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Abstract. Intracerebral hemorrhage (ICH) has the highest 
mortality rate of all stroke subtypes but an effective treat‑
ment has yet to be clinically implemented. Transforming 
growth factor‑β1 (TGF‑β1) has been reported to modulate 
microglia‑mediated neuroinflammation after ICH and 
promote functional recovery; however, the underlying 
mechanisms remain unclear. Non‑coding RNAs such as 
microRNAs (miRNAs) and competitive endogenous RNAs 
(ceRNAs) have surfaced as critical regulators in human 
disease. A known miR‑93 target, nuclear factor erythroid 
2‑related factor 2 (Nrf2), has been shown to be neuroprotec‑
tive after ICH. It was hypothesized that TGF‑β1 functions as 
a ceRNA that sponges miR‑93‑5p and thereby ameliorates 

ICH injury in the brain. Short interfering RNA (siRNA) was 
used to knock down TGF‑β1 and miR‑93 expression was also 
pharmacologically manipulated to elucidate the mechanistic 
association between miR‑93‑5p, Nrf2, and TGF‑β1 in an 
in vitro model of ICH (thrombin‑treated human microglial 
HMO6 cells). Bioinformatics predictive analyses showed that 
miR‑93‑5p could bind to both TGF‑β1 and Nrf2. It was found 
that neuronal miR‑93‑5p was dramatically decreased in these 
HMO6 cells, and similar changes were observed in fresh brain 
tissue from patients with ICH. Most importantly, luciferase 
reporter assays were used to demonstrate that miR‑93‑5p 
directly targeted Nrf2 to inhibit its expression and the addition 
of the TGF‑β1 untranslated region restored the levels of Nrf2. 
Moreover, an miR‑93‑5p inhibitor increased the expression of 
TGF‑β1 and Nrf2 and decreased apoptosis. Collectively, these 
results identified a novel function of TGF‑β1 as a ceRNA that 
sponges miR‑93‑5p to increase the expression of neuropro‑
tective Nrf2 and decrease cell death after ICH. The present 
findings provided evidence to support miR‑93‑5p as a potential 
therapeutic target for the treatment of ICH.

Introduction

Intracerebral hemorrhage (ICH) is an important public health 
problem leading to high rates of death and disability in adults 
and accounts for 10‑15% of all cases of stroke (1). The effi‑
cacy of hemostatic therapies for acute, spontaneous ICH is 
unclear (2) and no effective treatment strategies have been 
clinically implemented. Recently, investigations have focused 
on underlying molecular markers correlated with brain injury 
after ICH onset, which have provided possible therapeutic 
targets for ICH treatment.

Transforming growth factor‑β1 (TGF‑β1) is a pleiotropic 
cytokine that has been shown to regulate a variety of cellular 
processes such as proliferation, inflammation and apoptosis (3). 
Among the three isoforms of TGF‑β present in mammalian 
cells (4), TGF‑β1 was the first to be discovered and remains the 
best studied. The dysregulation of the TGF‑β pathway leads to 
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a number of human diseases including cardiovascular disease, 
tissue fibrosis and cancer (5), demonstrating the essential role 
of the TGF‑β proteins in vivo. However, less research has been 
done on TGF‑β in the central nervous system (CNS).

The main sources of TGF‑β1 in the injured brain are 
microglia and astrocytes (6). In 1997, Wyss‑Coray et al (7) 
found that the local expression of TGF‑β1 within the CNS 
parenchyma can enhance immune‑cell infiltration and inten‑
sify the CNS impairment resulting from peripherally triggered 
autoimmune responses. Conversely, more reports have been 
published in recent years demonstrating the beneficial effects 
of TGF on nerve function; it was reported that TGF‑β1 
could reactivate chronically denervated Schwann cells and 
could potentially be used to prolong regenerative responses 
to promote axonal regeneration (8). TGF‑β1 expression was 
increased after acute ischemic brain injury; it decreased infarct 
volume, increased neurogenesis, and decreased apoptosis in 
rodent models of ischemic stroke (9,10). Clinical epidemiolog‑
ical data showed that gene polymorphisms of TGF‑β1 (G800A 
and T869C) and their corresponding haploids (that result in 
decreased TGF‑β1 content) significantly increased the risk of 
ICH in patients (11). The co‑treatment of recombinant tissue 
plasminogen activator with ginsenoside significantly improved 
outcomes in patients with ICH, which could be attributed to the 
ginsenoside‑induced increase in TGF‑β1 (12). Nevertheless, 
the specific mechanism of TGF‑β1 in ameliorating ICH injury 
has not yet been clearly elucidated.

Nuclear factor erythroid 2‑related factor 2 (Nrf2) is a 
basic‑leucine‑zipper transcription factor that regulates the 
expression of antioxidant genes by binding to the antioxidant 
response element (ARE). Activation of Nrf2 has been shown 
to ameliorate many systemic fibrosis‑associated diseases. One 
study suggested that Nrf2 inhibited TGF‑β1 in hepatic stellate 
cells (13). More pertinently, Nrf2 was found to be neuroprotec‑
tive after ICH; several compounds including hemin, dimethyl 
fumarate and some flavonoids protected against brain injury 
after ICH via mechanisms involving Nrf2 (14,15). Specifically, 
microglial Nrf2 increased phagocytosis and hematoma 
clearance after ICH in vitro and in vivo (16). Additionally, 
Nrf2 knockout mice exhibited greater neurological deficits 
following ICH injury compared with wild‑type mice (17). 
These findings together suggest that Nrf2 expression is closely 
associated with neuroprotection and improvement following 
ICH injury.

MicroRNA (miRNA) is a short‑sequence non‑coding RNA 
that binds to complementary sequences on target messenger 
RNA (mRNA) transcripts called miRNA recognition elements 
(MREs). MREs are often found on the 3' untranslated region 
(UTR) of the mRNA transcript, and MRE binding by a 
miRNA usually prevents the mRNA from being translated 
into protein (18). Following the milestone discovery of 
miRNAs (19), the subsequent wave of research established a 
solid association between miRNA dysregulation and human 
disease. miR‑93‑5p was found to be associated with inflamma‑
tion, oxidative stress and cell apoptosis (20,21). Specifically, 
Nrf2 has been identified as a target of miR‑93‑5p that, by 
inhibiting Nrf2 translation, blocks its antioxidant and neuro‑
protective effects (22,23). miR‑93‑5p has also been previously 
associated with the regulation of TGF‑β‑mediated signaling. 
One study demonstrated that miR‑93‑5p inhibited RUNX3, 

a member of the TGF‑β superfamily, which led to increased 
invasion and migration of renal carcinoma cells (24). Another 
study reported that miR‑93‑5p downregulated a TGF‑β1 
receptor in nasopharyngeal carcinoma (25) and a third study 
suggested that miR‑93‑5p suppressed TGF‑β1‑induced fibrosis 
in renal tissue (26). Despite the evidence supporting the influ‑
ence of miR‑93‑5p on TGF‑β signaling, no one has directly 
investigated the interaction between miR‑93‑5p and TGF‑β1, 
certainly not following ICH in the brain.

Competitive endogenous RNAs (ceRNAs) regulate gene 
expression by competitively binding to miRNAs. For example, 
the long non‑coding RNA (lncRNA) ROR promoted osteo‑
genic differentiation of mesenchymal stem cells by functioning 
as a ceRNA for miR‑138 and miR‑145 and could be developed 
into a therapeutic strategy for bone diseases (27). Similarly, 
the ceRNA regulatory pathway involving the lncRNA HCAL, 
miRNAs (miR‑15a, ‑196a, and ‑196b), and the LAPTM4B 
gene found in hepatocellular carcinoma (HCC) suggested 
that ceRNA could be used as a potential therapeutic target for 
HCC treatment (28). Research on the regulatory mechanisms 
of ceRNA and their potential for disease treatment is still an 
actively investigated research topic.

In the present study, it was hypothesized that the 3' untrans‑
lated region (UTR) of TGF‑β1 functions as a ceRNA that 
sponges miR‑93‑5p and thereby ameliorates the effects of ICH 
injury in the brain. Firstly, it was predicted that the 3'‑UTR 
of TGF‑β1 would be able to bind miR‑93‑5p. Secondly, it was 
postulated that TGF‑β1 expression would be elevated, while 
miR‑93‑5p levels would be decreased, in a post‑ICH cellular 
environment. Thirdly, it was predicted that miR‑93‑5p‑medi‑
ated inhibition of Nrf2 would be mitigated in the presence of 
TGF‑β1 due to competitive binding. Finally, it was expected 
that TGF‑β1‑mediated sponging of miR‑93‑5p would decrease 
apoptosis and increase the neuroprotective expression of Nrf2, 
effectively protecting against ICH‑induced brain injury. The 
present findings revealed a novel TGF‑β1/miR‑93‑5p/Nrf2 
ceRNA regulatory pathway and provided new insight into 
harnessing this molecular mechanism as a potential treatment 
for ICH.

Materials and methods

Bioinformatic analysis. TargetScan (http://www.targetscan.
org/) and miRTarBase (http://mirtarbase.mbc.nctu.edu.
tw/php/index.php) were used to analyze the putative targets of 
miR‑93‑5p. The web tool GeneMANIA (29) (http://genemania.
org/) was used, which searches an extensive set of functional 
association data, to determine the association between Nrf2 
and TGF‑β1 genes.

Cell culture and treatments. As previously established, 
immortalized human microglial cell line HMO6 was used 
in the present study (30) for the majority of the experiments, 
purchased from the College of Life Science at Wuhan University 
(Wuhan, China). The cells were incubated in high‑glucose 
Dulbecco's Modified Eagle's Medium (DMEM/high glucose; 
GibcoBRL/Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with 10% inactivated fetal bovine serum (FBS; 
21103‑049; Life Technologies, GibcoBRL/Invitrogen; Thermo 
Fisher Scientific, Inc.) and 100 U/ml penicillin/streptomycin 
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(GibcoBRL/Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C 
with 5% CO2. When cells were 80% confluent, 0.25% trypsin 
(Sigma‑Aldrich; Merck KGaA) was used for digestion and 
passaging. To investigate the mechanism of miR‑93‑5p and 
TGF‑β1 after ICH, cells were treated with thrombin from 
human plasma (thrombin concentration used as in previous 
literature; 20 or 40 U/ml; Sigma‑Aldrich; Merck KGaA) for 
48 h and then harvested for detection (31).

To confirm the regulatory effect of miR‑93‑5p and the 
TGF‑β1 signaling pathway, HMO6 cells were exposed to 
thrombin (20 U/ml) for 48 h. Then, cells were transfected for 
48 h with either a miR‑93 mimic (50 nM), a miR‑93 inhibitor 
(100 nM), a small interfering (si) RNA specific to TGF‑β1 
(siTGF‑β1; 50 nM), or mimic NC, inhibitor NC, and scramble 
siRNA as the negative control. The mimic, inhibitor, siRNA, 
and negative‑control RNA were sourced from RiboBio Co., 
Ltd. and used according to the manufacturers' instructions. 
The transfected cells were measured for levels of miR‑93, 
TGF‑β1, and Nrf2.

Fresh brain tissue. Fresh brain tissue was taken from 12 adult 
surgical patients [six females and six males; mean age (range), 
48.7 years (12‑70 years)] at the Department of Neurosurgery at 
The Second Affiliated Hospital of Nanchang University. The 
cohort consisted of equal numbers of patients with and without 
ICH; Table I describes the details regarding the patients and 
the collected samples. The tissue was collected in sterile tubes 
and stored in liquid nitrogen for later experiments. Written 
informed consent was obtained from all tissue donors or 
their parent/guardian prior for inclusion in the present study. 
All the protocols used in the present study were approved by 
the Ethics Committee at The Second Affiliated Hospital of 
Nanchang University (Nanchang, China).

Enzyme‑linked immunosorbent assay (ELISA). The proin‑
flammatory cytokines produced by activated microglia 
include interleukin (IL)‑1β, tumor necrosis factor‑α (TNF‑α) 

and IL‑6, which can cause cytotoxic or cytopathogenic effects 
in the CNS (30). The production of TNF‑α in HMO6 cells 
after a 48‑h incubation with thrombin was determined in spent 
culture supernatants (only the culture media collected) using 
ELISA kits specific for human TNF‑α (cat. no. 5YJ3MQ3F; 
Elabscience; kit capable of detecting TNF‑α at 4.69 pg/ml). 
At the end of each experiment, culture supernatants were 
collected, centrifuged and stored at ‑70˚C.

Double‑immunofluorescence staining. HMO6 cells were fixed 
for 30 min at room temperature in 4% paraformaldehyde in 
PBS (pH 7.4), and then permeabilized with 0.25% Triton X‑100 
for 4 min at room temperature. Slides were incubated for 1 h 
in 10% goat serum/TBS, followed by incubation with 1:100 
dilution of mouse anti‑Iba1 antibody (Wako Pure Chemical 
Industries, Ltd.; cat. no. 012‑26723) and 1:50 rabbit anti‑CD68 
(BIOSS, bs‑20403R) at 4˚C overnight. Then, the sections were 
incubated with Alexa 568‑conjugated donkey anti‑rabbit IgG 
(red) (1:200 in PTwH; Life Technologies; cat. no. A10042) 
and Alexa 488‑conjugated donkey anti‑mouse IgG (green; 
1:200 in PTwH; Life Technologies; cat. no. A32766) for 2 h at 
room temperature. Nuclei were stained with DAPI (Abcam). 
Microgliosis was assessed by measuring the immunoreactivity 
of Iba1 (expressed by all microglia) and CD68 (expressed by 
activated microglia). The images were observed under a fluo‑
rescence microscope (Olympus IX71; Olympus Corporation; 
magnifications, x40 and x20) and Image Pro‑Plus 6.0 software 
(1993, 2003 Media Cybernetics) was applied to calculate the 
immunohistochemical optical density.

RNA/miRNA extraction and reverse‑transcription quantita‑
tive polymerase chain reaction (RT‑qPCR). Total RNA and 
miRNAs were extracted from fresh brain tissue or cultured 
HMO6 cells using TRIzol (Takara Bio, Inc.) and the 
miRNeasy Mini kit (Qiagen GmbH), respectively. miR‑93 
was reverse‑transcribed using a One Step PrimeScript 
miRNA cDNA synthesis kit (Takara Biotechnology Co., Ltd.) 

Table I. Data collected on patients.

Case no. Age, years Sex HPI PH Sampling site Type

1 70 M Glioma Hypertension Left frontal lobe Cont
2 63 F Glioma None Left thalamus Cont
3 43 M Meningioma Hypertension Right cerebellopontine angle Cont
4 28 M Epilepsy Fracture Right frontal lobe Cont
5 64 M DLBCL None Right parietal lobe Cont
6 49 F Epilepsy None Left temporal lobe Cont
7 43 M Intracerebral hemorrhage None Left occipital lobe ICH
8 12 F Moyamoya disease None Left temporal lobe ICH
9 49 F Intracerebral hemorrhage None Left occipital lobe ICH
10 47 M Moyamoya disease None Left frontal lobe ICH
11 54 F Cerebral hemorrhage None Right cerebellum ICH
12 62 F Cerebral hemorrhage Hypertension Left cerebellum ICH

HPI, history of present illness; PH, patient history; M, male; F, female; DLBCL, diffuse large B‑cell lymphoma; Cont, control patient; ICH, 
intracerebral hemorrhage.
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according to the manufacturer's protocol. qPCR was performed 
with SYBR Green I Master mix (Roche Diagnostics GmbH) 
using a LightCycler 480 (Roche Diagnostics) as follows: 94˚C 
for 2 min, 94˚C for 30 sec, 55˚C for 30 sec, 72˚C for 30 sec, 
and 72˚C for 2 min. The sequences of the specific primers 
are listed in Table II. Melting curve analyses confirmed that 
all the primers were specific for their respective transcripts. 
Actin and U6 were used as the reference genes. RT‑qPCR was 
adopted to confirm the transfection efficiency. Each reaction 
was performed at a 10‑µl reaction volume and in triplicate. 
RT‑qPCR data were analyzed using the 2‑ΔΔCq method (32), 
which uses the threshold or quantification cycle (Cq) to 
generate a relative gene‑expression value that is normalized 
both to the reference gene expression and to the control experi‑
mental condition (+/‑ thrombin).

Western blotting. The brain samples or isolated HMO6 
cells were mechanically lysed in RIPA lysis buffer 
(Beyotime Institute of Biotechnology) and an enhanced 
bicinchoninic protein assay kit was used to measure protein 
concentrations. The protein samples were then loaded onto 
a 10% SDS‑PAGE gel at 50 µg per lane and the proteins 
were separated. Next, the proteins were electrophoretically 
transferred to a polyvinylidene difluoride membrane (EMD 
Millipore). The membrane was blocked with 3% BSA 
(BioSharp Life Sciences) for 1 h at room temperature, 
followed by an incubation for 12 h at 4˚C with primary 
antibodies. The primary antibodies used were: Anti‑Nrf2 
(rabbit polyclonal; 1:1,000 dilution) (cat. no. GTX103322), 
anti‑TGF‑β1 (mouse polyclonal; 1:1,000 dilution) (cat. 
no. GTX45121; both from GeneTex, Inc.) and anti‑β‑actin 
(Abcam; cat. no. 8226). After three washes in TBS with 
0.1% Tween‑20 (TBST), the membrane was probed with 
horseradish peroxidase (HRP)‑conjugated anti‑rabbit 
(1:1,000; Sigma‑Aldrich; Merck KGaA; cat. no. A3812) 
or anti‑mouse (1:1,000; Sigma‑Aldrich; Merck KGaA; cat. 
no. A3562) secondary antibodies for 1 h at room tempera‑
ture. The protein bands were visualized with a SuperSignal 
West Pico chemiluminescence kit (Thermo Fisher Scientific, 
Inc.). Finally, ImageJ 1.51j8 software (National Institutes 
of Health) was used to measure the relative density of the 
proteins, which was normalized to the loading control 
β‑actin. The experiments were performed in triplicate.

Dual luciferase reporter assay. The 3'UTR and coding 
sequence (CDS) of TGF‑β1 were amplified from the genomic 
DNA of human brain tissue and subcloned into the pcDNA4.0 
(Addgene; cat. no. MLCC1153; 5.1kb) or psiCHECK2 
(Addgene; cat. no. P0197; 6.3kb) dual luciferase reporter plas‑
mids. Specifically, pcDNA4.0 luciferase reporters containing 
TGF‑β1‑CDS (1,173 bp), TGF‑β1‑3'UTR‑WT (729 bp), or 
TGF‑β1‑3'UTR‑MUT (729 bp; TGF‑β1 with a mutated 3'UTR 
sequence) were constructed. The psiCHECK2 reporters 
contained either Nrf2 3'UTR (486 bp) or TGF‑β1 3'UTR 
(729 bp). The constructed vectors were transfected into 293T 
cells and HMO6 cells with Lipofectamine® 3000 Transfection 
Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). For some 
experiments, the luciferase reporter plasmids were co‑trans‑
fected with an miR‑93 mimic (or the control; mimic NC), 
miR‑93 inhibitor (or the control; inhibitor NC), siTGF‑β1 (5'‑
AAGGGCTACCATGCCAACTTC‑3') (33), or the scramble 
control siTGF‑β1‑NC, purchased from RiboBio (Guangzhou 
RiboBio Co., Ltd.). Luciferase activity was analyzed as previ‑
ously described (34). Each assay was performed in triplicate.

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay. TUNEL assays were performed 
with the one step TUNEL kit (Tiangen Biotech Co., Ltd.) 
according to the manufacturer's instructions. Briefly, the 
transfected HMO6 cells were fixed at room temperature in 4% 
paraformaldehyde in PBS on poly‑(L‑lysine)‑coated slides, 
rinsed with PBS, and permeabilized with 0.1% Triton X‑100. 
Then, the slides were washed with PBS, and the cells were 
incubated with 50 µl TUNEL reaction mixture for 1 h at 37˚C 
in the dark. The TUNEL‑stained cells were observed under a 
confocal laser scanning microscope (Olympus IX71; Olympus 
Corporation; magnification, x10) using 405‑nm excitation and 
568‑nm emission, and cells with red fluorescence were defined 
as apoptotic cells.

Statistical analysis. All the data are expressed as the means ± SD. 
Statistical analyses were conducted with GraphPad Prism 6.01 
software (GraphPad Software, Inc.). The independent Student's 
t‑test was used to compare differences between two groups. 
More than three groups were analyzed by one‑way analysis of 
variance followed by multiple comparisons using Tukey's test. 
Statistical significance for intergroup differences was assessed 

Table II. Primer sequences for RT‑qPCR.

Gene Forward, 5'‑3 Reverse, 5'‑3'

miR‑93 CAAAGTGCTGTTCGTGCAGGTAG GCTGTCAACGATACGCTACG
miR‑181c AACATTCAACCTGTCGGTGAGT GCTGTCAACGATACGCTACG
U6 GATGACACGCAAATTCGTGAA GCTGTCAACGATACGCTACG
TGF‑β1 AGAAGAACTGCTGCGTGCG  TACACGATGGGCAGCGG
Nrf2 CCAGCACATCCAGTCAGAAAC GTCATCTACAAACGGGAAT
TGF‑β1 3'UTR ATCAAGGCACAGGGGACCAG CTCTGGGCTTGTTTCCTCAC
Actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA

miR, microRNA; TGF‑β1, transforming growth factor‑β1; Nrf2, nuclear factor erythroid‑2 related factor 2; RT‑qPCR, reverse‑transcrip‑
tion‑quantitative polymerase chain reaction; UTR, untranslated region.
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by the χ2 test or Fisher's exact test for categorical variables. 
Correlation analysis was performed using the Pearson linear 
correlation analysis. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

miR‑93‑5p targets both TGF‑β1 and Nrf2. A previous study 
showed that activated Nrf2 could trigger the expression of 
ARE‑regulated heme oxygenase‑1 (HO‑1), and that Nrf2 
played anti‑oxidative and anti‑inflammatory roles that were 
neuroprotective following ICH (35). Based on literature reviews 
and gene‑target prediction databases, such as TargetScan and 
miRTarBase, it was found that miR‑93‑5p had a binding site 
on Nrf2 mRNA (context++ score percentile, 85) (22,36). Since 
TGF‑β1 has been heavily investigated as a potential mediator 
of ICH, its association with miR‑93‑5p was also analyzed. 
Bioinformatics analysis using TargetScan and miRTarBase 
indicated that miR‑93‑5p bound to the 3'UTR of TGF‑β1 
mRNA (Fig. 1A). In order to examine the potential connection 
between TGF‑β1, miR‑93‑5p and Nrf2, GeneMANIA was used 

for protein‑protein interaction network and gene co‑expression 
analyses. No direct association was found between Nrf2 and 
TGF‑β1 (Fig. 1B), suggesting that miR‑93‑5p was the asso‑
ciation to regulate them both (hereafter miR‑93 represents 
miR‑93‑5p).

Relative expression levels of miR‑93, TGF‑β1 and Nrf2 
in HMO6 cells. Microglia are the resident immune cells 
of the CNS. After ICH, microglia become activated, 
obtain an ameboid morphology, and release proinflam‑
matory cytokines (37). A previous study revealed that 
excessive activation or lack of microglial regulation can 
cause neurotoxicity (30); microglia are important sources 
of pro‑inflammatory and oxidative‑stress factors, such as 
tumor necrosis factor (TNF), nitric oxide, interleukin and 
other neurotoxic substances. Therefore, a human microg‑
lial cell line (HMO6) was used in the present study as an 
in vitro host and simulated the ICH environment by treat‑
ment with thrombin from human plasma. HMO6 cells were 
treated with thrombin at concentrations of 20 and 40 U/ml 
and their morphology was visualized under a bright‑field 

Figure 1. Bioinformatics analysis linking TGF‑β1, Nrf2 and miR‑93. (A) Association of human (homo sapiens; Hsa) TGF‑β1 and Nrf2 sharing a common 
miR‑93 binding site on their 3'‑UTRs. Two programs (TargetScan and miRTarBase) predicted that both TGF‑β1 and Nrf2 were potential targets of the 
miR‑93‑5p. The GenBank accession number and base‑pair location of the 3'‑UTR sequence of TGF‑β1 and Nrf2 are included in parentheses. (B) Protein‑protein 
interaction, co‑expression network analyses using GeneMANIA. Genes are shown as nodes (gray circles) and color‑coded lines indicate seven different 
types of interactions. The two gray circles on the left depict Nrf2 (also known as NFE2L2) and TGF‑β1 (TGFB1) and the gray circles on the right depict the 
GeneMANIA‑predicted genes. A larger gray circle indicates a higher correlation. Numbers represent the percentage of different types of interactions over the 
total. TGF, transforming growth factor; miR, microRNA; Nrf2, nuclear factor erythroid 2‑related factor 2; UTR, untranslated region.
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microscope (Fig. 2B). In addition, inflammatory factors like 
TNF‑α were detected in the cell supernatants using ELISA 
kits (Fig. 2A). The expression of TNF‑α in cells treated 
with 40 U/ml thrombin was higher compared with that 
of cells treated with 20 U/ml thrombin (all P<0.05). This 
result corresponded with the greater impairment in cellular 
morphology of the 40 U/ml thrombin‑treated cells compared 
with the 20 U/ml thrombin‑treated cells; more cells formed 
clusters after 40 U/ml thrombin treatment. Despite the higher 
TNF‑α levels implying a more robust ICH‑like cellular 
environment, the highly rounded and clustered microglial 
cells caused by 40 U/ml thrombin were unsuitable for 
experiments. Based on the aforementioned findings, HMO6 
cells were treat with 20 U/ml thrombin in the subsequent 
experiments. Furthermore, immunofluorescence staining 
of Iba1 and CD68 observed in these HMO6 cells revealed 
that the thrombin treatment successfully activated human 
microglia (Fig. 2C). By verifying the presence of activated, 

ameboid‑shaped microglia releasing inflammatory cyto‑
kines, an effective in vitro model of ICH was established.

Western blotting and RT‑qPCR were used to detect changes 
in miR‑93, TGF‑β1, and Nrf2 expression in thrombin‑treated 
HMO6 cells. The RT‑qPCR results revealed that the expres‑
sion of miR‑93 was decreased (P<0.05), Nrf2 mRNA levels 
were not significantly changed, and TGF‑β1 mRNA was 
significantly elevated (P<0.01) in thrombin‑treated cells 
(Fig. 2D‑F). Nrf2 mRNA levels were not significantly changed, 
whereas Nrf2 protein levels were increased, indicating that the 
increase in Nrf2 protein levels was regulated by microRNA 
during translation. After transfection with an miR‑93 mimic, 
the mRNA expression levels of Nrf2 and TGF‑β1 were both 
decreased (P<0.05), indicating that miR‑93 could negatively 
regulate both these mRNAs. Pearson's correlation analysis 
showed that TGF‑β1 (r=‑0.967; P<0.05) expression was 
negatively correlated with miR‑93 after ICH (Fig. 2G). 
The protein levels of Nrf2 and TGF‑β1 were increased in 
thrombin‑treated cells (P<0.05; Fig. 2H and I), which further 

Figure 2. Morphology and expression of HMO6 microglial cells after thrombin treatment. (A) TNF‑α mRNA levels in thrombin‑treated HMO6 cells are 
elevated significantly after 48 h, in a dose‑dependent manner, compared with control cells (untreated). (B) Phase contrast microscopy showing the mor‑
phology of HMO6 cells that are untreated or treated with thrombin at concentrations of 20 or 40 U/ml. Scale bar, 50 µm. (C) Images of Iba1 (green) and 
CD68 (red) immunoreactivity in HMO6 cells, treated with 20 U/ml thrombin. DAPI (blue) labels the cell nuclei. Scale bar, 20 µm. (D) miR‑93 expression 
in HMO6 cells with or without thrombin treatment. (E and F) The modulation of Nrf2 or TGF‑β1 mRNA levels in thrombin‑treated HMO6 cells after 
transfection with miR‑93 mimic or the corresponding control (mimic NC) was assessed by reverse transcription‑quantitative PCR. The red border represents 
the thrombin‑treated groups. (G) TGF‑β1 and miR‑93 RNA expression levels in HMO6 cells were negatively correlated as assessed by Pearson correlation 
analysis (r=‑0.967; P <0.05). (H) Western blotting images showing the protein levels of TGF‑β1 and Nrf2 in HMO6 cells after thrombin (20 U/ml) treatment. 
β‑actin was the loading control. (I) Quantification of the TGF‑β1 and Nrf2 protein levels in untreated or thrombin‑treated HMO6 cells. n=6 for each group. 
Data are presented as the means ± SD. *P<0.05, **P<0. 01. TNF, tumor necrosis factor; miR, microRNA; TGF, transforming growth factor; Nrf2, nuclear factor 
erythroid 2‑related factor 2.



MOLECULAR MEDICINE REPORTS  24:  499,  2021 7

confirmed that both TGF‑β1 and Nrf2 were associated with 
the injury following ICH. The effect of thrombin treatment on 
Nrf2 protein levels but not mRNA levels suggested that there 
may be post‑transcriptional regulation of Nrf2 after ICH. 
The significant correlation between miR‑93 expression and 
TGF‑β1 and Nrf2 expression of thrombin‑treated HMO6 cells 
supports the hypothesis that TGF‑β1 functions as a ceRNA by 
sponging miR‑93.

Expression patterns of miR‑93, TGF‑β1 and Nrf2 in human 
brain tissue are consistent with thrombin‑treated HMO6 cells. 
The demographic characteristics of the participants are shown 
in Table III. A total of 12 participants with new‑onset ICH 
were recruited into the present study (2 males and 4 females; 

median age, 44.50±17.21 years) together with 15 healthy volun‑
teers (4 males and 2 females; median age, 52.83±15.82 years). 
There was no significant difference in the age or sex distribu‑
tion between the patients with ICH and healthy volunteers. In 
order to verify the credibility of the collected human brain 
tissue, the level of miR‑181c was additionally tested, whose 
decreased expression patterns after ICH have previously been 
established (Fig. 3A). The results for miR‑181c were consis‑
tent with previous reports (P<0.05) (38), confirming that the 
human brain samples were reliable. Detection of mRNA and 
miRNA expression in the brain tissue of patients with ICH 
and control (n=6 per group; Table I) revealed that miR‑93, 
TGF‑β1 and Nrf2 levels were consistent with the expression 
levels in HMO6 cells. The RT‑qPCR results demonstrated 

Table III. Clinical features of patients with ICH and normal controls.

Baseline characteristics Controls (n=6) ICH (n=6) P‑values

Age, mean ± SD years 52.83±15.82 44.50±17.21 0.798
Male sex, n% 66.70 33.30 0.567
Hypertension, n% 33.30 16.70 0.545
Fracture, n% 16.70 ‑ NA
Smoking history, n% 50.00 16.70 0.545

ICH, intracerebral hemorrhage; SD, standard deviation; NA, not available.

Figure. 3 mRNA and protein expressions of miR93, TGF‑s of TGF‑β1 and Nrf2 in control and ICH patients. (A) mRNA expression of miRNAs known to 
be decreased by ICH, miR‑181c measured by RT‑qPCR in human brain tissue. (B‑D) The relative RNA expression of miR‑93, TGF‑β1 and Nrf2 in patients 
without ICH (control patients) compared with patients with ICH was detected by RT‑qPCR (n=6 for each group). Each individual data point is shown for 
both groups. The unpaired Student's t‑test was used to compare differences. *P<0.05 vs. control patients. (E) TGF‑β1 and miR‑93 RNA expression levels in 
human brain tissue were negatively correlated as assessed by Pearson correlation analysis (r=‑0.908; P<0.05). (F) A representative western blotting image 
showing Nrf2 and TGF‑β1 protein expressions in human brain tissues. (G) The histogram on the right presents the quantification of the group data. Each 
experiment was independently repeated at least three times and the data are presented as the means ± SD. *P<0.05. miRNA/miR, microRNA; RT‑qPCR, 
reverse transcription‑quantitative PCR; TGF, transforming growth factor; Nrf2, nuclear factor erythroid 2‑related factor 2; ICH, intracerebral hemorrhage.
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Figure 4. TGF‑β1 competes with Nrf2 mRNA for binding to miR‑93. (A) Expression of miR‑93 in HMO6 cells of each group after transfection. The expres‑
sion of miR‑93 was significantly elevated in miR‑93 mimics group and declined in miR‑93 inhibitor group, **P<0.05 vs. control group. (B) Expression of 
TGF‑β1 in HMO6 cells of each group after transfection. The expression of TGF‑β1 was significantly declined in the siTGF‑β1 group. *P<0.05 vs. control 
group. (C) Mutated nucleotides in the TGF‑β1 3'‑UTR sequence (indicated by the dotted line and red font) were generated in the seed region of miR‑93 to 
abolish binding. The mutated sequence is labeled TGF‑β1‑3'‑UTR‑MUT. (D and E) A dual luciferase reporter assay was used to test whether TGF‑β1 and Nrf2 
were targets of miR‑93. 293T cells were co‑transfected with (d) TGF‑β1‑3'‑UTR or (e) Nrf2‑3'‑UTR and miR‑93 mimic or mimic control. **P<0.01. (F) 293T 
cells were co‑transfected with miR‑93 mimic + TGF‑β1‑3'UTR‑WT, miR‑93 mimic + TGF‑β1‑3'‑UTR‑MUT, miR‑93 mimic + TGF‑β1‑CDS, or miR‑93 
mimic + empty vector pcDNA 4.0. Under these different miR‑93/TGF‑β1 conditions, the expression of Nrf2 was assessed by measuring relative luciferase 
activity. Data are presented as the means ± SD of three independent experiments. *P<0.05 by Student's t‑test. 3'UTR WT is the endogenous 3'‑UTR sequence 
and 3'UTR MUT is the mutated 3'‑UTR sequence. (G) The same experimental setup, measures and analyses were conducted as in (F), except with the miR‑93 
inhibitor. miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; TGF, transforming growth factor; Nrf2, nuclear factor erythroid 2‑related 
factor 2; si, small interfering RNA; UTR, untranslated region; WT, wild type; MUT, mutant; NC, negative control; CDS, coding DNA sequence.
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that the expression of miR‑93 was markedly lower, Nrf2 did 
not change, and TGF‑β1 expression was significantly higher 
(P<0.05) in ICH brain tissue compared with the corresponding 
non‑ICH control tissue (Fig. 3B‑D); this pattern was consistent 
with the trend of expression in the thrombin‑exposed HMO6 
cells. In addition, Pearson's correlation analysis revealed a 
negative correlation between TGF‑β1 expression and miR‑93 
after ICH (r, ‑0.908; P<0.05; Fig. 3E).

Western blotting (Fig. 3F and G) data showed that the 
protein expression of TGF‑β1 and Nrf2 in the tissue from 
patients with ICH was significantly higher compared with 
that in control tissue (P<0.05); this post‑translational expres‑
sion pattern was also consistent with that of the ICH model in 
HMO6 cells.

TGF‑β1 3'UTR functions as a ceRNA by sponging miR‑93. 
After transfection, the relative expression level of miR‑93 
was measured via RT‑qPCR, to verify transfection effi‑
ciency. The results demonstrated that the expression of 
miR‑93 in HMO6 cells of the miR‑93 mimics group was 
markedly elevated when compared with the control groups 
(P<0.05), and declined in miR‑93 inhibitor group (P<0.05). 
However, the expression of TGF‑β1 decreased significantly 
in the siTGF‑β1 group in comparison with the control groups 
(P<0.05; Fig. 4A and B). Considering that TGF‑β1 and Nrf2 
mRNA were predicted targets of miR‑93, and that miR‑93 

showed low expression in brain tissue from patients with ICH, 
it was hypothesized that TGF‑β1 mRNA may act as a ceRNA 
for miR‑93. In order to examine the potential ceRNA func‑
tion of TGF‑β1, a dual luciferase reporter assay was used to 
directly test whether Nrf2 and TGF‑β1 are targets of miR‑93. 
The results showed that luciferase activity was decreased in 
293T cells co‑transfected with miR‑93 and Nrf2‑3'UTR or 
TGF‑β1‑3'UTR (P<0.01; Fig. 4C‑E), indicating that miR‑93 
could negatively regulate both; this result corroborated what 
was predicted by the bioinformatics analysis: miR‑93 targets 
both Nrf2 and TGF‑β1 mRNA. To determine whether miR‑93 
acts as a bridge between TGF‑β1 and Nrf2 and to support the 
hypothesized ceRNA function of TGF‑β1, a miR‑93 mimic or 
inhibitor was used to simulate in 293T cells an environment 
with or without miR‑93 and measured luciferase activity. 
As shown in Fig. 4F, the luciferase activity of Nrf2‑3'UTR 
increased when co‑transfected with TGF‑β1‑3'UTR‑WT, 
which offset the negative regulation of miR‑93 mimic on Nrf2 
(Fig. 4D). However, in the TGF‑β1‑3'UTR‑MUT and in the 
context of inhibitor 93, this effect disappeared (Fig. 4F and G). 
Co‑transfection of the miR‑93 mimic and the coding sequence 
of TGF‑β1 (TGF‑β1‑CDS) in 293T cells also failed to increase 
the luciferase activity of Nrf2‑3'UTR (Fig. 4F), indicating 
that the coding region of TGF‑β1 has no direct effect on the 
expression of Nrf2. These results indicate that the compre‑
hensive mechanism by which TGF‑β1 3'UTR increased 
Nrf2 expression was the sponging or competitive binding of 
miR‑93; TGF‑β1 competitively binds to miR‑93‑5p with Nrf2. 
When TGF‑β1 competitively binds to miR‑93‑5p, the activity 
of miR‑93 decreases, thereby upregulating the expression of 
Nrf2 (Fig. 5).

Effects of miR‑93 and TGF‑β1 on the apoptosis of HMO6 
cells. Next, the functional role of miR‑93 after ICH was 
investigated by artificially overexpressing miR‑93 (via 
miR‑93 mimic) or knocking it down (with the miR‑93 
inhibitor) in thrombin‑treated HMO6 cells. The results of 
western blot analysis showed that both Nrf2 and TGF‑β1 
protein levels were decreased in cells transfected with the 
miR‑93 mimic (P<0.05; Fig. 6A), which is consistent with the 
luciferase assay results (Fig. 4D and E). Nrf2 and TGF‑β1, 
which are neuroprotective against ICH, were elevated in 
cells transfected with an inhibitor of miR‑93 (P<0.05). This 
result suggested that miR‑93 inhibited Nrf2 and TGF‑β1 and 
can thereby aggravate brain damage after ICH (Fig. 6B). 
The loss of TGF‑β1 was also simulated using siRNA tech‑
nology and found that Nrf2 expression was decreased in 
siTGF‑β1‑transfected cells compared with those transfected 
with the scramble control (P<0.05; Fig. 6C). The experi‑
ment confirmed that Nrf2 expression is inhibited by miR‑93 
when TGF‑β1 is unavailable to competitively bind or sponge 
miR‑93.

TUNEL staining showed that thrombin control compared 
with siTGF‑β1 and miR‑93 mimic‑transfected HMO6 cells 
exhibited enhanced apoptosis (P<0.05). However, the number 
of TUNEL‑positive cells in the miR‑93 inhibitor‑transfected 
group was significantly lower than the thrombin group 
(20 U/ml) and even further decreased compared with the 
miR‑93 mimic and siTGF‑β1‑transfected groups (P<0.05; 
Fig. 6D). Collectively, the findings revealed that miR‑93 

Figure 5. Schematic representation of TGF‑β1 function as a ceRNA to 
regulate Nrf2 after ICH. The TGF‑β1 3'‑UTR acts as a ceRNA to compete 
with the Nrf2 3'‑UTR for binding to the miR‑93. Increased TGF‑β1/miR‑93 
binding leaves Nrf2 mRNA free to be translated. Increased expression of the 
Nrf2 protein is neuroprotective after ICH. ceRNA, competitive endogenous 
RNA; ICH, intracerebral hemorrhage; TGF, transforming growth factor; 
Nrf2, nuclear factor erythroid 2‑related factor 2; UTR, untranslated region; 
miRNA/miR, microRNA.
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inhibited TGF‑β1 and Nrf2 expression and aggravated cellular 
apoptosis after ICH.

Discussion

The ceRNA mechanism was first proposed by PierPaolo 
Pandolfi (39) of Harvard Medical School in a study published 
in Cell in 2011. This newly discovered gene‑expression regu‑
lator competed with target mRNA for competitive binding to 
the same miRNA molecule, resulting in a relative decrease in 

the activity of the miRNA. The decreased miRNA activity 
upregulated the expression level of the miRNA's target genes 
and played a regulatory role in post‑transcriptional gene 
expression. Since the discovery of ceRNAs, these regulatory 
molecules have been proposed as therapeutic targets for human 
diseases. Most research on ceRNA regulatory mechanisms has 
focused on tumors and A previous study showed that ceRNA 
may provide novel therapeutic options for ischemic stroke (40)

Various types of RNA molecules, such as pseudo‑gene 
transcripts, long‑chain non‑coding RNA (lncRNA) and 

Figure 6. Effects of manipulating miR‑93 and TGF‑β1 levels on Nrf2 expression and apoptosis. (A‑C) Protein expression levels of TGF‑β1 and Nrf2 in HMO6 
cells transfected for 48 h with (A) miR‑93 mimic, (B) miR‑93 inhibitor or (C) siTGF‑β1 were determined by western blotting. The negative controls in (A), 
(B), and (C) are mimic NC, inhibitor NC and scramble siRNA, respectively. Representative western blotting images and quantification of the group data are 
shown. (D) HMO6 cells were treated with 48 h of thrombin treatment (20 U/ml). Then, apoptotic cell death was measured by counting TUNEL‑stained cells 
(red) after transfection with miR‑93 mimic, miR‑93 inhibitor or siTGF‑β1. DAPI (blue) labels cell nuclei. Scale bar, 100 µm. (E) The bar graph quantifies the 
number of TUNEL‑positive (TUNEL+) cells in the different groups as a percentage of total cells. The group data represent three separate experiments and are 
expressed as the means ± SD. *P<0.05 by Student's t‑test. miR, microRNA; TGF, transforming growth factor; Nrf2, nuclear factor erythroid 2‑related factor 2; 
si, small interfering RNA; NC, negative control.
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mRNA, can act as ceRNA to shield the inhibition or degrada‑
tion of another mRNA by miRNA (39). Those mRNAs that 
contain complementary binding regions to the miRNA seed 
sequence [often at the 3'‑UTR since it retains the miRNA 
binding site (18)] are highly likely to be involved in gene regu‑
lation by acting as ceRNAs. Considering that the amount of 
mRNA in the cell exceeds most other types of cellular RNA, 
and the target sequences of miRNA are mostly located on 
mRNA, it is reasonable to propose that mRNAs are critical 
competitors for miRNA binding. In addition, it was found that 
3'UTRs on mRNAs not only act as cis regulatory elements 
that alter the stability of their own mRNA transcripts but may 
also act in trans to modulate gene expression through miRNA 
binding (41,42). This is particularly relevant given the recent 
identification of 3'‑UTRs that are expressed independently 
from the protein‑coding sequences to which they are normally 
linked (43). Nevertheless, most studies investigated lncRNA 
that function as ceRNA and few studies have focused on 
3'UTRs as ceRNA (44,45)

Based on the expression patterns of TGF‑β1, Nrf2 and 
miR‑93 that were observed in the brain tissue of patients with 
ICH, it was hypothesized that the 3'‑UTR of TGF‑β1 acted as 
a ceRNA sponge for miR‑93, impairing its inhibitory effect on 
Nrf2 and promoting Nrf2 expression. miR‑93 was markedly 
downregulated under ICH conditions in human brain tissue 
and in a human microglial cell line. The consequent increase 
in Nrf2 expression ameliorated ICH injury, as indicated by the 
decrease in apoptosis that was observed in the in vitro model 
of ICH. Importantly, it was revealed that two neuroprotective 
factors, TGF‑β1 and Nrf2, are associated with miR‑93 and 
are mutually regulated following ICH via a ceRNA‑mediated 
mechanism.

As a multifunctional cytokine, TGF‑β1 is expressed by 
neurons, astrocytes and microglia in the CNS, where it regu‑
lates astrocytic regeneration and differentiation and neuronal 
survival. Clinical studies found that the plasma TGF‑β1 level 
was closely associated with the prognosis of patients with 
ICH, suggesting that TGF‑β1 could promote the recovery of 
neurological function. The literature indicates that TGF‑β1 
is closely associated with ICH‑induced inflammatory injury, 
but it remains unclear whether TGF‑β1 could directly protect 
neurons (46). The present study presents the first report of a 
ceRNA regulatory mechanism in ICH, based on the competi‑
tive sponging activity of TGF‑β1.

Regarding the association between TGF‑β1 and 
miR‑93, there have been reports that miR‑93 promoted the 
TGF‑β‑induced epithelial‑to‑mesenchymal transition via 
the downregulation of NEDD4L in lung cancer cells (47). 
However, there were no prior studies indicating the correlation 
between miR‑93 and TGF‑β1 expression in the brain. In the 
present study, a mechanism of action for miR‑93 in ICH was 
established and a more comprehensive understanding of how 
miR‑93 aggravated brain damage during ICH was established. 
Specifically, miR‑93 was shown to directly bind the 3'UTR of 
Nrf2 (predicted by bioinformatics and confirmed by luciferase 
assay). The downregulation of miR‑93 increased the expres‑
sion of Nrf2, consistent with previous reports (22).

Previous research confirmed that HO‑1 inhibited the 
nuclear translocation of the NF‑κB p65 subunit to block 
the cascade of many downstream inflammatory factors, 

thereby increasing the nuclear translocation of Nrf2 and 
resulting in a neuroprotective effect on early brain damage 
caused by ICH (48). Other studies indicated that Nrf2 in 
microglia augmented antioxidative capacity, phagocytosis 
and hematoma clearance after ICH (16). In corroboration, 
the present data showed that increasing Nrf2 expression 
by inhibition of miR‑93 decreased apoptosis in human 
microglial cells.

The present study has some limitations. Firstly, only the 
existence of the TGF‑β1/miR‑93/Nrf2 pathway in humans 
was confirmed. The present study did not harness the power 
of animal models to examine the effects of miR‑93 on 
neurological behaviors, hematoma size, or prognosis after 
ICH. However, it is not often that a promising point of thera‑
peutic intervention is verified in humans; our results are not 
restricted by the ever‑present question of translation/replica‑
tion from animals to humans. Future attempts to manipulate 
the ceRNA function of TGF‑β1 as a potential ICH treatment 
would be strengthened by the knowledge that the mechanism 
exists in humans and can therefore be clinically applied. 
Secondly, some studies have used a treated HMO6 cell line 
to reflect the human brain injury (49,50); but there are still 
others, such as SH‑SY5Y cell line or primary neurons, that 
can perform similar experiments. The reason why HMO6 
cells were used is that most of the evidence suggests that 
microglia cells are activated shortly after ICH and this 
activation contributes to secondary ICH‑induced brain 
injury. The HMO6 cell line as human microglia are closer 
to the present study's experimental principle. The in vitro 
thrombin‑toxicity model of ICH in primary human microglia 
cultured from resected brain tissue may not fully reflect 
the post‑ICH changes in human microglia or other brain 
cell types in vivo. Furthermore, since the patient samples 
are limited, the present study failed to assess apoptosis in 
the patient samples. Finally, it is important to note that the 
control samples of human brain tissue did not represent a 
healthy brain environment. The patients who provided the 
control brain tissue did not have ICH but did exhibit other 
serious diseases, including epilepsy and glioma. Therefore, 
it is possible that these neurological diseases influenced the 
expression levels of Nrf2, TGF‑β1 and miR‑93, making the 
measurements an inaccurate baseline for comparison with 
the ICH condition. Nevertheless, the relatively even distri‑
bution of diseases and sampling locations strengthened the 
justification for a “non‑ICH” control group.

In summary, the present study elucidated a novel function 
of TGF‑β1, miR‑93 and Nrf2 in ICH. The ceRNA mechanism 
activated following ICH involved the 3'UTR of TGF‑β1 
serving as a ceRNA to sponge miR‑93, thereby increasing 
the expression of Nrf2 and decreasing apoptosis. The 
TGF‑β1/miR‑93/Nrf2 pathway could provide novel opportu‑
nities for ICH treatment; for instance, neuroprotection could 
be achieved by artificially increasing TGF‑β1 expression in a 
localized manner or decreasing miR‑93 expression after ICH 
to increase the expression of Nrf2. The next step towards a 
potential drug target is the verification of the TGF‑β1, Nrf2 and 
miR‑93 binding sites. Future challenges will be to understand 
why such ceRNA regulatory networks exist, how they may 
have evolved (perhaps via pseudogenes), and the consequences 
of perturbing them.
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