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miR-128-3p inhibits the inflammation by targeting MAPK6 in 
penicillin-induced astrocytes
Yuejiu Panga, Dingzhen Luoa and Shuhua Wangb 

Objective Epilepsy causes physical and mental 
damage to patients. As well known, microRNAs (miRNAs) 
provide therapeutic target potentials for patients with 
epilepsy. miR-128-3p was previously reported to be 
downregulated in temporal lobe epilepsy (TLE) patients, 
however, its detailed function in epilepsy is unknown.

Methods Astrocytes function in epilepsy, penicillin-
induced astrocytes can be used as a model for seizures in 
vitro. Currently, the expression levels of mitogen-activated 
protein kinase 6 (MAPK6), interleukin-1 beta (IL-1β) and 
tumor necrosis factor-alpha (TNF-α) were determined by 
western blot and reverse transcription-quantitative PCR 
analyses (RT-qPCR). The expression level of miR-128-3p 
was evaluated by RT-qPCR. TargetScan 7.1 and dual 
luciferase reporter assay were used for prediction and 
verification of interaction between miR-128-3p and MAPK6 
3′ untranslated region (UTR). Cell viability was detected by 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide (MTT) assay.

Results We found that penicillin-induced decrease 
in cell viability, and increase of TNF-α/IL-1β in primary 

astrocytes. There were lower miR-128-3p and higher 
MAPK6 in penicillin-treated primary astrocytes. miR-
128-3p overexpression rescued penicillin-induced 
reduction of cell viability, and upregulation of TNF-α/IL-1β, 
which was partially abolished by MAPK6 overexpression.

Conclusion Altogether, miR-128-3p attenuates 
penicillin-induced cell injury and inflammation in 
astrocytes by targeting MAPK6, thus providing a protective 
role in epilepsy. NeuroReport 33: 742–749 Copyright © 
2022 The Author(s). Published by Wolters Kluwer Health, 
Inc.
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Introduction
Epilepsy is a chronic neurological disorder caused by 
abnormal neuronal activity in the brain, which predis-
poses the patients to epileptic seizures throughout the 
lifetime and leads to social discrimination [1–3]. Epileptic 
seizure causes severe physical and mental damage to 
patients, with the potential pathogenesis of structural 
and functional injuries to the hippocampus and the lim-
bic system, which are resulted from pathological changes 
including mossy fiber sprouting, neuronal apoptosis and 
synaptic plasticity [4–6]. The lifetime prevalence of 
epilepsy is approximately 1% globally [1]. Brain inflam-
mation is conducive to the determination of the seizure 
threshold from the susceptible regions in the brain, and 
functions in the precipitation and recurrence of seizures 
[7,8]. Unfortunately, the current anti-epileptic drugs are 
effective in only <35% of patients [9]. Up to now, there 
have not been specific anti-epileptic drugs for patients 
with epilepsy.

As acknowledged, microRNAs (miRNAs) belong to a fam-
ily of non-coding RNAs which reduce protein expression 
by inhibiting mRNA stability and translation, thus pro-
viding essential biomarkers and therapeutic target poten-
tials for patients with epilepsy [10,11]. Downregulation 
of miR-128 in epilepsy has been reported in several stud-
ies, for instance, miR-128-2 is decreased in mice postna-
tal neurons, which upregulates motor activity and fatal 
epilepsy in mice [12], and miR-128-3p is downregulated 
in temporal lobe epilepsy (TLE) patients and all phases 
of TLE development in rats [13], 2R, 4R-APDC pre-
vents hippocampal cells from seizure-induced apoptosis 
by upregulating miR-128-3p [14]. However, the detailed 
function of miR-128-3p in epilepsy has not been clarified.

The genes which are involved in inflammation and can 
be targeted by miR-128-3p attract our attention. By 
searching articles, the mitogen-activated protein kinase 
(MAPK) signaling pathway that takes part in numerous 
cellular processes including inflammation [15], comes 
into our sight. Among these, MAPK6 is dysregulated in 
numerous diseases, and can be targeted by various miR-
NAs. For instance, let7f-5p inhibits inflammation by tar-
geting MAPK6 in pneumonia [16]; MAPK6 promotes the 
production of IL-8 and chemotaxis in breast cancer [17]; 
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miR-26a-5p negatively regulates neuropathic pain by 
targeting MAPK6 [18]. However, the role of MAPK6 in 
epilepsy as well as the relationship between miR-128-3p 
and MAPK6 in epilepsy has not been investigated yet. 
The current study aimed to explore whether the function 
of miR-128-3p in epilepsy can be realized by regulation 
of MAPK6.

Materials and methods
Cell culture
Briefly, the neonatal (1–5 day postnatal) Sprague–Dawley 
male rats (n = 8) were subjected to euthanasia with cer-
vical dislocation by pinching and disrupting the spinal 
cord in the high cervical region. Primary astrocytes were 
extracted from the cerebral cortices of the rats, then 
seeded into flasks with the culture medium (DMEM/
F12, 15% FBS, L-glutamine and 500 ng/ml insulin), and 
incubated till confluence, as a previous study described 
[19]. The current study was approved by the Ethics 
Committee of Shandong Provincial Hospital Affiliated 
with Shandong First Medical University.

Penicillin was commonly used for the establishment of 
experimental epilepsy in animals [20,21]. The amount of 
penicillin is crucial in epilepsy models, eg, in the intra-
cortical penicillin rat model, the higher the penicillin 
dose, the higher the number of hippocampal pyramidal 
neuronal loss [22]. The same was in neuronal cell culture, 
100–5 000 μM penicillin is required to block GABA [23], 
while GABAergic action is pivotal in astrocyte cell death 
[24]. In the current study, primary astrocytes were stimu-
lated by penicillin 2 500 µM (500 IU) for 12 hours for the 
establishment of an in vitro model of seizure (astrocyte 
death) as previously described [25]. Above all, the results 
are related to epilepsy.

Cell transfection
miR-128-3p mimic, miR-negative control (NC) mimic, 
pcDNA3.1 and pcDNA3.1-MAPK6 were obtained from 
GenePharma (Shanghai, China). Cell transfection of miR-
128-3p mimic (50 nM) and pcDNA3.1-MAPK6 (100 ng) 
was performed by Lipofectamine 2000 (Invitrogen). At 
48 hours after cell transfection, cells were harvested for 
the subsequent experiments.

RNA extraction and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR)
Total RNA was isolated from cells by TRIzol (Invitrogen). 
cDNA was synthesized from the above products by 
PrimeScript RT kit (Takara Bio, Inc.). After that, RT-qPCR 
was carried out with SYBR Premix Ex Taq (Takara Bio, 
Inc.) by the Bio-Rad CFX96 Real-Time PCR system 
(Bio-Rad Laboratories, Inc.). Expression of interleu-
kin-1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), 
MAPK6 and miR-128-3p were referred to as GAPDH and 
U6, respectively. The primer sequences were as listed: 
IL-1β, forward 5′-TGAAATGCCACCTTTTGACAG-3′ 

and reverse 5′-CCACAGCCACAATGAGTGATAC-3′; 
TNF-α, forward 5′-CCTGTCTCTTCCT

ACCCAACC-3′ and reverse 5′-GCAGGAGTGT 
CCGTGTCTTC-3′; MAPK6 forward 5′- 
TAAAGCCATTGACATGTGGG-3′ and reverse 
5′- TCGTGCACAACAGGGAT

AGA -3′; GAPDH, forward 5′-CTTTGGTATCGTGG 
AAGGACTC-3′ and reverse 5′-GTAGAGGCA 
GGGATGATGTTCT-3′. miR-128-3p forward 
5′-TCACAGTGAACCGGTCTCTTT-3′ and reverse 
5′-AAAGAGACCGGTTCACTGTGA-3′; U6 forward 
5′-GCTTGCTTCGGCAGCACATATAC-3′ and reverse 
5′- TGCATGTCATCCTTGCTCAGGG-3′. The 
cycling conditions were as listed: 95°C for 5 minutes, fol-
lowed by 40 cycles of 95°C for 10 seconds, 60°C for 30 
seconds and 72°C for 1 second.

Western blot
Total protein was isolated from cells by RIPA (Sigma-
Aldrich) on ice. The supernatants were centrifuged at 
12  000g for 10 minutes at 4°C before the collection of 
the supernatant proteins. The concentration of protein 
in each sample was measured by the BCA kit (Sigma-
Aldrich). Each protein sample (15 µg) was separated by 
the SDS-PAGE and transferred onto a PVDF membrane. 
Then the PVDF membrane was blocked by 5% fat-free 
milk at 37°C for 1 hours, incubated with primary antibod-
ies against IL-1β (ab200478; RRID:AB_2888939; 1:1,000; 
Abcam), TNF-α (ab205587; RRID:AB_2889389; 1:1,000; 
Abcam), MAPK6 (ab53277; RRID:AB_2140288; 1:1,000; 
Abcam) and GAPDH (ab181602; RRID:AB_2630358; 
1:1,000; Abcam) at 4°C overnight; and HRP-conjugated 
goat anti-rabbit secondary antibody (ab7097; 
RRID:AB_955411; 1:3,000; Abcam) at 37°C for 1 hours, 
successively. At last, the protein bands were visualized 
by ECL Kit (Pierce). Immunodetection was analyzed 
by Image Lab version 3.0 (Bio-Rad Laboratories, Inc.). 
IL-1β, TNF-α, and MAPK6 were referred to as GAPDH.

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay
Cell viability was measured by MTT assay. Cells (5 × 103 
cells/well) were seeded in 96-well plates. After incuba-
tion for 24 hours at 37°C, each well was added with MTT 
(20  µl of 5  mg/ml) and incubated for another 4 hours 
at 37°C. Thereafter, each well was added with DMSO 
(150 µl). To dissolve the dye thoroughly, the microtitre 
plate was shaken by a shaker. Finally, the absorbance at 
570  nm was recorded by a Bio-Rad iMark plate reader 
(Bio-Rad Laboratories, Inc.).

Dual luciferase reporter assays
The interaction between miR-128-3p and MAPK6 
was predicted by the online tool TargetScan 7.1 
(http://www.targetscan.org/vert_71/). Wild type (WT, 
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5′-GUUAAGUAAAGUGCUCACUGUGU-3′) and 
mutant (Mut, 5′-GUUAAGUAAAGUGCUCAAC 
GUGU-3′) MAPK6 3′UTR contained pGL3-luciferase 
reporter plasmid (Promega Corporation, Madison, WI, 
USA) were cloned by GenePharma (Shanghai, China). 
miR-128-3p mimic or miR-NC mimic was co-transfected 
with WT MAPK6 3′UTR or Mut MAPK6 3′UTR into 
primary astrocytes by Lipofectamine 2000 (Invitrogen). 
At 48 hours after cell transfection, the luciferase reporter 
activity was determined by Dual Luciferase Assay 
System (Promega Corporation), which was referred to as 
Renilla luciferase activity.

Statistical analysis
Each experiment was repeated three independent times. 
Data were analyzed by Graphpad Prism 6 and expressed 
as mean ± SD. Two groups were compared by unpaired 
Student’s t test, and three or more groups were compared 
by one-way ANOVA followed with Newman Keuls anal-
ysis. P value < 0.05 indicated statistically significant.

Results
Verification of penicillin-induced injury in primary 
astrocytes
As presented in Fig. 1a, there was decreased cell viabil-
ity in the epilepsy group when compared to the control 
group. In addition, there was increased mRNA (Fig. 1b) 
and protein level (Fig. 1c,d) of TNF-α and IL-1β in the 

epilepsy group compared with the control group. The 
results indicated the successful induction of injury and 
inflammation by penicillin in primary astrocytes.

Expression profile of miR-128-3p and MAPK6 in 
penicillin-treated primary astrocytes
Thereafter, we aimed to examine the expression changes 
of miR-128-3p and MAPK6 in penicillin-treated primary 
astrocytes. As presented in Fig. 2a, there was downreg-
ulated miR-128-3p expression in the epilepsy group in 
contrast to the control group. However, there was upreg-
ulated mRNA (Fig. 2b) and protein level (Fig. 2c,d) of 
MAPK6 in the epilepsy group in comparison with the 
control group.

These findings suggested the potential involvement of 
miR-128-3p and MAPK6 in the penicillin-induced primary 
astrocytes. We were eager to identify the detailed functions 
of miR-128-3p in penicillin-induced primary astrocytes.

Effects of miR-128-3p mimic on MAPK6 expression in 
penicillin-treated primary astrocytes
As shown in Fig. 3a, the miR-128-3p level was increased 
by the miR-128-3p mimic in comparison with the 
miR-NC mimic. Overexpression of miR-128-3p reversed 
the upregulation of mRNA (Fig.  3a) and protein level 
(Fig.  3b,c) of MAPK6 induced by epilepsy, which was 
partially abolished by the overexpression of MAPK6.

Fig. 1

Verification of effects of penicillin in primary astrocytes. (a) MTT assay is used to examine cell viability. (b) RT-qPCR is used for testing the mRNA 
level of TNF-α and IL-1β. (c, d) Western blot is applied to detect the protein level of TNF-α and IL-1β. **P < 0.01, epilepsy vs. control. Epilepsy, 
treated with penicillin; control, without penicillin.
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These findings implied the potential regulatory relation 
between miR-128-3p and MAPK6 in penicillin-treated 
primary astrocytes.

Effects of miR-128-3p on cell viability and inflammation 
of penicillin-treated primary astrocytes
The results of the MTT assay exhibited that, overex-
pression of miR-128-3p reversed the inhibitory effects 
of penicillin on cell viability in primary astrocytes, which 
was partially abolished by the overexpression of MAPK6 
(Fig. 4). The results of RT-qPCR and western blot showed 
that overexpression of miR-128-3p reversed the upregu-
lation of mRNA (Fig. 5a) and protein level (Fig. 5b,c) of 
TNF-α and IL-1β induced by epilepsy, which was par-
tially abolished by the overexpression of MAPK6.

The above findings exerted that in primary astrocytes, 
miR-128-3p rescued penicillin-induced cell injury and 
inflammation by regulating MAPK6.

Relation between miR-128-3p and MAPK6 in astrocytes
At last, we were eager to clarify the relationship 
between miR-128-3p and MAPK6 in primary astrocytes. 
As shown in Fig. 6a, MAPK6 3′UTR was predicted to 
be complementary to miR-128-3p. In addition, com-
pared to the miR-NC mimic, the miR-128-3p mimic 
significantly decreased the luciferase activity of primary 
astrocytes transfected with WT MAPK6; however, the 
miR-128-3p mimic failed to decrease the luciferase 

activity of primary astrocytes transfected with Mut 
MAPK6 (Fig. 6b).

The results proposed that in primary astrocytes, miR-
128-3p indeed targeted MAPK6 3′UTR.

Discussion
Epilepsy is one of the most frequent neurological disor-
ders [26], which is characterized by epileptic seizures [3]. 
However, there is a lack of effective treatment strategies 
for epilepsy.

In the brain, astrocytes provide structural and functional 
support for neurons, also, they take part in ionic homeosta-
sis and energy metabolism [27], synaptic network forma-
tion [28] and synaptic transmission [29], etc. Additionally, 
astrocytes which arouse and magnify immune-related 
mechanisms, are correlated with numerous human dis-
eases, including epilepsy [30].

Mounting evidence have suggested the potential partic-
ipation of inflammation in the injured brain during the 
progression of epilepsy [8,31]. For instance, an in vitro 
study has verified the potential of active astrocytes in 
producing inflammatory cytokines, evidenced by the 
upregulation of IL-1β and TNF-α in the tissues from the 
experimental and human epileptogenic brain [32].

Currently, we first demonstrated the reduced cell via-
bility and elevated TNF-α and IL-1β levels in the 

Fig. 2

Expression profile of miR-128-3p and MAPK6 in penicillin-treated primary astrocytes. (a, b) RT-qPCR is utilized to evaluate the mRNA level of miR-
128-3p and MAPK6. (c, d) Western blot is applied to assess the protein level of MAPK6. **P < 0.01, epilepsy vs. control. Epilepsy, treated with 
penicillin; control, without penicillin.
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Fig. 3

Effects of miR-128-3p mimic on MAPK6 expression in penicillin-treated primary astrocytes. (a, b) RT-qPCR is utilized to evaluate the mRNA level 
of miR-128-3p and MAPK6. (c, d) Western blot is applied to detect the protein level of MAPK6. **P < 0.01, miR-128-3p vs. miR-NC; epilepsy 
vs. control. ##P < 0.01, miR-128-3p + epilepsy vs. epilepsy. &P < 0.05, miR-128-3p + MAPK6 + epilepsy vs. miR-128-3p + epilepsy. Control, 
miR-NC + pcDNA3.1 + without penicillin; miR-NC, miR-NC mimic; miR-128-3p, miR-128-3p mimic; MAPK6, pcDNA3.1-MAPK6.

Fig. 4

Effects of miR-128-3p on cell viability of penicillin-treated primary astrocytes. MTT assay is applied for the detection of cell viability. **P < 0.01, 
epilepsy vs. control. #P < 0.05, miR-128-3p + epilepsy vs. epilepsy. &P < 0.05, miR-128-3p + MAPK6 + epilepsy vs. miR-128-3p + epilepsy. 
Control, miR-NC + pcDNA3.1 + without penicillin; miR-128-3p, miR-128-3p mimic; MAPK6, pcDNA3.1-MAPK6.
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penicillin-treated primary astrocytes. Afterward, pen-
icillin-treated primary astrocytes were used as an 
experimental model of epilepsy for the subsequent 
experimentations.

miR-128-3p plays different roles (protective or dele-
terious) in different diseases, for instance, miR-128-3p 
prevents dopamine neurons from apoptosis by targeting 
AXIN1 in Parkinson’s disease (PD) [33], miR-128-3p 
accelerates the progression of Alzheimer’s disease (AD) 
by targeting PPARγ [34], and miR-128-3p worsens dox-
orubicin-induced liver injury by targeting Sirtuin-1 [35]. 
Regarding the role of miR-128-3p in epilepsy, it remains 
controversial. For example, miR-128-3p exerts delete-
rious function on neuron migration and outgrowth by 
targeting Phf6 [36]; however, 2R and 4R-APDC pre-
vent hippocampal cells from apoptosis after seizure by 
increasing the expression of miR-128-3p [4]). Herein, we 
found decreased miR-128-3p level in penicillin-treated 
primary astrocytes, additionally, overexpression of miR-
128-3p rescued penicillin-induced downregulation of 
cell viability, and upregulation of IL-1β and TNF-α in 

primary astrocytes, which suggested the protective role 
of miR-128-3p in epilepsy, and were consistent with the 
findings of Feng et al. [4].

As miRNAs can inhibit protein expression by inhibiting 
mRNA stability and translation [10,11]. The genes which 
are involved in inflammation and can be targeted by miR-
128-3p attracted our attention.

As well-known, the MAPK signaling pathway plays a role 
in numerous cellular processes including inflammation 
[15]. Among these, MAPK6 is also found to be dysreg-
ulated in inflammation, and can be targeted by various 
miRNAs. For instance, let7f-5p inhibits inflammation by 
targeting MAPK6 in pneumonia [16]; MAPK6 regulates 
the production of IL-8 and chemotaxis in breast cancer 
[17]. However, the role of MAPK6 as well as the relation 
between miR-128-3p and MAPK6 in epilepsy has not 
been reported yet.

Herein, we found increased MAPK6 levels in peni-
cillin-treated primary astrocytes, and overexpression 
of MAPK6 partially reversed the protective role of 

Fig. 5

Effects of miR-128-3p on inflammation of penicillin-treated primary astrocytes. (a) RT-qPCR is utilized to evaluate the mRNA level of TNF-α and 
IL-1β. (b, c) Western blot is applied for detecting the protein level of TNF-α and IL-1β. **P < 0.01, epilepsy vs. control. ##P < 0.01, miR-128-3p + 
epilepsy vs. epilepsy. &P < 0.05, miR-128-3p + MAPK6 + epilepsy vs. miR-128-3p + epilepsy. Control, miR-NC + pcDNA3.1 + without penicillin; 
miR-128-3p, miR-128-3p mimic; MAPK6, pcDNA3.1-MAPK6.
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miR-128-3p on penicillin-induced primary astrocytes. 
By searching the online tool TargetScan 7.1 (http://
www.targetscan.org/vert_71/), the interaction between 
miR-128-3p and MAPK6 exhibited a relatively higher 
context++ score percentile, ie, 90. Moreover, miR-
128-3p was identified to target MAPK6 3’UTR, indi-
cating the involvement of MAPK6 in the progression 
of epilepsy.

Taken together, miR-128-3p reverses penicillin-induced 
cell injury and inflammation in astrocytes by targeting 
MAPK6, providing a protective role in epilepsy.

There are two limitations in the current study, (1) only 
a few measures of cell damage and protection were pre-
sented, no functional studies were conducted, which will 
be investigated in the future study; (2) The penicillin 
model was used to replicate aspects of astrocytic damage 
in epilepsy, but it is vetted over 30 years ago, which will 
be improved in the future study.
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