensity of each band was quanti-
fied using Image Lab™ Software (version 5.2.1; Bio-Rad 
Laboratories Inc.).

Statistical analysis. SPSS 21.0 statistical software (IBM Corp.) 
was used to analyze data. All experiments were performed 
at least three times. Measurement data were presented 
as the mean ± standard deviation. Differences between 
multiple groups were tested using ANOVA followed by 
Student‑Newman‑Keuls tests. Differences between two groups 
were analyzed by Student's t‑test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑15a‑5p and inflammatory factors' expression levels are 
significantly increased in RAW264.7 macrophages after LPS 
treatment. After RAW264.7 macrophages were stimulated 
with LPS for 4 h, the expression levels of miR-15a-5p and 
inflammatory factors were detected by RT‑qPCR and ELISAs, 
respectively. IL-1β, IL-6 and TNF-α levels were detected to 
evaluate the inflammatory response. The results indicated 
that the expression levels of IL-1β, IL-6 and TNF-α were 
significantly increased in RAW264.7 macrophages after treat-
ment with LPS compared with the control group (Fig. 1A-C). 
Additionally, the data showed that the expression level of 
miR-15a-5p was increased with LPS stimulation (Fig. 1D). 

TNIP2 is a target gene of miR‑15a‑5p. In order to investi-
gate the molecular mechanism of action for miR-15a-5p, the 
present study predicted the potential targets of miR-15a-5p 
using a bioinformatics prediction tool (TargetScan). The 
binding sites between miR-15a-5p and TNIP2 were observed 
and are presented in Fig. 2A. A dual-luciferase reporter assay 
was subsequently used to further verify that there is a specific 
regulatory connection between miR-15a-5p and TNIP2. The 
results showed that increased expression levels of miR-15a-5p 
decreased the luciferase activity of WT 3'-UTR segment of 
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Figure 2. TNIP2 is a direct target of miR-15a-5p. (A) The binding sites between miR-15a-5p and TNIP2 3'-UTR. (B) Dual-luciferase reporter assays were 
performed to measure the luciferase activities. **P<0.01 vs. mimic control. (C) Inhibitor control or miR-15a-5p inhibitor was transfected into RAW264.7 mac-
rophages for 48 h to detect the mRNA levels of miR-15a-5p. Control-siRNA or TNIP2-siRNA was transfected into RAW264.7 macrophages for 48 h to detect 
the TNIP2 (D) mRNA and (E) protein levels. Following transfection with miR-15a-5p inhibitor, inhibitor control, or miR-15a-5p inhibitor + TNIP2-siRNA, the 
(F) mRNA and (G) protein expression level of TNIP2 in RAW264.7 macrophages was measured. ##P<0.01 vs. inhibitor control; &&P<0.01 vs. control‑siRNA; 
$$P<0.01 vs. inhibitor. miR, microRNA; MUT, mutant; LPS, lipopolysaccharide; siRNA, small interfering RNA; TNIP, tumor necrosis factor‑α induced 
protein 3-interacting protein; WT, wild-type; UTR, untranslated region.

Figure 1. Expression levels of miR‑15a‑5p and inflammatory factors are significantly upregulated in RAW264.7 macrophages treated with LPS. RAW264.7 
macrophages were stimulated with 1 µg/ml LPS for 4 h and the expression levels of (A) IL-1β, (B) IL-6, and (C) TNF-α were examined using ELISAs. 
(D) Detection of miR-15a-5p expression levels in RAW264.7 macrophages. **P<0.01 vs. control. IL, interleukin; LPS, lipopolysaccharide; miR, microRNA; 
TNF-α, tumor necrosis factor-α.
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TNIP2 compared with mimic control group, however no 
significant differences were observed in the luciferase activity 
of TNIP2-MUT (Fig. 2B). Together, these results suggested 
that TNIP2 was a direct target of miR-15a-5p. 

Furthermore, the present study examined whether 
miR-15a-5p could regulate the expression of TNIP2 in 
RAW264.7 macrophages. The inhibitor control, miR-15a-5p 
inhibitor, control-siRNA, TNIP2-siRNA or miR-15a-5p 
inhibitor + TNIP2-siRNA were transfected into RAW264.7 
macrophages for 48 h. As indicated in Fig. 2C, it was observed 
that compared with the inhibitor control group, the expres-
sion levels of miR‑15a‑5p were significantly suppressed in 
RAW264.7 macrophages transfected with the miR-15a-5p 
inhibitor. Meanwhile, compared with the control-siRNA group 
reduced mRNA and protein expression levels of TNIP2 were 
detected when RAW264.7 macrophages were transfection 
with TNIP2-siRNA (Fig. 2D and E). Additionally, RT-qPCR 
and western blot analyses demonstrated that the mRNA and 
protein expression levels of TNIP2 were significantly higher in 
RAW264.7 macrophages after miR-15a-5p inhibitor transfec-
tion compared with the inhibitor control group (Fig. 2F and G). 
This increase was reversed by TNIP2-siRNA co-transfection. 
These data indicated that TNIP2 was a direct target of 
miR-15a-5p. Furthermore, a negative association between 
miR-15a-5p and TNIP2 was shown, which may be related to 
the progression of sepsis.

Expression of TNIP2 is reduced in LPS‑activated RAW264.7 
macrophages. In order to further verify the difference in 
expression levels of TNIP2 between the LPS-activated 
RAW264.7 macrophages and untreated RAW264.7 macro-
phages, RAW264.7 macrophages were treated with LPS for 
4 h. It was indicated that TNIP2 mRNA levels were signifi-
cantly decreased in the LPS treatment group compared with 
the control group (Fig. 3A). Consistently, the protein expres-
sion of TNIP2 appeared reduced in RAW264.7 macrophages 
upon LPS activation (Fig. 3B). These data suggested that LPS 
may inhibit the expression of TNIP2 in RAW264.7 macro-
phages.

miR‑15a‑5p inhibitor suppresses LPS‑induced inflamma‑
tory factors' expression in RAW264.7 macrophages by 
TNIP2 regulation. The expression levels of IL-1β, IL-6 
and TNF-α following transfection and LPS treatment were 
detected. Results from the ELISAs showed that LPS trig-
gered an increased secretion of IL-1β, IL-6 and TNF-α 
from RAW264.7 macrophages compared with the control 
group. Additionally, inhibition of miR-15a-5p suppressed the 
secretion of IL-1β, IL-6 and TNF-α in RAW264.7 macro-
phages which were stimulated by LPS, compared with the 
LPS + inhibitor control treatment group. Meanwhile, the 
effects were reversed by TNIP2-siRNA, and the protein 
expression levels of IL-1β, IL-6 and TNF-α were increased 
in the TNIP2-siRNA co-transfection group compared with 
the inhibitor group (Fig. 4A-C).

miR‑15a‑5p inhibitor significantly affects the activity of 
NF‑κB in LPS‑induced RAW264.7 macrophages via TNIP2 
regulation. The effect of miR-15a-5p inhibitor on LPS-induced 
NF-κB activation was subsequently examined. After trans-
fecting RAW264.7 macrophages with miR-15a-5p inhibitor 
or miR-15a-5p inhibitor + TNIP2-siRNA for 48 h, LPS was 
used to stimulate the cells for 4 h. As indicated in Fig. 5, the 
protein expression levels of p-p65 were enhanced in the LPS 
treatment group compared with the control group (Fig. 5A 
and B). Compared with the LPS + inhibitor control treat-
ment group, miR‑15a‑5p inhibitor significantly inhibited the 
expression of p-p65 in LPS-treated cells, whereas TNIP2 
downregulation reversed these effects. These data suggested 
that miRNA‑15a‑5p was involved in inflammatory progression 
by regulating the activation of the NF-κB pathway and by 
targeting TNIP2 in vitro.

Depletion of TNIP2 eliminates the effects of miR‑15a‑5p 
inhibitor in LPS‑induced septic mice. To assess whether 
miRNA‑15a‑5p was involved in the inflammatory progres-
sion in septic mice, a mouse model of sepsis was established 
using LPS followed by treatment with miR-15a-5p inhibitor 
or miR‑15a‑5p inhibitor + TNIP2‑siRNA. It was confirmed 

Figure 3. Expression of TNIP2 is suppressed in RAW264.7 macrophages following LPS treatment. (A) The mRNA expression levels of TNIP2 were reduced 
in RAW264.7 macrophages treated with LPS. (B) The protein levels of TNIP2 were detected by western blot analysis in RAW264.7 macrophages following 
LPS treatment. **P<0.01 vs. control. LPS, lipopolysaccharide; TNIP, tumor necrosis factor-α induced protein 3-interacting protein.
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that compared with the inhibitor control injection group, 
miR-15a-5p inhibitor significantly decreased the level of 
miR-15a-5p in the serum of mice (Fig. 6A). TNIP2-siRNA 
significantly decreased the mRNA level of TNIP2 in the serum 
of mice compared to the control-siRNA group (Fig. 6B). 
ELISAs were carried out to detect the levels of IL-1β, IL-6 
and TNF-α in the serum of mice from the various treatment 
groups (LPS; LPS + inhibitor control; LPS + inhibitor; LPS 
+ inhibitor + siRNA). As indicated in Fig. 7A-C, miR-15a-5p 
inhibitor significantly decreased the secretion of inflamma-
tory factors, including IL-1β, IL-6 and TNF-α, in the serum of 
LPS-treated mice. Additionally, compared with the LPS treat-
ment alone group, the levels of kidney and liver injury markers, 
including Cr, BUN, ALT and AST, in the serum of LPS-treated 
mice were reduced in the miR-15a-5p inhibitor-administered 
group (Fig. 7D-G). The aforementioned effects of miR-15a-5p 
inhibitor on LPS-treated mice were eliminated by the 
TNIP2-siRNA combination therapy. These results indicated 

that miRNA‑15a‑5p promoted the inflammatory response by 
negatively regulating TNIP2 expression in septic mice.

Discussion

Previous studies have reported that sepsis is associated with an 
excessive inflammatory response (1,20). A number of studies 
have shown that miRNAs participate in the sepsis-induced 
inflammatory response by affecting vital signaling elements. 
For example, Chen et al (32) found that miR-212-3p 
depressed LPS‑induced inflammatory responses by targeting 
high-mobility group protein B in sepsis. Additionally, 
Wang et al (33) showed that upregulation of miR-130b 
suppressed severe lung inflammation in the sepsis mouse 
model by LPS stimulation. However, the underlying mecha-
nisms of action for miR-15a-5p participation in the progression 
of sepsis remain unknown. Based on the aforementioned liter-
ature, the aim of the present study was to elucidate the effect of 

Figure 4. miR‑15a‑5p downregulation suppresses the LPS‑induced inflammatory factors released in RAW264.7 macrophages. RAW264.7 macrophage cells 
were transfected with or without inhibitor control, miR-15a-5p inhibitor or miR-15a-5p inhibitor + TNIP2-siRNA for 48 h, and cells were subsequently stimu-
lated with 1 µg/ml LPS for 4 h. The expression levels of inflammatory factors (A) IL‑1β, (B) IL-6 and (C) TNF-α in cells from the various treatment groups 
were detected using ELISAs. **P<0.01 vs. control; ##P<0.01 vs. LPS+inhibitor control; &&P<0.01 vs. LPS+inhibitor. LPS, lipopolysaccharide; miR, microRNA; 
IL, interleukin; siRNA, small interfering RNA; TNF, tumor necrosis; TNIP, TNF‑α induced protein 3-interacting protein.

Figure 5. miR-15a-5p inhibitor inhibits LPS-induced NF-κB activation in RAW264.7 macrophages and TNIP2-siRNA reverses the effects. RAW264.7 macro-
phage cells were transfected with or without inhibitor control, miR-15a-5p inhibitor or miR-15a-5p inhibitor + TNIP2-siRNA for 48 h, and cells were stimulated 
with 1 µg/ml LPS for 4 h. (A) Protein expression level of p-p65 and p65 was detected using western blot assays. (B) The ratio of p-p65/p65. **P<0.01 vs. control; 
##P<0.01 vs. LPS+inhibitor control; &&P<0.01 vs. LPS+inhibitor. LPS, lipopolysaccharide; miR, microRNA; p, phosphorylated; siRNA, small interfering RNA; 
TNIP, tumor necrosis factor-α induced protein 3-interacting protein.
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miR‑15a‑5p in the sepsis inflammatory response. The present 
study provided evidence that miR-15a-5p inhibitor suppressed 
the inflammatory response in both cultured macrophages and 
in a septic mouse model by repressing the activation of the 
NF-κB signaling pathway and by targeting TNIP2.

RT-qPCR assays and ELISAs were used to detect 
miR-15a-5p expression levels as well as inflammatory 
factors, including IL-1β, IL-6 and TNF-α, in LPS-induced 
RAW264.7 macrophages. In accordance with the present 
study, previous studies have also reported that IL-1β, IL-6 and 
TNF-α expression was enhanced in LPS-treated RAW264.7 
macrophages (34,35). The present results also found that 
miR-15a-5p was significantly upregulated in LPS-treated 
RAW264.7 macrophages. Therefore, inhibiting miR-15a-5p 
expression may block the progression of inflammation and 
serve an anti‑inflammatory role in sepsis. Additionally, TNIP2 
was confirmed as a direct target of miR-15a-5p through 
the dual-luciferase reporter assay. Therefore, revealing a 

potential mechanism of action for TNIP2 with the inflamma-
tory response is crucial. In order to confirm the hypothesis, 
TNIP2‑knockdown was performed using siRNA. The roles 
of miR-15a-5p inhibitor and TNIP2-siRNA were investigated 
in RAW264.7 macrophages with LPS stimulation. It was 
observed that miRNA-15a-5p inhibitor negatively regulated 
TNIP2 expression in RAW264.7 macrophages and that the 
expression levels of TNIP2 in RAW264.7 macrophages with 
LPS treatment, significantly decreased. Taking all of the afore-
mentioned data into consideration, this study suggests that 
TNIP2 is a direct target gene of miRNA-15a-5p and a negative 
relationship between miR-15a-5p and TNIP2 is indicated. This 
relationship may regulate the progression of sepsis.

TNIP2, the binding partner of zinc finger protein A20 
(A20), was first discovered in a yeast two‑hybrid screen. TNIP2 
was found to regulate NF-κB by binding to A20, a well‑known 
anti‑inflammatory signaling molecule (36). Overexpression of 
TNIP2 has been reported to inhibit NF-κB activation and result in 

Figure 6. Effect of miR-15a-5p inhibitor and TNIP2-siRNA on miR-15a-5p and TNIP2 expression in mice. (A) The level of miR-15a-5p in the serum of 
mice was detected using RT-qPCR. (B) The mRNA level of TNIP2 in the serum of mice was detected using RT-qPCR. **P<0.01 vs. inhibitor control; 
##P<0.01 vs. control-siRNA. miR, microRNA; siRNA, small interfering RNA; RT-qPCR, reverse transcription-quantitative PCR. 

Figure 7. TNIP2-siRNA eliminates the effects of miR-15a-5p inhibitor in LPS-induced septic mice. The serum (A) IL-1β, (B) IL-6 and (C) TNF-α levels were 
evaluated using ELISAs. The serum (D) Cr, (E) BUN, (F) ALT and (G) AST levels were evaluated in the various treatment groups. **P<0.01 vs. LPS+inhibitor 
control; ##P<0.01 vs. LPS+inhibitor. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cr, creatine; LPS, lipopoly-
saccharide; miR, microRNA; IL, interleukin; siRNA, small interfering RNA; TNF, tumor necrosis factor; TNIP, TNF‑α induced protein 3-interacting protein.
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cell proliferation in human cancer types (37). Therefore, the effects 
of miR-15a-5p inhibitor or miR-15a-5p inhibitor + TNIP2-siRNA 
on inflammatory factor (TNF‑α, IL-1β and IL-6) expression levels 
and the NF-κB signal pathway in LPS stimulated RAW264.7 
macrophages were further investigated. The results demonstrated 
that miR-15a-5p inhibitor alleviated inflammatory responses 
in macrophages induced by LPS stimulation, as indicated by 
decreased levels of IL-1β, IL-6 and TNF-α. However, there is 
some disagreement on whether IL-1β is expressed in RAW264.7 
macrophages. For example, Pelegrin et al (38) reported that 
RAW264.7 macrophages do not release mature IL-1β. However, 
a number of other studies have reported that RAW264.7 macro-
phages secrete mature IL-1β, which is consistent with the results 
of the current study (39-41). Furthermore, it was found that the 
activation of the NF-κB signaling was inhibited by miR-15a-5p 
inhibitor in LPS-induced macrophages compared with the control 
group, indicated by reduced p-p65 expression and increased 
TINP2 expression level. However, all of the observed effects 
of the miR-15a-5p inhibitor on LPS-stimulated macrophages 
were counteracted by TNIP2-siRNA. These data revealed that 
miRNA‑15a‑5p was involved in the inflammatory progression in 
macrophages through modulating TNIP2. 

In the current study a mouse model was also established by 
injecting LPS (10 mg/kg) to induce sepsis. The results revealed 
that the levels of inflammatory factors (IL‑1β, IL-6 and TNF-α) 
and organ damage markers (Cr, BUN, ALT and AST) were 
decreased in the miR-15a-5p inhibitor + LPS group compared 
with the LPS group, while knockdown of TNIP2 reversed 
these effects. These results indicated that miRNA-15a-5p may 
promote the development of inflammation by negatively regu-
lating TNIP2 expression in septic mice.

Overall, the present study demonstrated the anti‑inflamma-
tory activity of miRNA-15a-5p inhibitor in both in vitro and 
in vivo inflammatory models. To the best of our knowledge, 
this study is the first to examine the mechanisms of action 
for miRNA‑15a‑5p in the anti‑inflammatory field. The results 
of the present study confirmed that miR-15a-5p inhibitor 
prevented the activation of the NF-κB signaling pathway 
by negatively regulating TNIP2 expression, suppressing the 
inflammatory response and therefore providing novel insights 
into the treatment of sepsis. However, this study is only a 
preliminary analysis of the role of miRNA-15a-5p in sepsis and 
further investigation of its role is required. For example, the 
role of TNIP2 alone in sepsis should be studied. Additionally, 
NF-κB activity, as well as the inflammatory factor levels in 
RAW264.7 cells with upregulated/downregulated TNIP2 
expression upon LPS treatment should be investigated.
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