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IncRNA DHFRL1-4 knockdown attenuates cerebral
ischemia/reperfusion injury by upregulating
the levels of angiogenesis-related genes
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Abstract. The present study aimed to investigate the effects
of long non-coding (IncRNA) dihydrofolate reductase-like 1
(DHFRLI1-4) on cerebral ischemia/reperfusion (I/R)-induced
injury. For this purpose, mice injected with lentivirus with
small interfering RNA targeting DHFRLI1-4 or negative
control siRNA were used to construct models of cerebral I/R
injury. Following the establishment of the model, the infarct
size, neurological deficit score, apoptosis and the expression
levels of basic fibroblast growth factor (bFGF), vascular endo-
thelial growth factor (VEGF), Wnt family member 3a (Wnt3a),
glycogen synthase kinase-3f (GSK-3f) and phosphorylated
GSK-3p were assessed. The expression of DHFRLI-4 was
significantly upregulated in the I/R model. In the control and
sham groups, the boundaries between the cortex and gray
matter were clear, and no edema or necrosis were observed.
The nerve cells were arranged orderly and evenly, and the cell
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membranes were intact with visible nucleus and nucleolus.
In the model group however, the nerve fibers were slightly
necrotic and swollen, and the number of nerve cells was
reduced. In the mice injected with si-DHFRLI1-4 lentivirus,
the brain tissues exhibited less liquefaction and degeneration,
as well as less edema. Compared with the control and sham
groups, the model group had a significantly larger infarct
area, a higher apoptotic rate, higher bFGF, VEGF, Wnt3a and
GSK-3p expression levels and a greater neurological deficit
score. However, the mice injected with si-DHFRLI1-4 lenti-
virus exhibited a significantly reduced infarct area, a lower
apoptotic rate, lower Wnt3a and GSK-3f3 expression levels, a
lower neurological deficit score, and significantly upregulated
bFGF and VEGEF levels.

Introduction

Ischemic stroke occurs when a blood clot blocks or narrows an
artery, leading to the obstruction of blood supply to the brain.
As the third highest cause of mortality and the most common
cause of invalidity in the Western world, stroke affects 15
million individuals annually worldwide; five million of these
individuals do not survive, and the other five million are
permanently challenged physically (1). Currently, treatment
for ischemic stroke involves the restoration of the blood supply
to the ischemic area as soon as possible following its occur-
rence in order to prevent the death of neurons, glial cells and
vascular endothelial cells (2). As regards acute ischemic stroke,
the only effective treatment involves the use of thrombolysis
drugs, such as intravenous tissue plasminogen activator (3)
and endovascular therapy within 3-4.5 h of symptom onset (4).
Since the treatment window is narrow and there are various
hemorrhagic complications (3,5), the use of endovascular
therapy is often limited (6). Mechanical thrombectomy in
selected patients with acute ischemic stroke has also been able
to produce partial or complete arterial recanalization (4). In
addition, various combinations of antiplatelet therapies have
been considered for various mechanisms of ischemia (7,8).
However, the development of effective strategies with which to
restore the blood supply in the ischemic brain tissue continues
to pose a major challenge for stroke treatment (9).
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Over the past years, several strategies have been used in
the treatment of ischemic diseases. These treatments aim to
restore the function of neurons, astroglia and oligodendroglia
due to cerebral artery occlusion. For example, embryonic stem
cells (ESCs) derived from pre-implantation embryos have the
ability of unlimited self-renewal and the potential to differ-
entiate into virtually any cell type. Following implantation
into the cortex with severe focal ischemia in mouse models,
mouse ESCs have been shown to express the surface markers
of neurons, astrocytes and oligodendrocytes, leading to an
improved functional recovery (10). The intrastriatal trans-
plantation of mouse ESC-derived neuron-like cells has also
been shown to improve dopaminergic function in mice with
focal ischemia (11) and to promote the functional recovery
of injured tissues (12-14). In addition, inducible pluripotent
stem cells (iPSCs) have been found to be able to effectively
reduce the total infarct volume and to markedly improve the
behavior of mice with cerebral ischemia induced by middle
cerebral artery occlusion (MCAO) when transplanted with
fibrin glue (15).

Long non-coding RNAs (IncRNAs) are endogenous mole-
cules without protein-encoding capacity. There is increasing
evidence to suggest that IncRNAs play critical roles in
several aspects of ischemic stroke and may thus be used as
therapeutic targets in ischemic stroke (16). Cerebral ischemia
has been found to alter IncRNA transcriptomic profiles in
the microvascular endothelium, leading to the up- and down-
regulation of IncRNAs interacting with transcription factors,
with a potential role in mediating endothelial cell responses to
ischemic stimuli (17). A number of IncRNAs have been found
to be associated with the severity and prognosis of ischemic
stroke, and inflammation (18-20). For example, the levels of
IncNEAT1 have been found to be elevated in cells following
ischemia/reperfusion (I/R), inducing cell apoptosis and
inflammation; the knockdown of IncNEAT1 has been found to
reduce I/R-induced apoptosis (21). In addition, a recent study
demonstrated that FOXD3 antisense RNA 1 (FOXD3-AS1)
was upregulated in response to ischemic injury in cardio-
myocytes (22). The knockdown of FOXD3-AS1 was shown
to attenuate cerebral I/R injury by upregulating Bcl2-like
13 expression (23). These findings suggest that both cell and
gene therapies may provide new opportunities with which to
manage ischemic stroke (24).

Several IncRNAs were found to be significantly upregu-
lated in patients with ischemic stroke, including dihydrofolate
reductase-like 1 (DHFRLI1-4), small nucleolar RNA host
gene 15 (SNHG15) and FAM98A-3, and may thus be used as
novel diagnostic markers and therapeutic targets for ischemic
stroke (25,26). For example, the suppression of SNHG15 has
been found to attenuate I/R injury in SH-SYSY cells (27).
The present study aimed to investigate the effects on and
possible mechanisms of action of DHFRLI1-4 in cerebral I/R
injury in order to explore novel strategies for the treatment of
ischemic stroke. For this purpose, DHFRLI1-4 expression was
examined in a model of I/R injury and was knocked down
using small inferring (si)RNA to investigate the pathological
consequences. The findings presented herein may provide a
new avenue with which to alleviate cerebral I/R injury and
may also facilitate the translation of gene therapy in ischemic
stroke treatment.

Materials and methods

Animals. A total of 30 male mice (weighing 25-30 g) were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd.,
and were exposed to artificial light from 6.00 a.m. to 8.30 p.m.
in rooms with a controlled humidity (50%) and temperature
(22°C) for 7 days before being used in the experiments. The
animals were housed under pathogen-free conditions and were
provided with ad libitum access to a constant pellet diet and
water. The experiments were carried out on mice aged 7 and
10 weeks. Following the completion of experiments, the mice
were euthanized by CO, asphyxiation at a flow rate of 20%
chamber volume per min which was immediately followed by
decapitation. All animal experiments and animal care were
conducted in accordance with the protocols approved by the
Institutional Animal Care and Use Committee of the Second
Xiangya Hospital, Central South University, Changsha, China.
All animal research was performed in accordance with the
ARRIVE guidelines (28).

Reagents, antibodies and instruments. The terminal deoxynu-
cleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL)
assay kit (cat. no. ab66110), antibodies against Wnt family
member 3a (Wnt3a; cat. no. ab219412, 1/1,000), basic fibro-
blast growth factor (bFGF; cat. no. ab92337, 1/1,500), glycogen
synthase kinase-3 (GSK-3f; cat. no. ab32391, 1/1,000),
phosphorylated (p-)GSK-3p (cat. no. ab75745, 1/1,000),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cat.
no. ab8245,1/1,000) and horseradish peroxidase (HRP)-labeled
goat anti rabbit IgG (cat no. ab205719, 1/2,000) were obtained
from Abcam. Rabbit antibody against vascular endothelial
growth factor (VEGF; cat. no. sc-7269, 1/1,000) was obtained
from Santa Cruz Biotechnology, Inc.; the polyvinylidene fluo-
ride (PVDF) membrane (cat. no. IPVH00010) was purchased
from MilliporeSigma; the Novex™ ECL Chemiluminescent
Substrate Reagent kit (cat. no. WP20005), TRIzol® reagent (cat.
no. 15596026), the RevertAid First Strand cDNA Synthesis
kit (cat. no. K1621), TagMan Pre-Amp Master Mix (cat.
no. 4391128) and Lipofectamine™ RNAiMAX Transfection
Reagent (cat. no. 13778030) were all purchased from Themo
Fisher Scientific, Inc.; the ultrasensitive chemiluminescence
imaging system (Chemi Doc™ XRS+) and fluorescence quan-
titative PCR (CFX Connect™) instruments were obtained
from Bio-Rad Laboratories, Inc.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Brain tissue obtained from the mice was homog-
enized using an electric homogenizer and the total RNA was
extracted using TRIzol® reagent (Themo Fisher Scientific,
Inc.) according to the supplier's protocols. cDNA was then
reverse transcribed from 1 pg total RNA using the RevertAid
First Strand cDNA Synthesis kit according to the manufac-
turer's instructions. The reverse transcription reactions were
carried out under the following conditions: 42°C for 60 min;
25°C for 5 min; and 70°C for 5 min. RT-DHFRLI1-4 was
quantified by PCR reactions carried out under the following
cycling conditions: Denaturing for 10 min at 95°C, followed
by 18 cycles, each one consisting of 15 sec at 95°C and 4 min
at 60°C, on a CFX Connect PCR system. The qPCR mixtures
had a final volume of 20 ul and contained 1 pl of template
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cDNA, 0.5 ul of each sense (5"TTACCCAAATAAAGTATA)
and antisense primer (5-ATGGGTGTTGAGCTTGAA), 10 ul
of TagMan pre-amp master mix, and 8 ul of diethyl pyrocar-
bonate (DEPC)-treated water. [3-actin was used as an internal
control with (forward primer, 5-GACGTTGACATCCGTAAA
GACGC; and reverse primer, 5'-CTAGGAGCCAGGGCAGTA
ATCT. Each reaction was repeated for at least three times,
independently. Relative mRNA levels were calculated using
the 224 method (29).

Animal grouping. The mice were randomly divided into the
control (no treatment, n=6), sham-operated (sham; subjected to
a procedure similar to DMCAO, although the carotid arteries
were not ligated with a nylon suture, n=6) and the I/R model
(subjected to DMCAO and carotid artery ligation, n=18) group.
The I/R model group was further divided into the si-NC (I/R
model infected with si-NC RNA, n=6) and the si-DHFRLI1-4
(I/R model infected with si-DHFRL1-4 RNA, n=6) groups.

Transfection. si-NC (5-TUCUCUTGCTUGUCAUACUTT-3")
and si-DHFRLI1-4 (5'-CCUCCUGUCUUGUUCUACUTT-3")
were obtained from Nanjing KeyGen Biotech Co., Ltd. to
knockdown DHFRLI1-4. Mice (n=6) were anesthetized
with pentobarbital sodium (30 mg/kg, Roiland Dingchang
Technology, Co., Ltd.) and fixed on a 69100 Rotational Digital
Stereotaxic Instrument (RWD Life Science Co., Ltd.) to
inject RNA. Before the injection, 50 pl lentivirus si-NC or
si-DHFRL1-4 (10° units/ml) were mixed with an equal volume
of Lipofectamine RNAiMAX transfection reagent according
to the manufacturer's instructions and injected into the lateral
ventricle (0.2 mm posterior to the bregma, 1.0 mm lateral
to the midline and 1.5 mm below the brain surface) using a
microinjector equipped with the stereotaxic instrument at an
injection rate of 10 pl/min. After 24 h later, the mice were used
to construct the model of I/R.

Cerebral I/R model. The cerebral I/R model was constructed
as previously described (30). Briefly, the mice were placed on
heating pads to maintain their core body temperature at 37°C
after being anesthetized with pentobarbital sodium (30 mg/kg)
for the surgery. Distal MCAO (DMCAO) was used to generate
focal cerebral ischemia. To perform DMCAO, a smooth inci-
sion was made along the middle line of the neck to bluntly
separate the left sternocleidomastoid and cervical muscles and
to expose the right common carotid artery. The blood vessels
were pulled out to the trigeminal nerve to expose the carotid
arteries. The right common carotid artery and the proximal
end of external carotid artery were ligated. A small incision
was made on the right common carotid artery at a distance
of 1 cm from the trigeminal point and a silicon-coated nylon
suture (cat. no. 602156PK5Re, Doccol Corporation) was
inserted into the carotid artery to block the blood flow. The
blood flow was monitored using a RFLSI III Laser Speckle
Contrast Imaging System (RWD Life Science Co., Ltd.). After
2 h, the suture was withdrawn to restore the blood reperfusion
for 24 h. Cefazolin antibiotics (25 mg/kg; MilliporeSigma)
were subcutaneously administered immediately following
surgery, and slow-release buprenorphine (1 mg/kg; ZooPharm)
was subcutaneously administered 24 h following surgery. The
mice in the sham-operated (sham) group were treated in an

identical manner, except that DMCAO was not performed with
a silicon-coated nylon suture.

At 24 h after reperfusion, the neurologic deficit was care-
fully scored by a neurologist (one of the authors, WM) who
was blinded to the animal treatments according to a previ-
ously described method (31). Briefly, the mice were held up
gently by the tail one meter above the floor and observed
for forelimb flexion. The mice that extended both forelimbs
toward the floor and had no other neurological deficit were
assigned grade 0, mice with any amount of consistent forelimb
flexion and no other abnormality were graded as 1. Mice with
decreased resistance to lateral push without and with circling
were graded as 2 and 3.

2,3,5-Triphenyltetrazolium chloride (TTC) staining. TTC
staining was used to visualize the infarct area. On day 7, the
mice were deeply anesthetized by an intraperitoneal injection
of 200 pl of sodium pentobarbital and were transcardially
perfused with ice-cold PBS with 0.1% diethylpyrocarbonate
(MilliporeSigma) for 3 min. The sodium pentobarbital method
was used only for extracting brain tissue for TTC staining, as
this was milder procedure and the aim was to maintain the
brain tissue unaltered for TTC staining. The mice were decapi-
tated and the brains were frozen at -80°C for 60 min to dissect
the cerebellum, brain stem and olfactory bulb. The brain
tissues were sliced using a matrix device (Zivic Instruments)
into 2-mm-thick coronal sections. The sections were incubated
in 2% (TTC; MilliporeSigma) solution in the dark at 37°C for
15 min. During this period, the brain slices were turned round
every 5 min. The TTC-stained brain sections were imaged
using a digital camera (Sony HDR-PJ790, Sony Corporation)
for infarct size analyses. The infarct areas were traced using
ImageJ software (version 1.2.1, National Institutes of Health)
as previously described (32).

Hematoxylin and eosin (H&E) staining. H&E staining was
used to visualize tissue damage as previously described (33).
Briefly, the brain tissues were dehydrated through an ethanol
gradient from 70 to 100% and cleared with three changes of
xylene (1 min for each change). The dehydrated tissues were
embedded in paraffin, sectioned to a thickness of 20 um,
dewaxed in xylene overnight and subsequently passed
through 3x10 min 99% ethanol and 2x10 min 96% ethanol
and rehydrated. The sections were immersed in an aqueous
hematoxylin solution (cat. no. H9627, MilliporeSigma) for
3 min at 25°C, differentiated with hydrochloric acid for 15 sec,
rinsed briefly and counterstained with eosin (cat. no. 318906,
MilliporeSigma) for 3 min at 25°C. After rinsing thoroughly
in distilled water and dehydrated as described above, the slides
were cleared with xylene, sealed and examined under a micro-
scope (Olympus CX33, Olympus Corporation).

TUNEL assay. TUNEL assay was carried to examine apop-
tosis in the brain tissue as previously described (34). Briefly,
paraffin-embedded tissue sections were baked at 65°C for
2 h and rehydrated by passing an ethanol serial gradient and
incubated in 1 yg/ml proteinase K (cat. no. 25530049, Thermo
Fisher Scientific, Inc.) in a 10 mM Tris solution (7.5 ul of
20 ug/ul proteinase K in 150 ml 10 mM Tris, pH 7.4-8.0) at
room temperature for 15 min. The slides were then rinsed
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with 1X PBS three times and blot-dried. Subsequently, 100 ul
TUNEL reaction mixture were applied to each slide and the
slides were incubated at 37°C in the dark for 1 h in a humid
chamber according to the supplier's protocols. The slides were
then washed three times with PBS, immersed in 100 mM Tris
buffer (pH 8.2) at room temperature for 5 min, followed by the
addition of 100 pl substrate solution and incubation in the dark
at room temperature for 10 min. The nuclei were counterstained
with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochlo-
ride (DAPI; cat. no. MBDOO015, MilliporeSigma) at 25°C for
1 h. The slides were with then sealed with quenching solu-
tion and observed under a fluorescence microscope (Olympus
BX51, Olympus Corporation).

Western blot analysis. For 10 mg tissue, 300 ul ice-cold radio-
immunoprecipitation assay (RIPA) buffer (MilliporeSigma)
were added and the tissue was homogenized using an elec-
tric homogenizer and agitated for 2 h at 4°C. The lysates
were centrifuged at 16,000 x g for 20 min at 4°C and the
proteins in the supernatant were quantified using the BCA
protein assay kit (Thermo Fisher Scientific, Inc.) according
to manufacturer's instructions. After denaturing by boiling
at 100°C for 5 min, ~50 pg proteins were loaded onto a 12%
sodium dodecyl sulfate polyacrylamide gel and separated by
electrophoresis at a constant voltage of 50 V. The proteins
were then transferred to PVDF membranes by electroblot-
ting in an ice bath at a constant voltage of 24 V. The PVDF
membranes were then blocked with 5% non-fat milk in 1X
Tris-buffered saline with 0.1% Tween-20 (TBST) for 4 h
at room temperature and incubated overnight with primary
antibodies against VEGF, Wnt3a, bFGF, GSK3p, p-GSK3f
and GAPDH at 4°C. The membranes were washed six
times with Tris-buffered saline buffer, then incubated in
HRP-conjugated goat anti-rabbit IgG (H+L) solution at room
temperature for 2 h. The membranes were washed six times
with PBS at room temperature and immunoreactive bands
were visualized using the Novex ECL chemiluminescent
substrate reagent kit in the dark according to the supplier's
protocols. To quantify the proteins, the gray values of the
bands were analyzed using Quantity One (version 4.62)
analysis software (General Electric).

Statistical analysis. All data are expressed as the mean =+ stan-
dard error of the mean (SEM) and were obtained from at least
three independent assays. One-way analysis of variance with
Tukey's post hoc test was used to investigate the differences
among the various groups. Non-parametric ordinal data
obtained for the neurologic deficit scores were analyzed using
the Kruskal-Wallis test followed by Dunn's post hoc tests.
A value of P<0.05 was considered to indicate a statistically
significant difference.

Results

DHFRLI-4 expression is upregulated after I/R modeling and
downregulated after DHFRLI-4 knockdown. The present
study first assessed the expression of DHFRLI-4 in brain
tissue after I/R modeling. The RT-qPCR data revealed that
the mRNA level of DHFRLI1-4 was significantly upregulated
following in the I/R model group as compared with the control
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Figure 1. Relative mRNA level of DHFRL1-4 after I/R modeling and
DHFRLI-4 knockdown in mouse brain tissue. 'P<0.05. DHFRL1-4, dihy-
drofolate reductase-like 1; I/R, ischemia/reperfusion; si-DHFRL1-4, siRNA
lentivirus targeting DHFRL1-4; si-NC, negative control siRNA.

and sham groups (Fig. 1). However, following the injection of
si-DHFRL1-4, the mRNA level of DHFRLI1-4 was signifi-
cantly decreased, although it was still slightly higher (although
not significantly) than that of the control and sham groups. On
the other hand, si-NC and sham operation did not markedly
affect the DHFRL1-4 mRNA level (Fig. 1).

DHFRLI-4 knockdown reduces the I/R-induced infarcted
area and the neurologic deficit score. TTC staining revealed
that following I/R modeling using the DMCAO procedure,
the infarct area was significantly greater in the I/R group as
compared to the control and sham groups, which di not exhibit
an unstained area (Fig. 2). The injection of si-DHFRLI1-4
before the I/R modelling significantly reduced the infarcted
area as compared to the model group without the injection
(P<0.05). On other hand, the injection of si-NC did not reduce
the infarct area as compared to the model group. Similarly, I/R
modelling significantly deteriorated nerve function, leading to
higher neurological deficit scores in the I/R model group as
compared to the control and sham groups (Fig. 2B); however,
the knockdown of DHFRLI1-4 significantly improved nerve
function (Fig. 2B). Of note, no improvement was observed
when si-NC was used (P<0.05; Fig. 2B).

DHFRLI-4 knockdown reduces the I/R-induced degeneration
and necrosis of nerve cells. The present study then assessed
brain tissue injury using H&E staining. The results revealed
that in the control and sham groups, the cells were arranged
in a regular manner, with a relatively uniform size and intact
membranes. The nuclei and nucleoli were clear and visible
(Fig. 3). In the model group however, some necrosis was
observed in the nerve fibers, and the fibers were swollen and
had edema. The number of nerve cells was less in the I/R model
group, than that in the control and sham groups with large
cell-cell gaps. However, following DHFRL1-4 knockdown,
there was markedly less swelling and edema as compared to



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 50: 108, 2022

Control

Sham

I/R model

si-NC

si-DHFRL1-4

Neurologic deficit score
[\~
1

Control
Sham

40 - * *
*k
| 1| I[ﬁ
;\3 30'
©
]
[1:]
5 204
@
B
£
= 10+
0 -
=) £ ° @] ¥
§=] [ o = —
[ = = (s} —_— —
§ * £ ° E
o I
- Q
B

I/R model
si-NC
si-DHFRL1-4

Figure 2. Cerebral infarct area and neurological deficit scores after I/R modeling and DHFRL1-4 knockdown in mice. (A) TTC staining of infarct area. Right
panel, TTC staining results; left panel, infarct area. "P<0.05 and “"P<0.01. (B) Neurological deficit score. “P<0.05, “P<0.05 and and ®P<0.05 compared to
the sham, IR/model and si-NC groups, respectively. DHFRL1-4, dihydrofolate reductase-like 1; I/R, ischemia/reperfusion; si-DHFRL1-4, siRNA lentivirus
targeting DHFRL1-4; si-NC, negative control siRNA; TTC, 2,3,5-triphenyltetrazolium chloride.

the model group; the brain tissue also exhibited less liquefac-
tion and degeneration, and the distribution of nerve cells was
relatively uniform (Fig. 3).

DHFRLI-4 knockdown reduces I/R-induced apoptosis. To
further investigate the mechanisms underlying the reduction
of I/R injury by the knockdown of DHFRLI1-4, apoptosis in
the brain tissue was assessed using TUNEL assay. Compared
with the control and sham groups, there were significantly
more apoptotic cells after [/R modelling (P<0.05). However,
apoptosis was significantly reduced when the mice were
injected with si-DHFRL1-4 before I/R modelling compared
with the model group, although this was still higher than that
in the control and sham groups (P<0.05). On the other hand,
si-NC did not reduce apoptosis (P>0.05; Fig. 4).

DHFRLI-4 knockdown upregulates bFGF and VEGF expres-
sion. Since bFGF and VEGF are key growth factors related
to angiogenesis, the expression of these two genes was exam-
ined in the brain tissue. Western blot analysis revealed that
the expression levels of bFGF and VEGF were significantly
increased after I/R modelling (P<0.05). DHFRL1-4 knock-
down further upregulated these expression levels (P<0.05);
however, si-NC did not alter bFGF and VEGF expression after
I/R modelling (P>0.05; Fig. 5).

DHFRLI-4 knockdown downregulates Wnt3a and GSK-3
expression. In addition, western blot analysis revealed that
the protein levels of Wnt3a, GSK-38 and p-GSK-3f were
significantly upregulated after I/R modelling as compared
with the control and sham groups (P<0.05 and P<0.01).
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si-DHFRL1-4

Figure 3. Hematoxylin and eosin staining of brain tissue after I/R modeling and DHFRL1-4 knockdown in mice. Black and red arrows indicate increased cell
gaps (black arrows) and swollen nerve fibers (red arrows). The insert illustrates swollen nerve fibers as a result of I/R-induced damage at a higher magnification.
DHFRLI1-4, dihydrofolate reductase-like 1; I/R, ischemia/reperfusion; si-DHFRL1-4, siRNA lentivirus targeting DHFRLI1-4; si-NC, negative control siRNA.
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Figure 4. Assessment of apoptosis using TUNEL assay after I/R modeling and DHFRL1-4 knockdown in mice. Right panel, TUNEL assay images; left
panel, apoptotic rates. "P<0.05 and “P<0.01. DHFRLI1-4, dihydrofolate reductase-like 1; I/R, ischemia/reperfusion; si-DHFRLI-4, siRNA lentivirus targeting
DHFRLI1-4; si-NC, negative control siRNA; TUNEL, terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling.

After DHFRL1-4 knockdown, the Wnt3a and GSK-3p
levels were reduced; however, the p-GSK-3f level was not
altered, resulting in an increased p-GSK-3/GSK-3f ratio
(P<0.01; Fig. 6). On the other hand, si-NC did not affect the
protein levels compared with the I/R model group (P>0.05;
Fig. 6).

Discussion

Despite recent advances being made in innovative treat-
ment strategies, ischemic stroke remains one of the leading
causes of mortality and disability worldwide. The present
study attempted to explore whether IncRNAs can be used to
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Figure 5. Expression of bFGF and VEGF after I/R modeling and DHFRL1-4
knockdown in mice. (A) Upper panel, representative western blots;
(B) lower panel, relative protein levels. "P<0.05. DHFRLI1-4, dihydrofolate
reductase-like 1; I/R, ischemia/reperfusion; si-DHFRL1-4, siRNA lentivirus
targeting DHFRL1-4; si-NC, negative control siRNA; bFGF, basic fibroblast
growth factor; VEGEF, vascular endothelial growth factor.

attenuate I/R-induced brain injury in a mouse model. It was
found that the expression of DHFRLI1-4 was upregulated in
the model of I/R and DHFRLI1-4 knockdown reduced I/R
injury, degeneration and the necrosis of brain cells and apop-
tosis and improved neurological function. Molecular analysis
revealed that following DHFRL1-4 knockdown, bFGF and
VEGEF expression levels were upregulated, and Wnt3a and
GSK-3p expression levels were downregulated. These findings
suggest that DHFRL1-4 may be further explored as a potential
treatment target and avenue for ischemic stroke.

There is mounting evidence to indicate that IncRNAs play
crucial roles in the occurrence and progression of solid tumors,
atherosclerosis, blinding retinopathy and other diseases (35,36).
A number of IncRNAs, including DHFRL1-4, have been found
to be related the prognosis of ischemic stroke (18-20). Recent
studies have demonstrated that several IncRNAs are upregu-
lated in patients following ischemic stroke (25,26); however,
whether the manipulation of IncRNA expression can be used
to affect disease remains largely unclear. In the present study,
it was found that following I/R, the expression of DHFRLI1-4,
which was upregulated in ischemic stroke patients (25),
was significantly upregulated. This is in accordance with
the findings of a previous study (25). Therefore, the present
study attempted to knockdown the expression of DHFRLI1-4
to examine its biological impact on I/R-induced injury
using si-DHFRLI1-4. The experimental data revealed that
the DHFRLI1-4 expression level was significantly decreased
after the mice were injected with si-DHFRL1-4; however, it
remained unaltered after the injection with si-NC, indicating
that the knockdown was DHFRLI1-4-specific. The examina-
tion of the infarct size revealed that there was significantly

less injury after DHFRL1-4 knockdown with si-DHFRLI1-4
as compared to the controls (si-NC), suggesting that the
knockdown of DHFRLI1-4 could attenuate I/R-induced injury.
Furthermore, the neurological tests demonstrated that the
mice injected with si-DHFRL1-4 behaved more normally as
compared with the controls, suggesting that si-DHFRLI1-4
could prevent damage to the nervous system. Cellular analysis
revealed that I/R modelling resulted in the occurrence of
necrosis and apoptosis in brain cells. However, in the mice
injected with si-DHFRLI1-4, there were significantly less
necrotic cells and less apoptotic cells as compared with the
control group. Taken together, these findings indicated that the
knockdown of DHFRL1-4 significantly alleviated I/R-induced
injury and may be further explored for ischemic stroke
management.

Angiogenesis occurs within 4 to 7 days following cerebral
ischemia in the border of the ischemic core and periphery.
Therefore, it plays a crucial role in ischemic stroke and may
facilitate functional recovery following ischemic stroke (37);
thus, it may be one of the mechanisms underlying the observed
protective role by DHFRL1-4 knockdown in the present study.
The angiogensis of endothelial cells is regulated by a number
of angiogenic genes, including bFGF (38) and VEGF (39,40).
bFGF is one of the earliest, most extensively studied and most
widely used fibroblast growth factors in the FGF family. It
has potent angiogenesis-promoting activity. In the case of
tissue injury, it can promote angiogenesis, provide nutrition
for wound healing, and enhances the proliferation, migration
and survival of endothelial cells (41,42). VEGF facilitates the
proliferation and migration of endothelial cells after binding
with kinase insert domain-containing receptor kinase in
vascular endothelial cells (43,44). The present study demon-
strated that the expression of bFGF and VEGF was significantly
increased following I/R compared with the controls and was
further upregulated following DHFRLI1-4 knockdown; this
suggests that one of the mechanisms underlying DHFRL1-4
mediated-protection may be associated with increased
angiogenesis. However, the exact mechanisms through which
DHFRLI1-4 interacts with these angiogenesis-related factors
remain to be elucidated.

A number signaling pathways have been implicated in
I/R-induced injury and ischemic stroke, such as the PI3K/Akt
pathway (45), the Notch signaling pathway (46) and the Wnt
signaling pathway (47). The Wnt signaling pathway is a
well-studied signaling pathway, which is involved in the prolif-
eration, differentiation and axon formation of neural stem
cells, and plays a critical role in cerebral vascular regenera-
tion and remodeling (48). Previous research has demonstrated
that Wnt/p-catenin signaling is involved in the mesenchymal
stem cell-induced increase in the survival and neuronal differ-
entiation of neuronal progenitor cells, and plays a main role
in injury repair and neurovascular remodeling in ischemic
stroke (49). It was also previously demonstrated that the Wnt
signaling pathway was activated in rats when ischemic stroke
occurred, leading to increased GSK-f3 phosphorylation (50,51).
GSK-3p has been implicated in various diseases, including
inflammation, neurodegenerative disease, diabetes and
cancers, and is involved in several signal pathways, including
the Wnt/B-catenin signaling pathway (52). The present study
also found that the levels of Wnt3, GSK-f§ and p-GSK-f3 were
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Figure 6. Expression of Wnt3a, GSK-3p and p-GSK-3f after I/R modeling and DHFRL1-4 knockdown in mice. (A) Representative western blots; (B-D) rela-
tive protein levels; (E) p-GSK3/GSK3 ratio. “P<0.05 and “P<0.01. DHFRLI1-4, dihydrofolate reductase-like 1; I/R, ischemia/reperfusion; si-DHFRLI1-4,
siRNA lentivirus targeting DHFRLI1-4; si-NC, negative control siRNA; Wnt3a, Wnt family member 3a; GSK-3p, glycogen synthase kinase-3(.

upregulated after I/R modelling. However, the levels of Wnt3
and GSK-p were downregulated following DHFRLI1-4 knock-
down, suggesting that DHFRL1-4 regulated the expression
of the Wnt/B-catenin signaling pathway. In a previous study,
the accumulation of p-GSK-B/GSK-f was observed in murine
models of cerebral ischemia following treatment with tanshinol
borneol ester, a synthetic therapeutic agent for ischemic
stroke (53) and the activation of GSK3p/Nrf-2 signaling was
associated with improved cerebral I/R-mediated injury (54).
These results, however, are in contrast with the observations
of the present study that Wnt3 and GSK-f expression levels
were downregulated after DHFRL1-4 knockdown, in spite of
improved I/R injury. Therefore, further studies are required to
elucidate this discrepancy.

In the present study, it was found that VEGF, bFGF and
pGSK were expressed in all treatment groups, including the
controls. It is likely that these proteins have different levels of
background expression and can be regulated by various biolog-
ical and mechanical stimuli. For example, p-GSK is expressed
in rat intestinal epithelial cells (55) and in an I/R model of
ischemic stroke (56). As a potent stimulator of angiogenesis,
VEGEF is expressed in multiple cell types and its expression
is regulated developmentally (57) and by a number of factors,
such as metallothionein-III (58), osteoarthritis (59) and can
also be upregulated by vascular damage and in wounds (60,61).
bFGF is also expressed in non-wound tissue, and its expres-
sion can be upregulated during the wound healing process by

treatment with collagen extract (62) and kefir (63), and even
by surgical debridement (64). As a IncRNA, DHFRLI-4 may
regulate the expression of these genes via its interaction with
microRNAs, or serving as a scaffold for modifying protein
complexes (65). It may also alter the chromatin conformation
of spatially related genes to regulate their expression (66).
However, the exact mechanisms through which DHFRL1-4
regulates the expression of VEGF, bFGF and pGSK remain to
be investigated.

In conclusion, the present study demonstrated that
DHFRLI1-4 was upregulated in I/R-damaged brain tissue and
DHFRLI1-4 knockdown reduced I/R-induced apoptosis, and
attenuated neurological deficits and the degeneration of brain
cells. This attenuation may be partially attributed to the upreg-
ulation of angiogenesis-related genes and the downregulation
of the Wnt signaling pathway, although specific underlying
mechanisms remain to be elucidated.
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