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 Background: We designed and carried out this study to examine the role of miR-155 and the Rheb/mTOR pathway in isch-
emic stroke. We also investigated how these two elements interact with each other and contribute to injuries 
resulting from ischemic stroke.

 Material/Methods: We used both a middle cerebral artery occlusion rat model in vivo and an oxygen-glucose deprivation cell mod-
el in vitro to simulate the onset of ischemic stroke. miR-155 mimics, miR-155 inhibitors, and Rheb siRNA were 
transfected to alter the expression of miR-155 and Rheb. Infarct sizes were measured using magnetic reso-
nance imaging (MRI) and triphenyltetrazolium chloride (TTC) staining; cell apoptosis rates were calculated us-
ing Annexin V-FITC/PI staining and flow cytometry. Levels of miR-155, Rheb, mTOR, and S6K were examined by 
RT-PCR, immunofluorescence, and western blot. We performed a luciferase activity assay so that the associa-
tion between miR-155 and Rheb could be fully assessed.

 Results: We demonstrated that miR-155 bound the 3’-UTR of Rheb and suppressed Rheb expression. As suggested by 
animal models, significant cerebral infarct volumes and cell apoptosis were induced by increased expression 
of miR-155 and decreased expression of Rheb, mTOR, and p-S6K (P<0.05). miR-155 inhibitors exhibited protec-
tive effects on ischemic stroke, including down-regulation of infarction size in cerebral tissues in vivo and re-
duced apoptosis of BV2 cells in vitro with increased expression of Rheb, mTOR and p-S6K (P<0.05). These pro-
tective effects could be substantially antagonized by the transfection of Rheb siRNA (P<0.05).

 Conclusions: Inhibition of miR-155 may play protective roles in ischemic stroke by phosphorylating S6K through the Rheb/mTOR 
pathway.
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Background

Ischemic stroke (IS) is generally defined as part of a disease 
process that results in brain damage. It can be further classi-
fied as focal ischemia or global ischemia. Global ischemia is 
usually more severe than focal ischemia since it affects an ex-
tensive area of the brain [1]. Ischemic stroke which is accom-
panied by sudden cardiac arrest, cerebral arterial occlusion, or 
serious vasospasm, ranks as the third cause of deaths other 
than heart attack and cancer in the world [2,3]. Sudden block-
age of a blood vessel by a thrombus is the most common rea-
son for stroke, and it may lead to both immediate oxygen loss 
and glucose deficiency which are key to cerebral tissues [4]. In 
brief, ischemic stroke is triggered under conditions where the 
bloodstream is insufficient for metabolism [1]. Systemic throm-
bolysis using recombinants, for instance tissue profibrinolysin 
activating agents, remain the only proven treatment that is ef-
fective for managing IS patients[5]. Nevertheless, about 1–2% 
of IS patients could benefit from recombinants due to the in-
creased risk of hematencephalon a few hours after stroke oc-
curs [6]. Therefore, medical researchers are motivated to find 
new therapeutic targets for IS so that neural damage result-
ing from IS can be discovered at early stages or prevented.

Molecular and cellular mediators of neuroinflammatory reac-
tions play important roles in the pathophysiology of IS since 
they exert either positive or negative roles during the recov-
ery and repair process [7]. As a kind of small non-coding RNAs, 
microRNAs (miRNAs) are highly conserved in various eukary-
otes and they regulate gene expression in a critical manner [8]. 
Evidence has suggested that miRNAs participate in regulat-
ing several inflammation phases as well as responses to cere-
bral ischemia [9–11]. MiRNA-155 (miR-155) is a key inflamma-
tion-related miRNA which is essential for regulating the host 
immune response since it represses the expression of target 
genes [12]. Given the significant influence of miR-155 in post-
ischemic brain inflammation, understanding the role of miR-
155 and its mechanisms in ischemic cerebral injury will pro-
vide us with an informative approach to tackle this disease. 
Recently, Kun Yang et al. has proven that Ras homolog enriched 
in brain (Rheb) is a novel functional target of miR-155 which 
attenuates both macrophage-mediated bacterial phagocyto-
sis and intracellular killing [13]. Briefly, Rheb is a small GTP-
binding protein which has been shown to mediate cell growth 
and control cell size in mammalian cells [14].

Mammalian target of rapamycin (mTOR), a serine/threo-
nine kinase, regulates various biological activities such as 
cell growth and immunoreaction [15]. MTOR is also implicat-
ed in several neurological diseases including cerebral trauma, 
stroke, and neurodegenerative diseases [16]. Several studies 
have demonstrated that brain injuries caused by IS were re-
lated to the mTOR cell signaling pathway in which both mTOR 

complex 1 and mTOR complex 2 protein synthesis may be in-
volved [17–20]. Furthermore, the mTOR pathway integrates 
with various environmental signals in order to regulate sev-
eral biological processes including autophagy, ribosome bio-
genesis, transcription, and translation [21]. Variation in mTOR 
activity have also been found in cancer and neural diseases 
including epilepsy, cerebral trauma, Parkinson’s disease, and 
Alzheimer’s disease [22–26]. The activation of mTOR is regu-
lated by Rheb [27]. Long et al. have found that Rheb-regulates 
mTOR signaling through the direct binding of Rheb-GTP with 
mTOR [28]. Furthermore, Wang et al. have reported that miR-
155 was linked with Rheb in infectious diseases [12]. However, 
the lack of evidence with respect to the potential association 
between miR-155/Rheb/mTOR and stroke has inspired us to 
carry out this study.

Reduced blood flow volume during ischemia stimulates the 
synthesis of multiple proteins which regulate the ischemic 
process and participate in cellular reactions [4]. In this study, 
we explored how miR-155 affects Rheb/mTOR signaling path-
ways and their corresponding roles in IS.

Material and Methods

Animals

Sprague-Dawley (SD) rats (Laboratory Animal Center of 
Southern Medical University) with an average age of 2-3 
months and average weight of 225-350 grams were used in 
this study. All rats were maintained under special pathogen-
free conditions and they were supplied with free choice water 
and pelleted food. Animals were maintained under standard 
conditions with a 12 hour light-dark cycle, 60±5% humidity and 
22±3°C ambient temperature. All rat experiments were adapt-
ed from the guidelines of the National Institute of Animal Use 
and Care Committee. Experiments were implemented strictly 
under the Guidance for Usage and Care of Laboratory Animals.

Middle cerebral artery occlusion (MCAO)

The MCAO model was established on SD rats according to in-
structions specified by previous reports [29]. In brief, rats were 
anesthetized using intraperitoneally injected 4% chloral hy-
drate. The common carotid artery (CCA) was exposed and iso-
lated from rats and the MCAO model established using an in-
traluminal thread. Afterwards, a surgical midline incision was 
performed to expose the internal carotid artery (ICA), exter-
nal carotid artery (ECA), and right CCA. A nylon suture (hepa-
rin-dampened monofilament, 0.26 mm diameter) was insert-
ed into the right CCA lumen and then gently injected into the 
ICA for approximately 18 mm. Once the injection had been 
in place for 90 minutes, nylon sutures were gently removed 
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from the ICA and reperfusion was performed. Once the above 
steps were successfully implemented, the neck incision was 
closed. An automatic homeothermic blanket control unit was 
used to constantly monitor and maintain the body tempera-
ture of rats at 37°C during the entire surgical procedure and 
post-surgery recovery. Rats in the control group with a sham 
operation received the same surgical procedures beside the 
insertion of the monofilament nylon suture.

Lentivirus transfection in animal models

Two groups of fragments separately containing miR-155 mim-
ics and miR-155 inhibitors were cloned into the pCDH vector. 
The corresponding pCDH vectors were transfected into mice 
together with other essential packaging plasmids using a 
Lipofectamine LTX kit (Invitrogen, CA) and viral particles were 
collected 48 hours after transfection.

Lentivirus constructs (negative control (NC), miR-155 mimics, 
and miR-155 inhibitors) were injected into the lateral ventricle 
(LV) based on coordinates –2.0 to –2.5 mm dorsoventral, ±1.5 
mm mediolateral and –0.5 mm anteroposterior from bregma 
24 hours before MCAO surgery. Then all 48 rats were random-
ly allocated into 4 groups of equal size (n=12): control group 
(12 rats with sham operation and NC injected); model group 
(12 rats with MCAO and NC injected); miR-155 mimics group 
(12 rats with MCAO and miR-155 mimics injected); and miR-
155 inhibitors group (12 rats with MCAO and miR-155 inhib-
itors injected).

Magnetic Resonance Imaging (MRI) examination in animal 
models

Rat brain was examined using a 3.0-Tesla MRI animal scan-
ner (Siemens, Germany) which was implemented using a TIM 
system. For signal excitation and detection, the head of a rat 
was placed in a custom device with a 30 mm inner diame-
ter. The parameters of the MRI were set as follows: 92 ms TE, 
3620 ms TR, 8×8 cm FOV, 256×256 M, 2 NA, 2 mm thickness 
and 0 mm gap. The head of a rat was placed in a flat skull 
position and the rat brain was displayed in the center of the 
image slices. By calculating the “mean density value”, hemi-
sphere intensity was examined using the Image-Pro Plus 5.0 
software (Media Cybernetics, USA) after the optimal contrast 
adjustment. MRI examinations were carried out 24 hours af-
ter the MCAO surgery.

TTC staining for evaluating cerebral infarction in animal 
models

Rats were anesthetized by intraperitoneal injection of sodi-
um pentobarbital (40 mg/kg), brains were removed and fro-
zen at –20°C for 30 minutes. Tissues of frozen forebrains were 

dissected and coronally sliced into 2 mm slices from adult rat 
brain matrix (Kent Scientific Corporation, USA) using a rodent 
brain matrix slicer. These tissue slices were stained with 2% 
2, 3, 7-triphenyltetrazolium chloride (TTC, Sigma, USA) at 37°C 
for 20 minutes under dark conditions, then slices were fixed 
in 4% paraformaldehyde phosphate buffer for 1 hour. The de-
gree of cerebral infarction was represented by the ratio of in-
farct area to the area of the entire brain. The infarct brain area 
was represented by unstained (white) color whereas normal 
brain tissues were stained with red color. The Image J 1.46R 
software (NIH, USA) enabled us to determine the cerebral in-
farction status which was expressed as a ratio: infarct area 
(white)/total area (red).

Immunofluorescence in animal models

Before processing for histology assessment, brain tissues 
were treated with 30% sucrose solution and 4% paraformal-
dehyde for the purpose of perfusion. After tissues were fro-
zen and sliced, they were treated with primary antibodies for 
Rheb (1:100, Zhongshan Biology Company, Beijing). The cor-
responding samples were incubated with the secondary an-
tibody horseradish peroxidase-conjugated (HRP-conjugated) 
goat anti-rabbit IgG (1:800, Zhongshan Biology Company, 
Beijing). Samples were hydrated, washed, and analyzed by 
microscopy after they were visualized using diaminobenzi-
dine (DAB, Sigma, USA).

Cell culture

The murine microglial cell line BV2 was purchased from the 
Institute of Biochemistry and Cell Biology (Shanghai). Cells 
were incubated in Dulbecco modified Eagle medium (DMEM, 
Gibco, CA) with supplemental glutamine (2 mmol/L, Invitrogen), 
penicillin (200 U/mL, Hyclone, USA), streptomycin (100 μg/mL, 
Hyclone) and 10% fetal bovine serum. Incubation was conduct-
ed at 37°C with 5% CO2.

Oxygen-glucose deprivation (OGD)

For the control group, BV2 cells were grown in complete DMEM 
media supplemented with 4.5 g/mL glucose under normoxic 
conditions (21% O2 and 5% CO2) for 18 hours. For the OGD 
group, BV2 cells were incubated in DMEM medium without 
the addition of glucose or serum under hypoxic conditions (5% 
CO2 and 95% N2) for 4 hours.

Cell transfection

The indicated plasmids were transfected into BV2 cells using 
Lipofectamine 2000 (Invitrogen). Once the transfection had been 
carried out for 24 hours, cells were cultured for 4 hours under 
conditions that were specified by the control or OGD group. 
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Then cells were separately transfected with different vectors 
including miR-155 mimics, miR-155 inhibitors, and Rheb siR-
NA using Lipofectamine 2000 (Invitrogen). Finally, cells were 
grown under conditions specified by the control or OGD group.

BV2 cells were sub-grouped into 5 groups: control group (cells 
cultured under control conditions and transfection of indicat-
ed plasmids); OGD group (cells cultured under OGD condi-
tions and transfection of indicated plasmids); miR-155 mimics 
group (cells cultured under OGD conditions and transfection 
of miR-155 mimics); miR-155 inhibitors group (cells cultured 
under OGD conditions and transfection of miR-155 inhibi-
tors); and miR-155 inhibitors + Rheb siRNA group (cells cul-
tured under OGD condition and transfection of miR-155 in-
hibitors + Rheb siRNA).

Cell apoptosis assay

Cell apoptosis was calculated after cells were stained by Annexin 
V-FITC/PI using an Apoptosis Detection Kit (BD Biosciences) 
and flow cytometry. Necrosis was represented by cells that 
were Annexin V positive and PI positive. Apoptosis was repre-
sented by cells that were Annexin V positive and PI negative. 
Normal cells were represented by cells that were Annexin V 
negative and PI negative.

Luciferase activity assay

The 3’ untranslated region (UTR) of Rheb which contains miR-
155 binding sites was amplified using polymerase chain reac-
tion (PCR). The PCR product was cloned into the psiCHECK-2 
luciferase vector (Promega, USA) and the construct was named 
the Rheb 3’ UTR. The Gene Tailor Site-Directed Mutagenesis 
System (Invitrogen, USA) was implemented in order to mu-
tate the corresponding binding sites, and the corresponding 
cloned mutant 3’ UTR was named the Rheb 3’ UTR mutation.

BV2 cells were stored in 48 well plates and then transfect-
ed with different vectors: one group was transfected with 
the combination of 200 ng pGL3-control luciferase reporter, 
10 ng pRL-TK vector and miR-155 vector, while the miR-155 
vector was replaced by the negative control vector in another 
group. Transfected cells were analyzed with the Dual-Luciferase 
Reporter Assay System (Promega, USA) once transfection had 
been carried out for 48 hours.

RNA isolation and RT-PCR

As suggested by the corresponding instructions, total RNA was 
isolated from tissues and cells using TRIzol reagent (Invitrogen, 
Germany). Total RNA was transcribed into cDNA using the 
ReverTra Ace qPCR RT Kit (Toyobo, Japan). Otherwise, RT-PCR 
was carried out using the THUNDERBIRD SYBR® qPCR Mix 

(Toyobo, Japan) with the CFX96 Touch Real-Time PCR Detection 
System (Bio-Rad, USA). Target gene expression was normal-
ized to the expression of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and the 2–DDCT method was used to quan-
tify target gene expressions.

Western blot

Radio immunoprecipitation (RIPA) assay buffer enabled us to 
harvest and lyse tissues and cells. The Bradford method was 
used to separate and quantify total protein [30]. Once the sep-
aration by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was completed, the bands were trans-
ferred onto Polyvinylidene Fluoride (PVDF) membranes. The 
membranes were blocked with 5% skim milk in Tris Buffered 
Saline Tween (TBST). After the transfer was carried out for 
one hour, primary antibodies against Rheb, mTOR, S6K and p-
S6K were used to treat the membranes. Then, the bands were 
treated with secondary antibodies (horseradish peroxidase-con-
jugated goat anti-goat, 1:2000 dilutions, Zhongshan Biology 
Company, Beijing). Finally, the bands were visualized using en-
hanced chemiluminescence, and the results were analyzed by 
the Lab Works 4.5 software (Mitov Software).

Statistical analysis

Statistical analyses were conducted using SPSS 18.0 software 
(Chicago, Illinois, USA) and the data expressed as mean ± stan-
dard deviation (SD). Differences in continuous variables among 
groups were investigated by the two-tailed Student’s t-test or 
one-way analysis of variance (ANOVA) in which statistical sig-
nificance was determined when the P-value of the correspond-
ing statistical tests was less than 0.05.

Results

MRI examination outcomes

Since MRI is considered the most non-invasive and promising 
imaging modality, it was used to visualize and assess brain ede-
ma in rats once the MCAO models were established. As shown 
in Figure 1, the model and miR-155 mimics group exhibited 
obvious hyperintensity which was considered a type sign of 
brain edema. Although hyperintensity was detected in the miR-
155 inhibitors group, the brain edema area in this group was 
less than the edema in the model and miR-155 mimics group.

TTC staining outcomes

The infarction volume in the MCAO model rats was measured 
using TTC staining. As shown by Figure 2A–2D, normal brain 
tissues were stained in red whereas the infarction areas were 
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stained in white. The model group exhibited a larger infarc-
tion area than the control group and this trend was significant 
in the miR-155 mimics group (P<0.05, Figure 2B). The infarc-
tion area in the miR-155 inhibitors group was significantly re-
duced (P<0.05, Figure 2B)

Decreased Rheb expression after model establishment

As seen by immunofluorescence (Figure 3), Rheb was stained in 
brown. The percentage of positive area in the model and miR-
155 mimics group was substantially lower than in the control 
group, whereas the opposite trend was reflected by the miR-
155 inhibitors group which exhibited an increased positive 
area in comparison to the model and miR-155 mimics group.

Expression of miR-155, Rheb, and mTOR in rats

miR-155 expression in the model group was significantly high-
er than that in the control group, and the transfection of miR-
155 mimics further up-regulated miR-155 expression (P<0.05, 
Figure 4A, Table 1).The miR-155 inhibitors group displayed re-
markably decreased miR-155 expression compared with the 
model and miR-155 mimics group, while it has significant-
ly higher level of miR-155 with respect to the control group 
(P<0.05, Figure 4A, Table 1).

Model establishment and miR-155 transfection had similar 
effects on expression of Rheb and mTOR. The model group 
had significantly lower levels of Rheb and mTOR than the 
control group, and the miR-155 mimics group exhibited the 

A B C D

Figure 1.  T2-weighted MRI images for rat brains in different groups: control (A), model (B), miR-155 mimics (C) and miR-155 
inhibitors (D).
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Figure 2.  TTC staining showed the area of ischemia-induced injury in cerebral tissues. (A–D) Representative photographs of TTC 
stained tissue samples of coronal brain in different groups, control (A), model (B), miR-155 mimics (C) and miR-155 inhibitors 
(D). (E) Summary of infarct size in cerebral brain tissues.Data were depicted as mean ± SD. * P<0.05 vs. the control group; 
# P<0.05 vs. the model group; & P<0.05 vs. themiR-155 mimics group.
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A B C D

Figure 3.  Immunohistochemistry staining with Rheb in brain tissues for different groups: control (A), model (B), miR-155 mimics (C), 
and miR-155 inhibitors (D).
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Figure 4.  Expression of miR-155, Rheb and mTOR in brain tissues of model rats. (A) Quantified mRNA level of miR-155 in tissues for 
different groups (i.e. control, model, miR-155 mimics and miR-155 inhibitors). (B) Western blot analysis of Rheb and mTOR 
in tissues with GAPDH as the reference. (C, D) Quantified protein level of Rheb (C) and mTOR (D) in tissues. Data were 
displayed as mean ±SD. * P<0.05 vs. the control group; # P<0.05 vs. the model group; & P<0.05 vs. the miR-155 mimics group.

Group Control Model miR-155 mimics miR-155 inhibitors

miR-155  1.00±0.07  3.86±0.41*  5.74±0.53*#  2.16±0.28*#&

Rheb  1.00±0.05  0.57±0.06*  0.38±0.04*#  0.82±0.08*#&

mTOR  1.00±0.08  0.59±0.04*  0.44±0.04*#  0.81±0.06*#&

Table 1. Expressions of miR-155, Rheb and mTOR in model rats.

* P<0.05 versus control group; # P<0.05 versus model group; & P<0.05 versus miR-155 mimics group.

5146
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Xing G. et al.: 
miR-155 regulates Rheb/mTOR pathway in ischemic stroke

© Med Sci Monit, 2016; 22: 5141-5153
ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



lowest expressions of Rheb and mTOR among the four groups 
(P<0.05, Figure 4B–4D, Table 1). Transfection of miR-155 inhib-
itors dramatically up-regulated the expressions of Rheb and 
mTOR compared with the model and miR-155 mimics group, 
while the increased expressions of Rheb and mTOR were lower 
than those in the control group (P<0.05, Figure 4B–4D, Table 1).

Suppressed Rheb expression induced by the binding of 
miR-155 to 3’ UTR of Rheb

The online database (www.microrna.org) predicted a highly 
conserved miR-155 binding site located in the 3’-UTR of Rheb 
(Figure 5A). Binding of miR-155 to the endogenous 3’-UTR of 
Rheb in BV2 cells suppressed the relative luciferase activity 
(P<0.05). By contrast, no significant difference in the relative 
luciferase activity was observed between the miR-155 vector 
and NC group (P>0.05, Figure 5B, Table 2). Similarly, no signif-
icant difference was observed between the control and mua-
tion group.

Effects of miR-155 and Rheb on BV2 cell apoptosis

Results of annexin V-FITC/PI staining are shown in Figure 6 
and the apoptosis status of BV2 cells was assessed. The con-
trol group had the lowest apoptosis rate whereas the miR-
155 mimics group had the highest apoptosis rate (P<0.05). 
Moreover, cells induced by OGD exhibited a significantly 

increased apoptosis rate compared with the reference group 
(control) (P<0.05).Transfection of miR-155 inhibitors signifi-
cantly decreased the apoptosis rate compared to the OGD and 
miR-155 mimics group, while this decrease in cell apoptosis 
rate was significantly antagonized by introducing Rheb siRNA 
into miR-155 inhibitors (P<0.05).

Expression of miR-155, Rheb, and mTOR in cells

miR-155 expression in the model group was elevated in com-
parison to the control group, and this increase in the level 
of miR-155 appeared was significant in the miR-155 mimics 
group (P<0.05, Figure 7A, Table 3). Transfection of miR-155 
inhibitors significantly down-regulated miR-155 expression 
(P<0.05) whereas introducing Rheb siRNA into miR-155 mim-
ics had no significant effects on miR-155 expression (P>0.05, 
Figure 7A, Table 3). In the expression of Rheb and mTOR, the 
OGD group exhibited significantly lower levels of Rheb and 
mTOR compared to the control group, and the miR-155 mimics 
group had the lowest expressions of Rheb and mTOR among 
than the other four groups (P<0.05, Figure 7B–7D, Table 3). 
Transfection of miR-155 inhibitors up-regulated expressions of 
Rheb and mTOR compared with the model and miR-155 mim-
ics group, while introducing Rheb siRNA into miR-155 inhibi-
tors significantly suppressed the expression of Rheb and mTOR 
compared to those in the miR-155 inhibitors group (P<0.05, 
Figure 7B–7D, Table 3).
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Figure 5.  Prediction of binding sites and results from luciferase report betweenmiR-155 and Rheb. (A) Putative target sites predicted 
by online database (www.microrna.org). (B) Relative luciferase activity resulted from the corresponding binding of Rheb 3’ 
UTR reporter and miR-155 in BV2 cells after 48-hour transfection. * P<0.05 vs. the NC group. WT – wide type of Rheb-3’ UTR; 
Mut – Rheb mut-3’ UTR; NC – negative control.

Relative luciferase activity Wt Mut Vector

NC  1.00±0.06  1.00±0.09  1.00±0.06

miR-155 transfection  0.48±0.05*  1.07±0.08  0.98±0.07

Table 2. Relative luciferase activity in wt HMGA2, Mut HMGA2 and vector groups.

Wt – wild type; Mut – mutation; NC – negative control. * P<0.05 vs. NC group.
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Figure 7.  Expression of miR-155, Rheb, and mTOR in BV2 cells after transfection. (A) Quantified mRNA level of miR-155 for different 
groups of cells (i.e. control, OGD, miR-155 mimics, miR-155 inhibitors and miR-155 inhibitors + Rheb siRNA). (B) Western blot 
analysis of Rheb and mTOR in tissues with GAPDH as the reference. (C, D) Quantified protein level of Rheb (C) and mTOR (D) 
in cells. Data were expressed in mean ±SD for three replicated experiments. * P<0.05 vs. the control group; # P<0.05 vs. the 
OGD group; & P<0.05 vs. the miR-155 mimics group; @ P<0.05 vs. theR-155 inhibitors group.
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Figure 6.  Apoptosis rate of cells in each group estimated by flow cytometry. (A–E) Distribution of apoptotic cells in the control (A), OGD 
(B), miR-155 mimics (C), miR-155 inhibitors (D) and miR-155 inhibitors + Rheb siRNA (E) group. (F) Relative apoptosis rate of 
cells in each group. OGD – oxygen-glucose deprivation. Data were displayed in mean ±SD for three independent experiments. 
* P<0.05 vs. the control group; # P<0.05 vs. the OGD group; & P<0.05 vs. themiR-155 mimics group; @ P<0.05 vs. theiR-155 
inhibitors group.
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Figure 8.  Expressions of S6K and pS6K in brain tissues of model rats. (A) Western blot analysis of S6K and pS6K in tissues with GAPDH 
as the reference. (B, C) Quantified protein level of S6K (C) and p-S6K (D) in tissues. (D) Ratio of p-S6K/S6K in tissues. Data 
were displayed as mean ±SD. * P<0.05 vs. the control group; # P<0.05 vs. the model group; & P<0.05 vs. theR-155 mimics group.

Group Control OGD miR-155 mimics miR-155 inhibitors
miR-155 inhibitors 

+Rheb siRNA

miR-155  1.00±0.13  7.69±0.74*  9.32±0.83*#  2.91±0.52*#&  2.99±0.48*#&

Rheb  1.00±0.09  0.42±0.04*  0.31±0.04*#  0.78±0.06*#&  0.46±0.04*&@

mTOR  1.00±0.06  0.38±0.04*  0.27±0.02*#  0.72±0.06*#&  0.56±0.04*#&@

Table 3. Expressions of miR-155, Rheb and mTOR in transfected BV2 cells.

OGD – oxygen-glucose deprivation. * P<0.05 vs. control group; # P<0.05 vs. OGD group; & P<0.05 vs. miR-155 mimics group; @ P<0.05 
versus miR-155 inhibitors group.

Group Control Model miR-155 mimics miR-155 inhibitors

S6K  1.00±0.05  0.82±0.07*  0.77±0.05*  0.86±0.04*&

P-S6K  1.00±0.06  0.63±0.05*  0.52±0.04*#  0.82±0.06*#&

P-S6K/S6K  1.00±0.01  0.77±0.02*  0.67±0.01*#  0.95±0.01*#&

Table 4. Expressions of S6K and p-S6K in model rats.

* P<0.05 vs. control group; # P<0.05 vs. model group; & P<0.05 vs. miR-155 mimics group.
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Effects of miR-155 and Rheb on expression of S6K and 
p-S6K

S6K and p-S6K expressions were examined in vivo and in vi-
tro using western blot. Hypoxia and miR-155 transfection af-
fected S6K expression. The model, miR-155 mimics, and the 
miR-155 inhibitors group had significantly lower S6K expres-
sion compared to the control group (P<0.05), while no signif-
icant difference in the S6K expression was identified among 
the above three groups (P>0.05, Figure 8A, 8B, Table 4). For 
BV2 cells, the OGD and miR-155 mimics group exhibited lower 

S6K levels than the control group, whereas the miR-155 in-
hibitors and miR-155 inhibitors + Rheb siRNA group exhibit-
ed higher S6K expression than the miR-155 mimics groups 
(P<0.05, Figure 9A, 9B, Table 5).

For p-S6K expressions, the model group had significantly low-
er p-S6K level and a lower ratio of p-S6K/S6K in comparison 
to the control group. Moreover, the miR-155 mimics group 
had further lowered p-S6K level than the model group, where-
as transfection of miR-155 inhibitors significantly increased 
p-S6K expression as well as the p-S6K/S6K ratio (P<0.05, 

Group Control OGD miR-155 mimics miR-155 inhibitors
miR-155 inhibitors 

+Rheb siRNA

S6K  1.00±0.07  0.88±0.06*  0.81±0.05*  0.94±0.06&  0.92±0.04&

P-S6K  1.00±0.06  0.58±0.04*  0.46±0.04*#  0.86±0.06*#&  0.68±0.05*#&@

P-S6K/S6K  1.00±0.02  0.66±0.01*  0.56±0.01*#  0.91±0.01*#&  0.74±0.02*#&@

Table 5. Expressions of S6K and p-S6K in transfected BV2 cells.

* P<0.05 vs. control group; # P<0.05 vs. OGD group; & P<0.05 vs. miR-155 mimics group; @ P<0.05 versus miR-155 inhibitors group.
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Figure 9.  Expressions of S6K and pS6K in BV2 cells after transfection. (A) Western blot analysis of S6K and pS6K in cells with GAPDH 
as the reference. (B, C) Quantified protein level of S6K (C) and p-S6K (D) in cells. (D) Ratio of p-S6K/S6K in cells. Data were 
depicted as mean ±SD for three replicated experiments. * P<0.05 vs. the control group; # P<0.05 vs. the OGD group; & P<0.05 
vs. the miR-155 mimics group; @ P<0.05 vs. the iR-155 inhibitors group.
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Figure 8C, 8D, Table 4). Expression of p-S6K in BV2 cells had a 
similar trend, except that p-S6K expression and the p-S6K/S6K 
ratio in the miR-155 inhibitors + Rheb siRNA group were low-
er than those in the control and miR-155 inhibitors group 
but higher than those in the OGD and miR-155 mimics group 
(P<0.05, Figure 9C, 9D, Table 5).

Discussion

Cerebral ischemia resulting from an acute blockage of arterial 
blood flow has been acknowledged as a major pathological-
genesis of tissue damage in IS. Diminution of infarction area 
and generating new neuronal cells in damaged brain tissues 
are considered to be potential therapeutic approaches [31]. 
Identification of brain edema using MRI or CT has played a 
crucial role in improving the survival status of patients with 
IS [32]. It has been well established that inflammatory factors 
appear as major causes of neuronal apoptosis which is relat-
ed to the pathophysiology of cerebral ischemia [2]. This study 
indicated that the miR-155-Rheb-mTOR pathway, another key 
cell apoptosis pathway, is involved in the pathological mecha-
nisms of cerebral ischemia stroke.

Previous studies have indicated that miR-155 enforces different 
activities, such as SHIP1, SOCS1 and CCAAT/enhancer binding 
protein b under various pathological, physiological, and exper-
imental conditions [33-35]. Moreover, miR-155 can modulate 
endothelium-dependent vasorelaxation and NO expressions in 
human umbilical vein endothelial cells by regulating the tar-
get gene of NOS [36]. Most miR-155 target genes have been 
established to be associated with the process of inflammatory 
regulation. For example, Wen et al. found that miR-155- medi-
ated inflammatory responses in ischemic cerebral tissues by 
regulating TLR4/MyD88 and SOCS1 expression whereas ABL 
exerted its anti-inflammatory actions by suppressing miR-155 
expression. Hence, the above evidence suggests that therapeu-
tic approaches which target miR-155 are likely to be effective 
in IS [37]. As demonstrated by our study, miR-155 expression 
was up-regulated in both ischemic cerebral tissues extract-
ed from MCAO rats and BV2 cells induced by OGD.In contrast, 
Rheb and mTOR expression were down-regulated. Transfection 
of miR-155 inhibitors suppressed miR-155 expression but en-
hanced Rheb and mTOR expression, playing a protective role 
in the lesion process of IS. These protective effects were char-
acterized by reduced infarct size and apoptosis rate.

Rheb is a small GTPase that regulates cell survival, growth, and 
differentiation by up-regulating mammalian target of rapamy-
cin complex 1 (mTORC1) signaling [38]. It is reported that Rheb 
expression was up-regulated in hepatocytes with hepatitis C 
virus infection, while Rheb expression was down-regulated in 
RAW264.7 cells treated with hydrogen peroxide [39,40]. A large 

number of studies confirmed the over-expression of Rheb in 
several cancer cell lines and oncogenic transformation can be 
triggered by Rheb mutants that are activated during the pro-
cess of cell culture [41–44]. Furthermore, many researches re-
ports indicated that TSC2GAP used Asn1643 to increase the 
hydrolysis of GTP by replacing Gln64 in an ‘‘Asn thumb’’-type 
manner [45–47]. Moreover, studies have provided evidence that 
miR-155 binds up with the 3’ untranslated region of Rheb and 
then inhibits the expression of Rheb at a post-transcription-
al level [48]. Our research provided consistent findings that 
miR-155 suppressed Rheb expression by binding with the 3’ 
UTR of Rhe, and Rheb siRNA transfection significantly antag-
onized the above effects both in vivo and in vitro.

Mechanistic target of mTOR signaling has emerged as a ma-
jor signaling node that is abnormally activated in cancer, dia-
betes, and neurodegenerative diseases[49].MTOR, a non-typ-
ical serine/threonine protein kinase, consists of two distinct 
signaling complexes mTORC1 and mTORC2 which have differ-
ent roles in regulating life activities. For instance, Schewe and 
Aguirre-Ghiso found that the ATF6-Rheb-mTOR pathway in dor-
mant tumor cells may contribute to the elimination of resid-
ual disease during dormancy [50]. Shah et al. indicated that 
abnormal activation of the Rheb/mTOR/S6K pathway triggers 
a negative feedback program to inhibit IRS-dependent pro-
cesses [51]. As suggested by Jiang et al., Rheb/mTORC1 sig-
naling pathway enhanced the activation of kidney fibroblasts 
and had positive influences on the development of intersti-
tial fibrosis [38]. Our study demonstrated that miR-155-Rheb-
mTOR pathway was able to exert its protective effects on the 
lesions resulting from IS.

S6K is a major member of the AGC protein kinase family and 
it is a critical target of mTORC1 which consists of linker, ki-
nase, C-terminal domains and acidic N-terminal [52,53]. Many 
researchers suggested that mTORC1 regulated mRNA trans-
lation by acting on its two targets: S6K and 4E-BP1 [53,54]. 
A large number of studies discovered that P-S6K stimulated 
mRNA translation by phosphorylating the subunit of ribosom-
al S6, while p-4E-BP1 in conjunction with other translation-
al control proteins stimulated mRNA translation by releasing 
eIF4E to be linked with the 5’ end of mRNA [49,53,55]. Our 
study demonstrated that protective effects on the lesion pro-
cess of IS triggered by the miR-155-Rheb-mTOR pathway might 
be related to the activation of its downstream signaling path-
way through S6Kphosphorylation.

However, there were still some limitations in our research. 
Nevertheless, the downstream signaling pathways of the 
Rheb/mTOR pathway were not previously clearly understood.

5151
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Xing G. et al.: 
miR-155 regulates Rheb/mTOR pathway in ischemic stroke
© Med Sci Monit, 2016; 22: 5141-5153

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Conclusions

In summary, miR-155 played a protective role in IS through 
the Rheb/mTOR pathway and this protective role may result 
from S6K phosphorylation which activates the downstream 

signaling pathway of Rheb/mTOR. Although we are unable 
to explain which part of the downstream signaling pathway 
is affected by S6K phosphorylation, this study still provided 
an informative explanation for the lesion process of IS and it 
may assist in developing early interventions for this disease.
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