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Abstract. The present study evaluated the anti‑inflammatory 
effect of microRNA (miR)‑146a in a spinal cord injury (SCI) 
rat model and in vitro model, and explored possible underlying 
mechanisms of this effect. miR‑146a expression was analyzed 
using reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Tumor necrosis factor (TNF)‑α, inter-
leukin (IL)‑1β and IL‑6 content was measured using ELISA 
kits. Inducible nitric oxide synthase (iNOS), prostaglandin E2 
(PGE2), Toll‑like receptor 4 (TLR4), myeloid differentiation 
primary response 88 (MyD88) and phosphorylated (p)‑nuclear 
factor (NF)‑κB were measured using western blotting. In the 
SCI rat model, miR‑146a expression was downregulated. In 
the in vitro model, downregulation of miR‑146a increased 
inflammation, enhanced iNOS and PGE2 protein expres-
sion and induced TLR4, MyD88 and NF‑κB expression. 
Overexpression of miR‑146a reduced inflammation, iNOS 
and PGE2 protein expression, and suppressed TLR4, MyD88 
and NF‑κB expression in the in vitro SCI model. The inhi-
bition of TLR4 attenuated the proinflammatory effects of 
anti‑miR‑146a in the in vitro SCI model. The results indicate 
that miR‑146a reduces inflammation in an SCI model through 
the TLR4‑NF‑κB signaling pathway. The present study 
demonstrated that miR‑146a may be a promising therapeutic 
agent for SCI.

Introduction

Patients with spinal cord injury (SCI) suffer from extreme 
pain while exercising (1). This results in a notable decrease 
in quality of life, and a heavy burden on family members 
and society (2). Progress has been made in understanding the 
post‑SCI pathophysiological changes (2). However, improving 
neurological functional repair after damage still remains a 
challenge. Local inflammatory response is a major factor 
that influences damage repair (1). The inflammatory response 
is regarded as a double‑edged sword. On the one hand, it 
can eliminate pathogens and necrotic tissue debris, thus 
establishing the conditions for axon regeneration and tissue 
remodeling (3). On the other hand, excessive congregation 
of neurotoxic inflammatory factors and mediators will also 
aggravate tissue damage (4). Thus, the role of inflammatory 
response in SCI remains unclear.

SCI manifests as restricted movement and pain in the 
corresponding damaged areas, including sphincter of Oddi 
dysfunction, dystonia and pathological reflex (3). SCI is the 
primary cause of damaged neurons and neurogliocyte death, 
so it has been a key focus of medical research. In addition, SCI 
is associated with perpetual spinal cord dysfunction (3).

In previous research, macrophages have been demon-
strated to exhibit diversity and plasticity in different damaged 
micro‑environments, known as macrophage polarization (3). 
Furthermore, they can secrete numerous proinflammatory 
mediators, including tumor necrosis factor (TNF)‑α, inter-
leukin (IL)‑12, IL‑23 and nitric oxide (3). Therefore, it has 
proinflammatory activity and aggravates tissue damage (5).

Toll‑like receptor‑4 (TLR4) is a pattern recognition receptor, 
which is closely related to congenital immunity (6). TLR4 is 
a membrane receptor with leucine‑rich repeat. As is reported 
in previous study, injection of lipopolysaccharide in the spinal 
cord can upregulate TLR4 expression and activate the inflam-
matory response (6). Thus, SCI has resulted in nerve injury 
and functional defect, which reveals that TLR4 is distributed 
in the spinal cord (3). SCI can destroy the normal structure of 
the spinal cord (3). Meanwhile, it promotes extensive contact 
of extracellular matrix (ECM) with inflammatory cells. ECM 
contains numerous endogenous molecules, including laminin, 
collagen and proteoglycan (3). It was suggested in previous 
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research that some endogenous substances will be produced 
after SCI, including necrotic tissues and oxygen radicals. 
These substances may stimulate microvascular endothelial 
cells (3). Furthermore, NF‑κB is activated in nerve cells and 
gliocytes for nuclear translocation (3). In addition, the acti-
vated NF‑κB can elevate transcriptional activities of many 
inflammatory factor genes, including intercellular adhesion 
molecule 1, IL‑1, IL‑6 and TNF‑α (3). There are binding sites 
in enhancers and promoters of inflammatory factors corre-
sponding to those in NF‑κB. In this way, the inflammatory 
response in damage regions is upregulated and the severity of 
tissue damage is increased (3). Zhong et al (7) reported that 
the TLR4/NF‑κB/miRNA (miR)‑146a pathway contributes to 
the assisted reproductive technology‑correlated preterm birth 
outcome. In the present study, the neuroprotective effects of 
miR‑146a in SCI, as well as the possible underlying mecha-
nisms of these effects, were investigated.

Materials and methods

Animals and treatments. A total of 16 adult female 
Sprague‑Dawley rats (200‑220 g; 6‑8 weeks) were purchased 
from the Animal Laboratory of Guangzhou Medical 
University (Guangzhou, China) and housed at 23±1˚C with 
a humidity of 50‑60%, in a 12‑h light/dark cycle. The study 
protocol was approved by the Institutional Animal Care 
and Use Committee of Shandong University. All rats (n=16) 
were randomized to a control group (n=6) or an SCI model 
group (n=10). All rats were anesthetized with intraperitoneal 
300 mg/kg chloral hydrate (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) and the T8‑T10 spinal column was 
exposed. The Impact One™ Stereotaxic Impactor (Leica 
Microsystems GmbH, Wetzlar, Germany) was inserted 
through the atlanto‑occipital membrane at T9 and was an SCI 
model was established as previously described (8). Rats of the 
sham group were anesthetized with intraperitoneal 300 mg/kg 
chloral hydrate (Sigma‑Aldrich; Merck KGaA) without the 
induction of SCI.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total cellular RNA was isolated from spinal cord 
tissue or PC‑12 cells transfected using the TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and cDNA 
synthesis was performed using the TaqMan MicroRNA RT kit 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). qPCR 
was performed using a Prism 7000 Real‑Time PCR system 
with Power SYBR Green Master mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The conditions were as follows: 
95˚C for 5 min, followed by 40 cycles of three‑step PCR (95˚C 
for 30 sec, 60˚C for 30 sec and 72˚C for 30 sec). The following 
primer sequences were utilized: miR‑146a sense, 5'‑GCG​AGG​
TCA​AGT​CAC​TAG​TGG​T‑3' and antisense, 5'‑CGA​GAA​GCT​
TGC​ATC​ACC​AGA​GAA​CG‑3'; U6 sense, 5'‑CTC​GCT​TCG​
GCA​GCA​CA‑3' and antisense, 5'‑AAC​GCT​TCA​CGA​ATT​
TGC​GT‑3'. miRNA expression was calculated using the 2‑ΔΔCq 
method (9).

Cell lines and cell culture. PC‑12 cells were purchased from 
Shanghai library of Chinese academy of sciences (Shanghai, 
China) and cultured in Dulbecco's modified Eagle's medium 

(Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C in a humidified atmosphere containing 5% CO2. 100 ng 
of miR‑146a mimics (UGA​GAA​CUG​AAU​UCC​AUG​GGU​U), 
100 ng of anti‑miR‑146a mimics (AAC​CCA​UGG​AAU​UCA​
GUU​CUC​A) and 100 ng of negative control mimics (AAA​
AAA​AAA​A) were transfected into cells (1x106 cell/ml) using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. After trans-
fection for 48 h, an SCI model was induced in PC‑12 cells 
(1x106 cell/ml) using 100 ng/ml of LPS for 4 h at 37˚C. Next, 
2.5 nM of TAK‑242, a TLR4 inhibitor was added to the SCI 
in vitro model (1x106 cell/ml) following anti‑miR‑146a for 
48 h at 37˚C.

Measurement of inflammation factors. PC‑12 cells were 
collected following the induction of LPS for 4 h by centrifuga-
tion at 1,000 x g for 10 min at 4˚C. TNF‑α (ab100747), IL‑1β 
(ab100704) and IL‑6 (ab100712) content was measured using 
ELISA kits (Abcam, Cambridge, MA, USA). Absorbance was 
measured at 450 nm using a microplate reader (model 550; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA).

Western blot analysis. PC‑12 cells (2x106  cell/ml) were 
homogenized in radioimmunoprecipitation assay lysis buffer 
(Beyotime Institute of Biotechnology, Nanjing, China) on 
ice and protein was quantified using BCA buffer (Beyotime 
Institute of Biotechnology). Protein separation (50  µg/per 
lane) was performed using 8‑10% SDS‑PAGE, followed by 
transferring onto a polyvinylidene difluoride membrane. The 
membrane was blocked with 5% skim milk for 1 h at 37˚C, 
then incubated overnight at  4˚C with primary antibodies: 
Anti‑inducible nitric oxide synthase (iNOS; sc‑649, 1:300), 
anti‑prostaglandin E2 (PGE2; sc‑20676, 1:500), anti‑TLR4 
(sc‑10741, 1:500), anti‑myeloid differentiation primary 
response 88 (MyD88; sc‑11356, 1:500), anti‑nuclear factor κB 
(NF‑κB; sc‑109, 1:200) and anti‑GADPH (sc‑25778, 1:2,000) 
(all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA). 
The membrane was then incubated with peroxidase anti‑rabbit 
IgG (sc‑2004, 1:5,000, Santa Cruz Biotechnology, Inc.) for 1 h 
at 37˚C. The results were detected using an enhanced chemilu-
minescence kit (Santa Cruz Biotechnology, Inc.) and analyzed 
using sodium Image Lab 3.0 (Bio‑Rad Laboratories, Inc.).

Statistical analysis. Data are expressed as the mean ± standard 
deviation using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). 
Differences between results were assessed using one‑way 

Figure 1. Expression of microRNA‑146a in an SCI rat model. 
**P<0.01 vs. control. SCI, spinal cord injury. 
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analysis of variance followed by Tukey's post‑hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Expression level of miR‑146a in an SCI rat model. As 
indicated in Fig. 1, miR‑146a expression was downregulated in 
the spinal cord tissue of the SCI rat model compared with the 
control group. These results suggested that miR‑146a may be 
involved in the regulation of inflammation in SCI.

Downregulation of miR‑146a increases inflammation in an 
SCI model in vitro. miR‑146a expression was downregulated in 
an in vitro model of SCI using anti‑miR‑146a mimics. As indi-
cated in Fig. 2A, there was significant inhibition of miR‑146a 
expression in the in  vitro model of SCI transfected with 
anti‑miR‑146a compared with the control group. Furthermore, 
TNF‑α, IL‑1β and IL‑6 levels were significantly higher in the 
miR‑146a downregulation group compared with the control 
group (Fig. 2B‑D).

Downregulation of miR‑146a enhances iNOS and PGE2 
protein expression in an SCI model in vitro. PGE2 and iNOS 
expression were evaluated in an SCI model in vitro by western 
blot analysis. The results indicated that iNOS and PGE2 protein 
expression were significantly increased following miR‑146a 
downregulation compared with the control group (Fig. 3).

Downregulation of miR‑146a increases the level of TLR4, 
MyD88 and NF‑κB expression in an SCI model in vitro. In 
order to evaluate the mechanism of the anti‑inflammatory 
effect of miR‑146a on SCI, the TLR4/MyD88/NF‑κB signaling 
pathway was examined in an SCI model following treatment 
with anti‑miR‑146a. As indicated in Fig.  4, inhibition of 
miR‑146a significantly promoted TLR4, MyD88 and NF‑κB 
protein expression compared with the control group.

Upregulation of miR‑146a decreases inflammation in an SCI 
model in vitro. In order to evaluate whether upregulation of 
miR‑146a would affect inflammation in an SCI model in vitro, 
cells were transfected with miR‑146a mimics. As indicated 
in Fig. 5A, miR‑146a expression was significantly upregu-
lated in the SCI model transfected with miR‑146a mimics 
compared with the control group. The level of expression of 
TNF‑α, IL‑1β and IL‑6 was significantly lower in the group 
with miR‑146a upregulation compared with the control 
group (Fig. 5B‑D).

Upregulation of miR‑146a inhibits iNOS and PGE2 protein 
expression in an SCI model in vitro. Upregulation of miR‑146a 
significantly inhibited iNOS and PGE2 protein expression 
compared with the control group (Fig. 6).

Upregulation of miR‑146a suppresses TLR4, MyD88 and 
NF‑κB level expression in SCI model vitro. As expected, 
upregulation of miR‑146a significantly suppressed the levels 

Figure 3. Downregulation of miRNA‑146a enhances iNOS and PGE2 protein expression in a spinal cord injury model in vitro. iNOS and PGE2 protein expres-
sion were evaluated by western blot analysis. (A and B) Quantified analysis. (C) Representative western blots. **P<0.01 vs. control. Control, negative control 
group; anti‑miRNA‑146a, transfection with anti‑miRNA‑146a mimics; miRNA, microRNA; iNOS, inducible nitric oxide synthase; PGE2, prostaglandin E2.

Figure 2. Downregulation of miRNA‑146a increases inflammation in a spinal cord injury model in vitro. (A) miR‑146a expression. (B) TNF‑α, (C) IL‑1β 
and (D) IL‑6 protein levels. **P<0.01 vs. control. Control, negative control group; anti‑miRNA‑146a, transfection with anti‑miRNA‑146a mimics; miRNA, 
microRNA, TNF, tumor necrosis factor; IL, interleukin. 
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of TLR4, MyD88 and NF‑κB expression compared with the 
control group (Fig. 7).

Inhibition of TLR4 attenuates the proinflammatory effects of 
anti‑miR‑146a in an SCI model in vitro. In order to evaluate 
the function of TLR4 in the proinflammatory effects of 

anti‑miR‑146a in SCI, 2.5 nM of TAK‑242, a TLR4 inhibitor, 
was administered following transfection with anti‑miR‑146a. 
As indicated in Fig.  8, inhibition of TLR4 significantly 
attenuated the proinflammatory effects of anti‑miR‑146a 
on TLR4, MyD88 and NF‑κB expression compared with 
the anti‑miR‑146a group. In addition, inhibition of TLR4 

Figure 4. Downregulation of miRNA‑146a increases TLR4, MyD88 and NF‑κB expression levels in a spinal cord injury model in vitro. (A‑C) Quantified analysis 
of TLR4, MyD88 and NF‑κB protein expression. (D) Representative western blots. **P<0.01 vs. control. Control, negative control group; anti‑miRNA‑146a, 
transfection with anti‑miRNA‑146a mimics; miRNA, microRNA; TLR4, Toll‑like receptor 4; MyD88, myeloid differentiation primary response 88; NF‑κB, 
nuclear factor κB.

Figure 5. Upregulation of miRNA‑146a decreases inflammation in a spinal cord injury model in vitro. (A) miRNA‑146a expression. (B) TNF‑α, (C) IL‑1β and 
(D) IL‑6 protein levels. **P<0.01 vs. control. Control, negative control group; miRNA‑146a, transfection with miRNA‑146a mimics; miRNA, microRNA; TNF, 
tumor necrosis factor; IL, interleukin.

Figure 6. Upregulation of miRNA‑146a inhibits iNOS and PGE2 protein expression in a spinal cord injury model in vitro. iNOS and PGE2 protein expression 
was evaluated by western blot analysis. (A and B) Quantified analysis. (C) Representative western blots. **P<0.01 vs. control. Control, negative control group; 
miRNA‑146a, transfection with miRNA‑146a mimics; miRNA, microRNA; iNOS, inducible nitric oxide synthase; PGE2, prostaglandin E2.
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significantly attenuated the proinflammatory effects of 
anti‑miR‑146a on TNF‑α, IL‑1β and IL‑6 levels compared 
with the anti‑miR‑146a group (Fig. 9). Furthermore, inhibition 
of TLR4 significantly attenuated the proinflammatory effects 
of anti‑miR‑146a on iNOS and PGE2 protein expression 
compared with the anti‑miR‑146a group (Fig. 10).

Discussion

SCI refers to direct or indirect external trauma to normal 
spine and spinal cord tissues, which impacts spinal cord func-
tions (3). For instance, this may be caused by car accidents or 
falls. It was demonstrated in the current study that miR‑146a 
expression is downregulated in an SCI rat model compared 
with the control group. Zhang et al (10) reported that miR‑146a 
could inhibit the activities of inflammatory factors and NF‑κB 
in lupus nephritis. In the current study, only one SCI rat model 
was used, but other SCI animal models exist, including an 
LPS‑induced SCI animal model of chronic cervical SCI (11). 

This LPS‑induced SCI animal model is a bacterial infection 
model, which simulates patients with menopause SCI or uterine 
trauma SCI; by contrast the current study induced damage at 
T9 for a classic SCI animal model. This immediately destroys 
spinal cord to generate an acute SCI model.

The phenotype of macrophage polarity can be altered 
under different inflammatory micro‑environments (3). As key 
components of an inflammatory micro‑environment, inflam-
matory factors also serve key functions in post‑SCI nerve 
injury repair. This involves proinflammatory factors, including 
IL‑1β, TNF‑α, IL‑12, IL‑6 and iNOS, as well as inflammatory 
cytokines, including IL‑4, IL‑10 and IL‑13 (3). Results from 
a previous study indicated that overexpression of proinflam-
matory factors can promote apoptosis and further aggravate 
nerve injury (3). Compared with the wild type, the post‑SCI 
damage area in IL‑1β knockout mouse was markedly reduced. 
Furthermore, IL‑1β can enhance neuroplasticity and promote 
recovery of motor function (3). TNF‑α has cytotoxic effects on 
nerve cells and oligodendroglia cells (12). In addition, the TNF 

Figure 8. TLR4 inhibition attenuates the proinflammatory effects of anti‑miRNA‑146a on TLR4, MyD88 and NF‑κB expression levels in a spinal cord injury 
model in vitro. TLR4, MyD88 and NF‑κB protein expression was evaluated by western blot analysis. (A‑C) Quantified analysis. (D) Representative western 
blots. **P<0.01 vs. control; ***P<0.01 vs. anti‑miRNA‑146a. Control, negative control group; anti‑miRNA‑146a, transfection with anti‑miRNA‑146a mimics; 
miRNA, microRNA; TLR4, Toll‑like receptor 4; MyD88, myeloid differentiation primary response 88; NF‑κB, nuclear factor κB.

Figure 7. Upregulation of miRNA‑146a suppresses TLR4, MyD88 and NF‑κB expression levels in a spinal cord injury model in vitro. TLR4, MyD88 and 
NF‑κB protein expression was evaluated by western blot analysis. (A‑C) Quantified analysis. (D) Representative western blots. **P<0.01 vs. control. Control, 
negative control group; miRNA‑146a, transfection with miRNA‑146a mimics; miRNA, microRNA; TLR4, Toll‑like receptor 4; MyD88, myeloid differentia-
tion primary response 88; NF‑κB, nuclear factor κB.
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superfamily receptor 1A (TNFR1) can neutralize damage 
induced by TNF‑α by preventing TNF‑α receptor binding, 
so as to reduce TNF‑α receptor binding on nerve cells (3). 
Applying TNFR1 in post‑SCI local damage can notably reduce 
neuron death (3). By contrast, inflammatory cytokine IL‑10 
exerts important effects in regulating inflammatory responses, 
including anti‑inflammation, apoptosis inhibition and neurot-
rophy (13). In the present study, upregulated miR‑146a could 
decrease inflammation and inhibit expression of iNOS and 
PGE2 proteins in the SCI model in vitro.

In recent research, nerve cells were identified to be 
part of TLRs (3). It was originally thought that TLRs were 
primarily involved in immunity‑related diseases. However, an 
increasing number of studies have suggested that TLRs are 
not only involved in the pathophysiological changes of neuro-
degenerative diseases, but also serve key functions in disease 
occurrence  (3). Notably, the majority of TLRs exert their 
functions via the MyD88 pathway. Furthermore, TLR3 and 
TLR4 exert their functions in a MyD88 pathway‑independent 
manner (3). Expression of these inflammatory factors may 

aggravate the secondary damage of spinal cord. The TLR4 
signaling pathway can be classified into the MyD88‑dependent 
and MyD88‑independent pathways for cell transmission (3). 
TLR4 can activate IL‑1 receptor‑associated kinase through 
the MyD88‑dependent pathway, thus further activating TNF 
receptor‑associated factor 6. Subsequently, it activates the 
downstream transcription factors NF‑κB, activator protein 1 
and interferon regulatory factor 5  (3). These transcription 
factors can thus further induce expression of proinflammatory 
factors, including IL‑6, TNF‑α and IL‑12 (3). As identified in 
the current study, upregulation of miR‑146a can significantly 
suppress the expression levels of TLR4, MyD88 and NF‑κB in 
an SCI model in vitro.

NF‑κB is the generic term of the dimer transcription factor 
family. Every monomer of the dimer contains the Rel region, a 
sequence of 300 amino acids (3). The Rel region can bind with 
DNA as well as inhibitory molecules. Of these, the inhibitory 
molecule IκB contains 5‑7 ankyrin repeat domains (3), with 
30 amino acids in each domain. The domain is responsible 
for binding with the Rel region of NF‑κB (3). NF‑κB can 

Figure 10. TLR4 inhibition attenuates the proinflammatory effects of anti‑miRNA‑146a on iNOS and PGE2 protein expression in a spinal cord injury 
model in vitro. iNOS and PGE2 protein expression was evaluated by western blot analysis. (A and B) Quantified analysis. (C) Representative western blots. 
**P<0.01 vs. control; ***P<0.01 vs. anti‑miRNA‑146a. Control, negative control group; anti‑miRNA‑146a, transfection with anti‑miRNA‑146a mimics; miRNA, 
microRNA; iNOS, inducible nitric oxide synthase; PGE2, prostaglandin E2; TLR4, Toll‑like receptor 4.

Figure 9. TLR4 inhibition attenuates the proinflammatory effects of anti‑miRNA‑146a on TNF‑α, IL‑1β and IL‑6 protein levels in a spinal cord injury 
model in vitro. (A) TNF‑α, (B) IL‑1β and (C) IL‑6 protein levels. **P<0.01 vs. control; ***P<0.01 vs. anti‑miRNA‑146a. Control, negative control group; 
anti‑miRNA‑146a, transfection with anti‑miRNA‑146a mimics; miRNA, microRNA; TNF, tumor necrosis factor; IL, interleukin; TLR4, Toll‑like receptor 4.
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be transferred into the nucleus following activation, so as to 
bind with relevant genes of multiple inflammatory factors and 
induce expression of proinflammatory factors (14). Activated 
TLRs can degrade IκB to activate NF‑κB, thus regulating the 
inflammatory response. Bao et al (14) reported that NF‑κB 
can be activated within 30 min of SCI. Thus, NF‑κB may 
also be involved in the pathophysiology of secondary damage 
after SCI. In addition, it was observed in the current study 
that TLR4 inhibition could attenuate the proinflammatory 
effects of anti‑miR‑146a in an SCI model in vitro. The present 
study suggests that miR‑146a can suppress inflammation in 
SCI through the TLR4/MyD88/NF‑κB signaling pathway, 
which contributes to neural regeneration. The present study 
was limited by only evaluating miR‑146a regulation of 
TLR4/MyD88/NF‑κB signaling. Other inflammation signaling 
pathways, including p‑NF‑κB and p‑IκB expression, will be 
investigated in future studies.

In summary, the present study demonstrated that miR‑146a 
exerts an anti‑inflammatory effect in SCI, which can be, at least 
in part, attributed to its modulation of the TLR4/MyD88/NF‑κB 
signaling pathway. These findings suggest that miR‑146a may 
be a promising therapeutic agent for SCI.
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