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Abstract

Purpose: To investigate the effect of Twist family basic helix-loop-helix transcription factor 1 (TWIST1)
on intracranial aneurysmes.

Methods: A rat model of intracranial aneurysm was established by ligating the posterior branches of
both the renal and left common carotid arteries. Pathological changes in the intracranial arterial wall
were investigated using hematoxylin-eosin staining. TWIST1 expression was assessed using
quantitative reverse transcription polymerase chain reaction (QRT-PCR) and western blot, while
vascular smooth muscle cell apoptosis was investigated by terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) staining. Inflammation was evaluated using enzyme-linked immunosorbent
assay (ELISA).

Results: Rats with intracranial aneurysms had degenerative changes in vessel wall structure. In
intracranial aneurysm rats, TWIST1 was upregulated in arterial wall sections, and TWIST1 knockdown
ameliorated the pathological changes to the arterial wall. TWIST1 silencing reduced serum tumor
necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) levels and suppressed vascular smooth muscle
cell apoptosis in rats with intracranial aneurysms. TWIST1 knockdown increased phospho (p)-inhibitor
of nuclear factor-kB (IkB) and decreased IkB and p-p65 in intracranial aneurysm rat arterial wall
sections.

Conclusion: In intracranial aneurysms, silencing TWIST1 promoted vascular remodeling and
suppresses vascular smooth muscle cell apoptosis and inflammation through inactivating NF-kB
signaling, revealing TWIST1 silencing as a potential treatment strategy.
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INTRODUCTION hemorrhage, and death [2]. The mechanisms of
intracranial aneurysm initiation and progression
Intracranial aneurysm is a cerebrovascular are unclear, and consequently, there are

disorder characterized by the expansion or
dilation of blood vessels in the brain [1].
Intracranial aneurysm rupture results in serious
complications such as vasospasm, subarachnoid

currently no effective treatments for the disease
[3]. Therefore, determining the mechanisms of
pathogenesis involved in intracranial aneurysm
progression is urgently required.
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Pathological vascular remodeling and
inflammation are implicated in intracranial
aneurysm pathogenesis [4]. Vascular

inflammation and other stimuli alter physiological
hemodynamics in the cerebrovascular system,
promote vascular smooth muscle cell apoptosis
and migration, and activate vascular remodeling,
which leads to intracranial aneurysm initiation
and progression [4]. Therefore, inhibiting
vascular inflammation and vascular smooth
muscle cell apoptosis is a potential strategy for
preventing intracranial aneurysms [4].

Twist family basic helix-loop-helix (BHLH)
transcription factor 1 (TWIST1) participates in
mesoderm  specification and differentiation
through binding to the nuclear distribution protein
nudE homolog 1 (Nde1) E-box element of target
genes [5]. Furthermore, TWIST1 is responsible
for the migration, invasion, and epithelial-
mesenchymal transformation of distinct cancer
cells [5]. TWIST1 is an etiological gene of
common vascular diseases [6]. Additionally,
TWIST1 promotes the proliferation of smooth
muscle cells during the progression of pulmonary
hypertension [7] and is associated with the
phenotypic modulation of vascular smooth
muscle [8]. TWIST1 also induces endothelial cell
proliferation and inflammation [9]. Therefore,
TWIST1 may be involved in intracranial
aneurysm progression. In this study, a rat model
of intracranial aneurysm was established, and
the effects of TWIST1 on vascular inflammation
and vascular smooth muscle cell apoptosis were
subsequently assessed.

EXPERIMENTAL
Intracranial aneurysm animal models

Male Sprague-Dawley rats (40 rats, 6 - 8 weeks
old, and 200 - 300 grams in weight) were
purchased from Shanghai SLAC Laboratory
Animal Co. Ltd., (Shanghai, China). The rats
were divided into sham (n = 10) and intracranial
aneurysm (n = 30) groups. Experiments involving
rats were approved by the Ethics Committee of
Jiangxi Pingxiang People's Hospital (approval
no. 2021022) and were conducted in accordance
with the principles of the National Institutes of
Health Laboratory Animal Care and Use
Guidelines [10]. Rats in the model group were
anesthetized by an intraperitoneal injection of 3%
pentobarbital sodium, and the neck was incised
to separate the subcutaneous connective tissue.

The external carotid artery was then isolated,
ligated, and dissected. The right pterygopalatine
artery was subsequently exposed and ligated,

and the left common carotid artery was then
isolated and ligated with a 5-0 surgical suture.
The backs of the rats were incised, and the
kidneys were pushed out. The renal capsule was
separated, and the renal vein was exposed. The
posterior branches of both renal arteries were
ligated with a 7-0 surgical suture, and the
muscularis and skin were subsequently sutured.
The intracranial aneurysm rat model was
confirmed using hematoxylin-eosin staining. Rats
in the sham group had the right carotid
bifurcation and bilateral renal arteries exposed
without ligation. Rats with intracranial aneurysms
were then divided into three groups: the
intracranial aneurysm group (n = 10), the
intracranial aneurysm with shTWIST1 group (n =
10), and the intracranial aneurysm with shNC
group (n = 10). TWIST1-targeting short hairpin
(sh) RNA (shTWIST1) and the negative control
(shNC) were synthesized by Sangon Biotech Co.
Ltd, (Shanghai, China) and were constructed into
a lentiviral vector. Lentiviral vectors were then
transfected into HEK-293T cells that package
viral particles. The produced viral particles (1 x
108 transduction units) were injected into the rats
through the caudal vein daily after the surgical
induction. After 4 weeks of injections, the rats
were anesthetized, and the intracranial cerebral
aneurysm tissues were collected.

Hematoxylin-eosin staining

Intracranial cerebral aneurysm tissues were fixed
in 4 % paraformaldehyde and embedded in
paraffin. The tissues were then cut into 4 ym-
thick sections. The sectioned tissues were
dewaxed in xylene, dehydrated in gradient
alcohol, and subsequently stained with
hematoxylin (Solarbio, Beijing, China). Sections
were then stained with eosin (Solarbio) and
examined under an optical microscope
(Shanghai Caikon Optical Instrument Co., Ltd,
Shanghai, China).

Terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) staining

Arterial wall sections were dewaxed in xylene,
dehydrated in gradient alcohol, and subsequently
incubated with Proteinase K (20 mg/mL; Sigma-
Aldrich, St. Louis, MO, USA). The sections were
then immersed in phosphate buffered saline with
0.5% H202 and incubated with 50 pL of TUNEL
from the TUNEL in situ cell death assay kit
(Roche, Basel, Switzerland). Following
counterstaining with DAPI, the number of
TUNEL-positive cells was counted under a
microscope (Olympus, Tokyo, Japan).
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Quantitative reverse transcription-PCR (qRT-
PCR)

RNAs were isolated from arterial wall sections
using the TRIzol kit (Invitrogen, Carlsbad, CA,
USA) and were then reverse-transcribed into
cDNAs. The PreTaq Il kit (Takara, Dalian,
Liaoning, China) was used for qRT-PCR
analyses of TWIST1, IL-6, and TNF-a. The
primer sequences are shown in Table 1.
Expression levels of TWIST1, IL-6, and TNF-a
were normalized to GAPDH.

Enzyme-linked immunosorbent assay (ELISA)

Rat blood samples were collected from the
abdominal aorta and centrifuged at 1000 x g to
obtain serum samples. Serum levels of TNF-a
and IL-6 were measured using commercial
ELISA kits (Thermo Fisher Scientific, Waltham,
MA, USA).

Western blot

Total proteins were extracted from intracranial
cerebral aneurysm tissues using Western
Blotting Lysis Buffer (Beyotime, Beijing, China)
and were then separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were electro-transferred onto
PVDF membranes and blocked in 5% BSA, and
the membranes were subsequently incubated
overnight at 4 °C with the following primary
antibodies:  anti-TWIST1 and  anti-B-actin
(1:1500, Abcam, Cambridge, UK), anti- apoptosis
regulator BAX (Bax) and anti-B-cell lymphoma 2
(Bcl-2) (1:2000, Abcam), anti-cleaved caspase-3
(1:2500, Abcam), anti-p65 and anti-p-p65
(1:3000, Abcam), anti-inhibitor of nuclear factor-
kB (IkB) and anti-phospho (p)-IkB (1:3500,
Abcam). Membranes were then incubated with

horseradish  peroxidase-labeled  secondary
antibody (1:4500; Abcam) and enhanced
chemiluminescence (KeyGen, Nanjin, China)

before analyzing the immunoreactivities.
Statistical analysis

The data are expressed as mean * standard
error of the mean (SEM) (n = 3), and were

analyzed by Student’s ¢ test or one-way analysis

Table 1: Primers for qRT-PCR

of variance (ANOVA) using Statistical Package
for the Social Sciences (SPSS) software, version
11.5. A p value of < 0.05 was considered
statistically significant.

RESULTS

TWIST1 knockdown ameliorates pathological
changes in the intracranial arterial wall in rats
with intracranial aneurysms

TWIST1 was upregulated in intracranial cerebral
aneurysm tissues of rats with intracranial
aneurysms compared to the sham group (Figure
1 A and B). Furthermore, the intracranial
aneurysm rat model had thinner aneurysm walls
than the sham group rats, suggesting that
aneurysms were formed in the intracranial
aneurysm rat model (Figure 1 C). Additionally,
rats with intracranial aneurysms had expanded
vascular walls and enlarged cerebral arteries
(Figure 1 C). However, injection with shTWIST1
viral particles reduced TWIST1 expression
(Figure 1 A and B), which ameliorated the
previously observed degenerative changes to the
vessel wall structure (Figure 1 C). Therefore,
TWIST1 silencing promoted vascular remodeling
in the intracranial aneurysm rat model.

Vascular smooth muscle cell apoptosis is
suppressed by TWIST1 silencing

The number of TUNEL-positive vascular smooth
muscle cells was higher in intracranial aneurysm
model rats compared to the sham group rats
(Figure 2A). Additionally, TWIST1 knockdown
decreased the number of TUNEL-positive cells,
indicating that cell apoptosis was suppressed
(Figure 2 A). Moreover, Bcl-2 protein expression
was reduced and Bax and cleaved caspase-3
protein expression were increased in the
intracranial cerebral aneurysm tissues of rats
with intracranial aneurysms (Figure 2 B).
Furthermore, in the intracranial aneurysm rats,
knockdown of TWIST1 increased Bcl-2
expression and decreased Bax and cleaved
caspase-3 expression (Figure 2 B). These results
suggest that TWIST1 silencing has an anti-
apoptotic role in intracranial aneurysms.

Gene Forward (5°-3’) Reverse (5’-3’)

TWIST1 AGCAAGATTCAGACCCTCAAGC CTCCATCCTCCAGACCGAGA

IL-6 GGATACCACTCCCAACAGACCT CAAGTGCATCATCGTTGTTCATAC
TNF-a TATGGCTCAGGGTCCAACTC GGAAAGCCCATTTGAGTCCT
GAPDH TCAACGACCACTTTGTCAAGCAGAGT  GCTGGTGGTCCAGGGGTCTTACT
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Figure 1: TWIST1 knockdown ameliorates the
pathological changes to the intracranial arterial wall in
rats with intracranial aneurysms. (A) TWIST1 mRNA
expression was upregulated in intracranial cerebral
aneurysm tissues of rats with intracranial aneurysms
compared to the sham group, and injection with
shTWIST1 reduced TWIST1 expression. (B) TWIST1
protein expression was upregulated in intracranial
cerebral aneurysm tissues of rats with intracranial
aneurysms compared to the sham group, and injection
with shTWIST1 reduced TWIST1 expression. (C)
Injection with shTWIST1 ameliorated the degenerative
changes in vessel wall structure in rats with
intracranial aneurysms. ** vs. sham or IA + shNC p <
0.01
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Figure 2: TWIST1 silencing suppresses vascular
smooth muscle cell apoptosis. (A) Injection with
shTWIST1 reduced the number of TUNEL-positive
vascular smooth muscle cells in rats with intracranial
aneurysms. Injection with shTWIST1 increased Bcl-2
protein expression while decreasing the expression of
Bax and cleaved caspase-3 in rats with intracranial
aneurysms; **p < 0.01 vs. sham or IA + shNC

Vascular inflammation
silencing TWIST1

is suppressed by

TNF-a and IL-6 mRNA expression were
upregulated in rats with intracranial aneurysms
(Figure 3 A), while silencing TWIST1 resulted in
downregulated TWIST1 expression (Figure 3 A).
Furthermore, TWIST1 silencing reduced the
upregulated serum levels of TNF-a and IL-6 in
rats with intracranial aneurysms (Figure 3 B),
indicating that TWIST1 silencing has an anti-
inflammatory effect on intracranial aneurysms.
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Figure 3: TWIST1 silencing suppresses vascular
inflammation. (A) Injection with shTWIST1 decreased
mRNA expression levels of TNF-a and IL-6 in rats with
intracranial aneurysms. (B) Injection with shTWIST1
decreased serum levels of TNF-a and IL-6 in rats with
intracranial aneurysms; **p < 0.01 vs. sham or |IA +
shNC

TWIST1 silencing suppresses the activation
of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) signaling

There was no significant difference in p65 protein
expression between intracranial aneurysm rats
and sham-operated rats (Figure 4). Injection of
shTWIST1 also had no significant effect on p65
expression (Figure 4). However, p-p65 increased
in rats with intracranial aneurysms compared to
the sham-operated rats (Figure 4), but p-p65 was
decreased during TWIST1 knockdown (Figure 4).
Furthermore, TWIST1 silencing enhanced IkB
expression and reduced p-IkB in rats with
intracranial aneurysms (Figure 4), revealing that
TWIST1 silencing suppressed the activation of
NF-kB signaling in intracranial aneurysms.

DISCUSSION

Genome-wide genotyping and transcriptomic
analyses have revealed that TWIST1 expression
is involved in vascular smooth muscle cell
calcification and proliferation [6]. Furthermore,
vascular smooth muscle cell proliferation,
apoptosis, and migration influence pathological
vascular remodeling and contribute to intracranial
aneurysm progression [4].
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Figure 4: TWIST1 silencing suppresses the activation
of NF-kB signaling. TWIST1 knockdown in rats with
intracranial aneurysms enhanced IkB expression and
reduced p-IkB and p-p65 compared to the shNC
control rats; **p < 0.01 vs. sham or IA + shNC

This study investigated the effects of TWIST1 on
apoptosis, vascular remodeling, and
inflammation in intracranial aneurysms.

It has been previously shown that TWIST1 is
upregulated in carotid injury model rat vessels
[8]. Results in our study coincide with this, as
TWIST1 was highly expressed in the aneurysm
walls of rats with intracranial aneurysms
compared to the sham-operated rats.
Pathological conditions induced by ligation of the
posterior branches of both renal arteries and left
common carotid arteries alter the cerebral
vasculature blood flow, accelerate extracellular
matrix degradation, and induce vascular smooth
muscle cell apoptosis and migration [11].

Vascular smooth muscle apoptosis and migration
results in the loss of the arterial wall smooth
muscle layer, leading to the initiation of vascular

remodeling during intracranial  aneurysm
development [12]. Furthermore, inhibiting
vascular smooth muscle cell apoptosis
suppresses  vascular remodeling, which

contributes to the intervention of intracranial
aneurysms [11]. TWIST1 also regulates smooth
muscle cell homeostasis [8]. In our study,
TWIST1 knockdown ameliorated the integrity of
the tunica intima and the structure of vascular
smooth muscle cells, as well as alleviated
intracranial aneurysm progression. Moreover,
TWIST1 silencing increased Bcl-2 protein
expression and decreased Bax and cleaved
caspase-3 protein expression, inhibiting vascular
smooth muscle cell apoptosis in rats with
intracranial aneurysms. However, the effects of
TWIST1 on vascular smooth muscle cell
proliferation and migration, as well as

extracellular matrix production, warrant further
investigation.

Inflammatory responses stimulate vascular
smooth muscle cell apoptosis and impair vessel
structural integrity, leading to local arterial wall
dilation during aneurysmal pathogenesis [13].
Infiltration of macrophages, monocytes, or
leukocytes into the vascular wall and subsequent
endothelial damage promotes the release of
proinflammatory factors, such as TNF-a, IL-1,
and interferon-y, activating apoptotic signaling in
vascular smooth muscle cells [14]. Furthermore,
the suppression of vascular inflammation
represses cerebral aneurysm development [15].

TWIST1 induces endothelial cell inflammation
and participates in vascular leakiness in
atherosclerosis [9]. In this study, TWIST1
knockdown reduced TNF-a and IL-6 mRNA
expression and serum levels, as well as
inflammation, in rats with intracranial aneurysms.

NF-kB signaling is essential for the expression of
intercellular adhesion molecules and
proinflammatory molecules. Furthermore, NF-kB
signaling regulates the inflammatory, migrative,
and apoptotic responses of vascular smooth
muscle cells. Inhibition of NF-kB signaling
suppresses the inflammatory response and
reduces intracranial aneurysm formation and
rupture [16]. The tryptophan-arginine (Trp-Arg)
domain of TWIST1 binds to the NF-kB subunit

transcription factor p65 (RELA) to regulate
interleukin-8 (IL-8) production [17]. TWIST1

promotes the activation of NF-kB signaling to
induce the epithelial-mesenchymal transition of
papillary thyroid carcinoma [17]. This study
shows that injection of shTWIST1 enhanced the
expression of the NF-kB inhibitor, IkB, while

reducing p-p65 in rats with intracranial
aneurysms, indicating that TWIST1/NF-kB is
potentially involved in intracranial aneurysm

progression.

CONCLUSION

The findings of this study demonstrate that
TWIST1 silencing promotes vascular remodeling
while suppressing vascular smooth muscle cell
apoptosis and inflammation by inactivating NF-
KB signaling. Therefore, TWIST1 has a potential
as a novel therapeutic target to treat intracranial
aneurysms.
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