
567

© The Authors 2024. This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial 4.0 International License 
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Gen. Physiol. Biophys. (2024), 43, 567–576

doi: 10.4149/gpb_2024035

Silencing lncRNA SIX3OS1 mitigates inflammation and apoptosis 
in post-stroke cognitive impairment via  miR-511-3p

Junsheng Zeng1,*, Fen Yang2,*, Hui Xiao1, Wei Zhao1, Kangping Song1, Yan Liu1 and Te Wang1

1 Department of Neurology, The Affiliated Changsha Central Hospital, University of South China, Hunan, China
2 Department of Science and Education, The Affiliated Changsha Central Hospital, University of South China, Hunan, China

Abstract. The present study aimed to explore the expression and molecular mechanisms of lncRNA 
SIX3OS1 in post-stroke cognitive impairment (PSCI). Middle cerebral artery occlusion (MCAO) and 
oxygen-glucose deprivation/reoxygenation (OGD/R) were applied to establish an in vitro and in vivo 
model of PSCI. RT-qPCR was conducted to examine the mRNA levels of SIX3OS1, miR-511-3p, and 
RBP4. Morris water maze test was used to evaluate spatial learning and memory ability. Cell viability 
and apoptosis were examined by CCK-8 and flow cytometry. The secretion level of inflammatory 
factors was analyzed by ELISA. DLR and RIP assay were performed to validate the target relation-
ship. In MCAO rats and OGD/R-induced cells, SIX3OS1 and RBP4 levels were significantly elevated, 
while miR-511-3p was reduced. miR-511-3p targets SIX3OS1 and RBP4. Compared with the sham, 
the spatial learning and memory ability of MCAO rats were decreased, but the silencing of SIX3OS1 
could restore them, but this restoration was partially impaired by lowing of miR-511-3p. Silencing 
of SIX3OS1 enhanced OGD/R-induced SH-SY5Y cell viability and inhibited apoptosis and inflam-
matory factor secretion, but they were both attenuated by the lowing of miR-511-3p. Silencing of 
SIX3OS1 can protect PSCI via targeting miR-511-3p to promote cell viability and inhibit apoptosis 
and inflammation.
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Introduction

Post-stroke cognitive impairment (PSCI) is a  common 
cerebrovascular disease induced by ischemic stroke and 
commonly occurs 6 months after stroke with a  series of 
symptoms from mild cognitive impairment to dementia 
(Han et al. 2023). The pathogenesis of PSCI is complex and 
has not been completely revealed, but degenerated learning 
and memory abilities have been considered the major out-
comes of PSCI (Zhou et al. 2022). Many researchers consider 
PSCI to be closely associated with Alzheimer’s disease, but 
PSCI showed a higher incidence and mortality with rapid 

development. Neuron apoptosis and neuroinflammation are 
involved in the onset and development of PSCI, which are 
also associated with Alzheimer’s disease-related processes 
(Zhang et al. 2021; Chi et al. 2023). In the clinic, the treat-
ment of PSCI is mainly based on the therapy strategies of 
stroke. Several studies have been devoted to exploring novel 
and effective drugs, herbs, or compounds for the therapy of 
PSCI, but identifying specific therapeutic targets for PSCI 
would improve therapy efficiency and benefit patients’ 
prognosis. 

The function of non-coding RNAs (ncRNAs) in regulat-
ing human diseases has attracted special attention in the past 
decades. ncRNAs have been demonstrated to be involved in 
various biological processes, including cell differentiation, 
apoptosis, proliferation, and metabolism, which are closely 
associated with disease progression. Moreover, there have 
been several studies investigating the regulation of PSCI by 
ncRNAs. Due to the close association between PSCI and 
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Alzheimer’s disease, our previous work has attempted to 
identify dysregulated ncRNAs in both PSCI and Alzheimer’s 
disease and screened the lncRNA SIX3OS1/miR-511-3p 
axis, which was revealed to mediate the cognitive dysfunc-
tion in Alzheimer’s disease and attenuate oxidative stress to 
regulate depression-like behaviors (Zou et al. 2020; Jia et al. 
2022). Both SIX3OS1 and miR-511-3p were demonstrated to 
screen PSCI and predict severe disease development in our 
previous work. However, the mechanisms underlying the 
function and the interaction of SIX3OS1 and miR-511-3p 
have not been disclosed. Hence, further investigation was 
performed in the present study with the employment of rat 
and cell models. 

This study established the PSCI rat model through the 
middle cerebral artery occlusion (MCAO) method, and cell 
models were constructed with a human neuroblastoma cell 
line, SH-SY5Y treated by the oxygen-glucose deprivation 
(OGD) method. The regulation of cognitive function of 
rats and cell injury by the SIX3OS1/miR-511-3p axis was 
investigated. 

Materials and Methods

Animals and modeling

The study has obtained approval from the Ethics Commit-
tee of The Affiliated Changsha Central Hospital, University 
of South China. Male Sprague-Dawley rats aged 7–8 weeks 
and weighted 265 ± 15 g were maintained at 20 ± 3°C with 
relative humidity of 50–65%. Rats were free to drink and 
food for 1 week to adapt to the environment and then were 
randomly divided into CK and PSCI groups.

PSCI rat models were established by the MCAO method. 
Specifically, rats were anesthetized with 10% chloral hydrate, 
and then the right common carotid artery (CCA), external 
carotid artery (ECA), and internal carotid artery (ICA) were 
exposed after disinfection of the neck skin. CCA and ICA 
were ligatured and tied the knot near the ICA fork. A “V” 
shaped incision was cut at the distal end of the CCA, and 
the 4-0 nylon fishing line coated with polylysine was sewn 
into the ICA through the incision. The suture depth was 
18–20 mm enough to block the blood flow at the beginning 
of the middle cerebral artery (MCA). The occlusion was 
continued for 2 h, and the plug was gently pull back to the 
common caritoud bifurcation. The sham group, which was 
similar to the model group, was established without occlu-
sion of the MCA.

Grouping of experimental animals

The rat was divided into two cohorts. The initial cohorts 
were utilized to investigate the function of SIX3OS1 in 

PSCI. SD rats were randomly allocated into sham, MCAO, 
NC (MCAO + small interfering RNA (si)-negative control), 
and si-SIX3OS1 (MCAO + small interfering RNA targeting 
SIX3OS1) group (n  =  12 per group). The second cohorts 
of rats were utilized to investigate the combined effects of 
miR-511-3p and SIX3OS1. Rats were randomly divided into 
the following groups: MCAO, MCAO+si-NC, MCAO+si-
SIX3OS1, MCAO+si-SIX3OS1+agomir NC, and MCAO+si-
SIX3OS1+miR-511-3p agomir (n = 12 per group). si-NC and 
si-SIX3OS1 were obtained from GenePharma. miR-511-3p 
agomir and negative control agomir NC (5 ml of 100 mM) 
were purchased from RIBO bio.

Intracerebroventricular injection 

According to previous studies (Leem et al. 2023), rats were 
anesthetized and subjected to intracerebroventricular in-
jection through a stereotactic apparatus, three days prior 
to the establishment of the MCAO model. The coordinates 
for injection were set as 1  mm posterior to the anterior 
fontanelle, 2.5 mm lateral to the midline, and with an inser-
tion depth of 3.5 mm. Interfering RNA or oligonucleotide 
was injected into the right lateral ventricle at a flow rate of 
1 μl/min for 5 min. 

Modified neurologic severity scores (mNSS)

Neurologic deficits were quantified by mNSS methods based 
on previous studies performed by researchers blinded to 
the experimental subgroups. Postoperatively, and at 1, 3, 
and 5 days postoperatively the rats were tested for motor 
(muscle status and abnormal movements), sensory (visual, 
tactile, and proprioceptive), and reflex responses, as well as 
balance tests. Scores range from 0 to 18, where higher scores 
indicate more severe nerve damage.

Morris water maze test

The experiment employed a  pool with a  diameter of 
160 cm and a depth of 55 cm. The pool was divided into 
four quadrants by the equidistant points on the wall of the 
pool. The depth of water was 30 cm, and the temperature 
was set at 24 ± 2°C. A platform with a diameter of 12 cm 
and a height of 28 cm was placed in either quadrant, and 
the Morris water maze test included two parts: a  posi-
tioning navigation experiment evaluating the learning 
ability and a space exploration experiment assessing the 
memory ability. 

Serum and hippocampal tissue acquisition

After completion of behavioral testing, rats were anesthetized 
intraperitoneally with 10% chloral hydrate. 4–5 ml of blood 
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was obtained from the abdominal aorta. The upper serum 
was collected after centrifugation. Rats were over-anesthe-
tized and euthanized with cervical dislocations. Rats were 
rapidly decapitated and de-brained, and rat hippocampal 
tissue was isolated and stored at −80°C.

Cell line and oxygen-glucose deprivation (OGD) treatments

SH-SY5Y cell line was purchased from ATCC (USA) incu-
bated with DMEM culture medium reaching the logarithmic 
growth phase, and then the culture medium was replaced 
with glucose-free DMEM culture medium. The cell culture 
was performed at an anaerobic condition with 5% CO2 and 
95% N2 for 4 h (OGD) and then moved to an aerobic condi-
tion (5% CO2 and 95% O2) incubating for another 6, 12, and 
24 h (OGD/R) to establish PSCI cell model. 

Cells were transfected with shRNA of SIX3OS1, miR-
511-3p inhibitor, or negative controls after hypoxia-reoxy-
genate treatment at room temperature using Lipofectamine 
3000. Transfected cells were incubated at 37°C for 48 h and 
then were available for the following experiments. 

Real-time quantitative PCR

Total RNA is extracted from serum or cells using TRIzol rea-
gent and subsequently assayed for purity and concentration 
using a NanoDrop 1000 spectrophotometer. Reverse tran-
scription of 1.0 μg RNA for cDNA using the lnRcute lncRNA 
First-Strand cDNA kit (cat#KR202, Tiangen) or the miRcute 
Plus miRNA First-Strand cDNA kit (cat#KR201, Tiangen). 
miRcute Plus miRNA qPCR kit (cat#FP411, Tiangen) or 
lnRcute lncRNA qPCR kit (cat#FP402, Tiangen) was mixed 
with primers, cDNA, and ddH2O for PCR amplification. 
GAPDH (forward 5’-AGGTCGGTGTGAACGGATTTG-3’, 
reverse 5’-TGTAGACCATGTAGTTGAGGTCA-3’) and U6 
(forward 5’-GCTTCGGCAGCACATATACTAAAAT-3’, 
reverse 5’-CGCTTCACGAATTTGCGTGTCAT-3’) were 
taken as internal reference genes for SIX3OS1 (forward 
5’-TGTAGCAGCGGCGGATAAAT-3’, reverse 5’-AG-
GCTTCCCAACAGGTTAGC-3’) and miR-511-3p (for-
ward 5’-GCAGAATGTGTAGCAAAAGACA-3’, reverse 
5’-GGTCCAGTTTTTTTTTTTTTTTATCCT-3’). The 
PCR amplification was performed with the following condi-
tions: 95°C for 6 min, followed by 25 cycles of 95°C for 30 s, 
55°C for 30 s, and 72°C for 30 s, final extension at 72°C for 
10 min. Relative expression of RNA was examined by 2−ΔΔCt 
methods.

Cell viability

OGD/R and transfected cells were inoculated into 96-well 
plates. After 24 h of incubation, the cell counting kit (CCK)-8 
buffer was mixed with DMEM in a ratio of 1:9 and added to 

96-well plates. Subsequently, the OD value at 490 nm was 
measured in an enzyme labeler.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of tumor necrosis factor α  (TNF-α) 
(cat#29-8321-65, Thermo Fisher Scientific, USA), interleukin 
6 (IL-6) (cat# 29-8061-65, Thermo Fisher Scientific,USA), 
IL-1β (cat#29-8012-65, Thermo Fisher Scientific, USA), and 
IL-10 (cat#88-7105-76, Thermo Fisher Scientific, USA) in 
serum and cell supernatants were measured according to 
the instructions of the commercially available ELISA kits. 
Absorbance at 450 nm was determined using a Multiskan 
microplate reader. 

Flow cytometry assay

Annexin V-fluorescein isothiocyanate/propidium iodide 
(FITC/PI) kit (BestBio, China) was conducted to examine the 
cell apoptosis. Cells after transfection and OGD/R induced 
were subjected to EDTA-free trypsin digestion, centrifuged, 
and resuspended in binding buffer. Subsequently, 5 μl of An-
nexin V-FITC and 5 μl of PI were dropped and incubated in 
the dark for 15 min, followed by the detection of apoptosis 
on a flow cytometer (Beckman Coulter, China). 

Subcellular fractionation assay

The nuclear and cytoplasmic extracts from SH-SY5Y were 
isolated by PARIS kits. RNA was isolated and extracted, then 
the expression of U6, GAPDH, and SIX3OS1 was examined 
by RT-qPCR. U6 was the nuclear control and GAPDH was 
the cytoplasmic control.

Bioinformatics analysis

The Starbase database predicted the target miRNA of 
SIX3OS1, which identified miR-511-3p. Database of Tar-
getScan, miRDB, and EvmiRNA was used to predict the 
targets of miR-511-3p, including RBP4.

Dual-luciferase assay and RNA-binding protein immuno-
precipitation (RIP) assay

The sequences of SIX3OS1 or RBP4 containing miR-511-3p 
binding sites were subcloned into dual luciferase reporter 
plasmids (Promega, USA) to construct wilde type recombi-
nant luciferase reporter plasmids SIX3OS1-WT or RBP4-WT, 
and the mutation sequences of the binding sites were 
inserted into the plasmids to construct mutant luciferase 
reporter plasmids SIX3OS1-MT or RBP4-MT. SH-SY5Y 
cells (ATCC, USA) incubated as above described were 
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inoculated into 24-well plates, and the above recombinant 
plasmids were mixed with miR-511-3p mimic, miR-511-3p 
inhibitor, mimic NC, or inhibitor NC, respectively, and 
transfected under Lipofectamine 3000. After 48  h, the 
luciferase activity was detected by dual luciferase reporter 
assay. 

The RIP assay in SH-SY5Y was conducted using the 
EZMagna RIP kit. The cells were lysed and then hatched 
with human anti-Ago  2 or negative control anti-IgG-
conjugated magnetic beads. The level of RNA enriched 
by RIP was examined by RT-qPCR.

Statistical methods

The data were processed using the statistical software SPSS 
21.0 and GraphPad prism 9.0. The data were presented as 
mean ± SD, and analyzed using the independent Student’s 
t-test for two-group comparisons, as well as one-way 
ANOVA followed by Tukey post hoc tests for multiple-group 
comparisons. Values of p < 0.05 were considered statistically 
significant.

Results

Silencing of lncRNA SIX3OS1 improves cognitive dysfunction 
and inflammatory injury in rats with PSCI

To investigate the functions of SIX3OS1 in PSCI, SIX3OS1 
levels were modulated by lateral ventricle injection. As shown 
in Figure 1A, MCAO significantly increased the mRNA levels 
of SIX3OS1 in rats compared with the sham, but this increase 
was effectively inhibited by si-SIX3OS1 (p < 0.05). In addi-
tion, the mNSS score of MCAO rats significantly increased 
after MCAO surgery, and rats with silencing SIX3OS1 showed 
a lower mNSS score (p < 0.05, Fig. 1B). With the prolonged 
training duration, the latency to find the platform and the 
swimming distance were noticeably prolonged in MCAO 
rats than in sham; however, they were both partially reversed 
by silencing of SIX3OS1 (p < 0.05, Fig. 1C,D). Furthermore, 
MCAO rats had a  delayed latency to find the platform, 
a  significantly reduced number of traversals across the 
platform, and a decreased time spent in the target quadrant, 
but they were all notably reversed by silencing of SIX3OS1 

Figure 1. Silencing of lncRNA SIX3OS1 improves cognitive dysfunction and inflammatory injury in rats with PSCI. A. The mRNA levels 
of SIX3OS1 in the MCAO rats. B. mNSS was used to evaluate neurological deficits in rats. Morris water maze test was conducted to 
examine spatial learning and memory abilities in rats via time to find the platform (C), distance swum (D), escape latency (E), number 
of times crossing the platform (F), and time spent in the target quadrant (G). H. Enzyme-linked immunosorbent assay for the detection 
of serum inflammatory factor secretion in rats. *** p < 0.001 vs. Sham; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. MCAO+si-NC.

A B C D

E F G H
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(Fig. 1E–G). The serum levels of pro-inflammatory factors 
TNF-α, IL-1β, and IL-6 were markedly increased in MCAO 
rats compared with the sham, whereas the levels of the anti-
inflammatory factor IL-10 were decreased, but the silencing 
of SIX3OS1 reversed them (p < 0.05, Fig. 1H).

Correlation between SIX3OS1 and miR-511-3p

lncRNAs in the cytoplasm can function as miRNA molecu-
lar sponges. SIX3OS1 was found to have higher expression 
in the cytoplasmic fraction compared to the nucleus (p < 
0.05, Fig. 2A). The putative target miRNA of SIX3OS1 was 
predicted using a database, and a binding sequence between 
SIX3OS1 and miR-511-3p was identified (p < 0.05, Fig. 2B). 
In addition, high expression of miR-511-3p significantly 
suppressed the luciferase activity of SIX3OS1-WT but did 
not affect the luciferase activity of SIX3OS1-MT (p > 0.05, 
Fig. 2C). Compared with IgG, Ago2 combined with SIX3OS1 
and miR-511-3p was typically increased (p < 0.05, Fig. 2D). 
Furthermore, MCAO decreased miR-511-3p expression in 
rat serum but silencing of SIX3OS1 significantly increased 
miR-511-p levels (p < 0.05, Fig. 2E).

SIX3OS1 acts on cognitive dysfunction and inflammatory 
damage in rats by targeting miR-511-3p

To further emphasize the relationship between miR-511-3p and 
SIX3OS1 in PSCI, miR-511-3p and SIX3OS1 were co-regulated 

in MCAO rats. As shown in Figure 3A, silencing of SIX3OS1 
increased miR-511-3p levels in rat serum but was effectively 
inhibited by miR-511-3p antagomir (p < 0.05). The suppression 
of rat mNSS scores by silencing SIX3OS1 was also partially 
reversed by miR-511-3p antagomir (p < 0.05, Fig. 3B). The 
shortened platform-finding latency and swimming distance of 
MCAO rats with SIX3OS1 silencing were noticeably reversed 
by lowering miR-511-3p (p < 0.05, Fig. 3C,D). Furthermore, 
the shortened platform latency, increased number of traversals 
across the platform, and increased target quadrant dwell time in 
MCAO rats by silencing of SIX3OS1 were partially diminished 
by low expression of miR-511-3p (p < 0.05, Fig. 3E–G). Silenc-
ing of SIX3OS1 suppressed TNF-α, IL-1β, and IL-6 secretion 
and promoted IL-10 secretion in MCAO rats, but both were 
partially eliminated by miR-511-3p (p < 0.05, Fig. 3H).

Silencing of SIX3OS1 regulates OGD/R-induced cell viability, 
apoptosis, and inflammation

To further verify the involvement of SIX3OS1 in PSCI, an in 
vitro cell model was constructed by OGD/R treatment. With 
the time of reoxygenation after OGD, the cell viability of SH-
SY5Y gradually decreased, while the expression of SIX3OS1 
gradually enhanced (p < 0.05, Fig. 4A,B). The reoxygenation 
for 24 h was selected for follow-up experiments based on 
previous studies. Transfection of si-SIX3OS1 significantly 
reduced the levels of OGD/R-promoted SIX3OS1 (p < 0.05, 
Fig. 4C). Moreover, the inhibition of OGD/R on cell viability 

Figure 2. SIX3OS target miR-
511-3p. A. SIX3OS1 expres-
sion in the cytoplasmic frac-
tion and nucleus fraction. 
B. The binding sequence of 
SIX3OS1 and miR-511-3p. 
C. Dual-luciferase report 
assay was conducted on the 
target relationship between 
SIX3OS1 and miR-511-3p. D. 
The enrichment of miR-511-
3p and SIX3OS1 in anti-Ago2 
and anti-IgG was examined 
by RIP assay. E. The mRNA 
levels of miR-511-3p in the 
MCAO rats. *** p < 0.001 vs. 
Sham, mimic NC, inhibitor 
NC or anti-IgG; ### p < 0.001 
vs. MCAO+si-NC. (For color 
figure see online version of 
the article.)

C D E

B



572 Zeng et al.

was prominently prompted by the silencing of SIX3OS1 (p < 
0.05, Fig. 4D). Low expression of SIX3OS1 also impaired 
the promotion of apoptosis by OGD/R (p < 0.05, Fig. 4E). 
Additionally, OGD/R promoted the secretion of the inflam-
matory factors TNF-α, IL-1β, and IL-6, but inhibited IL-10; 
however, they were all partially eliminated by silencing 
SIX3OS1 (p < 0.05, Fig. 4F).

SIX3OS1 participates in OGD/R cell injury by targeting 
miR-511-3p

With the delay of reoxygenation time after OGD, the mRNA lev-
els of miR-511-3p gradually decreased (p < 0.05, Fig. 5A). How-
ever, the promotion of miR-511-3p level by si-SIX3OS1 could 

be significantly alleviated with the transfected of miR-511-3p 
inhibitor (p < 0.05, Fig. 5B). Silencing of SIX3OS1 could alleviate 
the inhibitory effect of OGD/R on cell viability and promote 
cell apoptosis, but this function was partially abolished by low 
expression of miR-511-3p (p < 0.05, Fig. 5C,D). Moreover, the 
inflammatory factors TNF-α, IL-1β, and IL-6 were significantly 
suppressed by si-SIX3OS1 and IL-10 was promoted, which was 
reversed by miR-511-3p inhibitor (p < 0.05, Fig. 5E).

miR-511-3p targets RBP4

Bioinformatics databases predicted targets of miR-511-3p, 
where binding sites to RBP4 were identified, and the bind-
ing sequences were listed in Figure 6A. Moreover, elevated 

A

D

G
H

B

E

C

F

Figure 3. SIX3OS1 acts on cognitive dysfunction and inflammatory damage in rats by targeting miR-511-3p. A. The mRNA levels of 
miR-511-3p in the MCAO rats. B. mNSS was used to evaluate neurological deficits in rats. Morris water maze test was conducted to 
examine spatial learning and memory abilities in rats via time to find the platform (C), distance swum (D), number of times crossing the 
platform (E), escape latency (F), and time spent in the target quadrant (G). H. Enzyme-linked immunosorbent assay for the detection 
of serum inflammatory factor secretion in rats. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. MCAO+si-NC; & p < 0.05, && p < 0.01, &&& p < 
0.001 vs. MCAO+si-SIX3SO1+antagomir miR-511-3p.
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levels of miR-511-3p suppressed the luciferase activity of 
RBP4-WT, decreasing miR-511-3p promoted the luciferase 
activity of RBP4-WT, but they had no significant effect on the 
luciferase activity of RBP4-MT (p < 0.05, Fig. 6B). Further-
more, SIX3OS1, miR-511-3p, and RBP4 were preferentially 

enriched in Ago2 antibody than the IgG (p < 0.05, Fig. 6C). 
With the delay of reoxygenation time after OGD, the mRNA 
levels of RBP4 were gradually enhanced (p < 0.05, Fig. 6D). 
MCAO and OGD/R upregulated the expression of RBP4, 
whereas knockdown of SIX3OS1 suppressed its levels (p < 

Figure 4. Effects of SIX3OS1 
silencing on OGD/R induced 
cell viability, apoptosis, and 
cellular inflammation in SH-
SY5Y cells. A. The cell vi-
ability of SH-SY5Y cells with 
time to reoxygenation after 
OGD. B. The mRNA levels 
of SIX3OS1 of SH-SY5Y 
with time to reoxygenation 
after OGD. C.  SIX3OS1 
levels in a  cell after reoxy-
genation for 24 h after OGD 
and after transfection with 
si-SIX3OS1. CCK-8, flow 
cytometry, and ELISA assay 
to analyze cell viability (D), 
apoptosis (E), and secretion 
levels of inflammatory factors 
(F). ** p < 0.01, *** p < 0.001 
vs. Control; ### p < 0.001 vs. 
OGD/R+si-NC.

A B C

D E F

Figure 5. SIX3OS1 partici-
pates in OGD/R cell injury 
by targeting miR-511-3p. 
A. With the delay of reoxy-
genation time after OGD, the 
mRNA levels of miR-511 
were examined. B. Effect of 
co-transfection of si-SIX-
3OS1 and miR-511-3p in-
hibitor on miR-511-3p levels 
in OGD/R cells. CCK-8, flow 
cytometry, and ELISA assay 
to analyze cell viability (C), 
apoptosis (D), and secretion 
levels of inflammatory factors 
(E). * p < 0.05, *** p <0.001 vs. 
0 h; ### p < 0.001 vs. OGD/
R+si-SIX3OS1; && p < 0.01, 
&&& p < 0.001 vs. OGD/R+si-
SIX3OS1+inhibitor NC.

A B

D E

C
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0.05); however, this reduction was notably attenuated by low 
expression of miR-511-3p (p < 0.05, Fig. 6E–G).

Discussion

In this preliminary research, we investigated the function of 
SIX3OS1 in PSCI by establishing the MCAO rat model and 
OGD/R-induced cell model. Our findings indicate that MCAO 
rats exhibit impaired spatial learning and memory functions; 
however, silencing of SIX3OS1 may alleviate the effects of 
MCAO. This may be related to the fact that silencing SIX3OS1 
could restore neuronal cell viability and inhibit apoptosis and 
inflammatory secretion by promoting miR-511-3p.

Previous studies have disproved the function of ncRNAs 
in a variety of central nervous system disorders (including 
ischemic stroke, hemorrhagic stroke, traumatic brain injury, 
Alzheimer’s disease, and stroke). For example, MEG3 is ab-
normally elevated in patients with Alzheimer’s disease and is 
associated with necroptosis (Balusu et al. 2023). lncRNA H19 

is transported from neurons to astrocytes via exosomes and 
is involved in the progression of ischemic stroke (Wang J et al. 
2023). SIX3OS1, a novel lncRNA, acts as a molecular scaffold 
to recruit histone-modifying enzymes to the cognate structure 
domain factor SIX3, which plays a crucial role in the control of 
neural development. Pre-existing studies found that geniposide 
treatment ameliorated oxidative stress injury in mice with 
depressive behavior by promoting SIX2OS1 levels in neurons 
(Zou et al. 2020). In addition, geniposide ameliorated depres-
sion by transcriptional activation of SIX3OS1 upregulating the 
expression of synapse-associated proteins (Li et al. 2023). Pa-
tients with PSCI tend to be more likely to experience depression 
and have significantly higher depression scores (Zhong et al. 
2021). Additionally, small vessel disease as well as Alzheimer’s 
disease pathology collectively drive the pathogenesis of PSCI 
(Yoon et al. 2021). SIX3OS1 suppressed the clearance of Aβ1-42 
in Alzheimer’s disease hippocampal tissue, increased neuronal 
damage, and accelerated cognitive impairment (Jia et al. 2022). 
Based on the above background we suspected that SIX3OS1 
might be implicated in the progression of PSCI. 

Figure 6. miR-511-3p targets RBP4. A. The binding sequences of RBP4 and miR-511-3p. Dual luciferase reporter assay (B) and RIP assay (C) 
verified the target relationship between miR-511-3p and RBP4. D. With the time of reoxygenation after OGD, the mRNA levels of RBP4 were 
determined. E, F. Effects of MCAO and si-SIX3OS1 or miR-511-3p antagomir on RBP4 levels in rats. G. Effects of OGD/R and si-SIX3OS1 or 
miR-511-3p inhibitor on RBP4 levels in SH-SY5Y. ** p < 0.01, *** p < 0.001 vs. mimic NC, inhibitor NC, 0 h, or sham; ### p < 0.001 vs. MCAO+si-
NC or OGD/R+si-NC; && p < 0.01, &&& p < 0.001 vs. MCAO+si-SIX3OS1+antagomir NC or OGD/R+si-SIX3OS1+miR-511-3p inhibitor.
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MCAO rat model and OGD/R-induced SH-SY5Y are 
widely used to study the molecular mechanisms of PSCI 
(Wang et al. 2020; Chi et al. 2023). In the present study, we 
found that the levels of SIX3OS1 were abnormally elevated 
in both the MCAO rats and the OGD/R-induced. cells. The 
mNSS score as a  neurological deficit score was elevated 
in MCAO rats, but this score could be suppressed by the 
silencing of SIX3OS1 (Chen et al. 2022). In addition, cogni-
tive dysfunction with degradation of learning and memory 
abilities is the most common in PSCI (Sun et al. 2022). To 
determine the role of SIX3OS1 in cognitive dysfunction, we 
assessed spatial learning and memory in rats using the widely 
available Morris water maze test. Consistent with previous 
studies, spatial learning and memory abilities declined in 
MCAO rats (Wang G et al. 2023), however, we found for 
the first time that this phenomenon was improved when 
SIX3OS1 was suppressed. Inflammation and apoptosis are 
involved in the progression of PSCI (Chi et al. 2023). We 
found that silencing of SIX3OS1 significantly alleviated the 
secretion of pro-inflammatory factors and inhibited apop-
tosis in OGD/R-induced microglia. These results suggest 
that SIX3OS1 may promote the occurrence of cognitive 
dysfunction in PSCI by enhancing the overproduction of 
inflammatory factors and accelerating neuroapoptosis. 

As one of numerous miRNAs, miR-511-3p has been 
extensively documented as a  regulator of inflammatory 
mediators, including pulmonary inflammation induced 
by cockroach allergen (Do et al. 2019), asthma (Zhou et 
al. 2018), and meningitis (Yu et al. 2014). miR-511-3p also 
participates in the pathologic progression of nerve injury. 
For example, hypoxia preconditioned mesenchymal exo-
some miR-511-3p alleviates spinal cord injury (Huang et 
al. 2022). Interestingly, miR-511-3p levels were decreased in 
stroke patients and were an independent predictor of PSCI 
patients (Wang T et al. 2023a). Additionally, serum miR-511-
3p has the potential to diagnose Alzheimer’s disease and take 
part in the inflammatory response (Wang T et al. 2023b). 
Thus we suspected that miR-511-3p might also engaged in 
PSCI progression. Previous studies confirmed the targeting 
relationship between SIX3OS1 and miR-511-3p (Jia et al. 
2022), which is consistent with our findings. We also found 
for the first time that miR-511-3p was significantly reduced 
in MCAO rats and OGD/R-induced cells. In addition, low 
expression of miR-511-3p partially attenuated the mitigat-
ing effect of silenced SIX3OS1 on PSCI and increased cell 
viability, inhibited apoptosis and inflammatory secretion. We 
demonstrated that SIX3OS1 is involved in PSCI by targeting 
the inhibition of miR-511-3p.

In stroke patients, RBP4 is strongly associated with dis-
ease prognosis and RBP4 predicts lesion size and severity in 
acute stroke (Liu and Che 2019). RBP4 is also involved in 
cognitive decline after stroke (Wang F et al. 2023). RBP4 is 
associated with neurological recovery, relapse, and death in 

acute stroke (Liu et al. 2023). Furthermore, RBP4 was found 
to be abnormally expressed in Alzheimer’s disease (Ishii et 
al. 2019). In our study, we found that RBP4 is a  target of 
miR-511-3p, and MCOA and GOD/R promoted the level of 
RBP4, but this promotion was greatly impaired by the silenc-
ing of SIX3OS1. However, the low expression of miR-511-3p 
significantly restored its expression. Thus, SIX3OS1 may be 
engaged in PSCI by targeting the regulation of the miR-511-
3p/RBP4 axis, however, this needs to be further investigated. 

Our study has provided strong evidence that silencing of 
SIX3OS1 can promote the recovery of neurological function 
in PSCI by promoting miR-511-3p/RBP4 axis, inhibiting cell 
apoptosis and inflammation. This provides a new perspective 
on the treatment of PSCI patients. 
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