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Upregulated 14-3-33 aggravates restenosis by promoting
cell migration following vascular injury in diabetic
rats with elevated levels of free fatty acids
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Abstract. Mono-unsaturated free fatty acids (FFAs) can
serve as a predictive indicator of vascular restenosis following
interventional therapy, particularly in individuals with
high-fat diet-induced type 2 diabetes. However, the pathogenic
mechanism remains to be fully elucidated. In the present
study, the levels of tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein § (YWHAB; also known
as 14-3-3p), in vascular smooth muscle cells (VSMCs) treated
with different concentrations of oleic acid (OA) were exam-
ined by reverse transcription-quantitative polymerase chain
reaction and western blot analyses. The migration of VSMCs
was examined using wound-healing and Transwell migra-
tion assays. The protein distribution of B-cell lymphoma 2
(BCL-2)-associated death promoter (BAD) in VSMCs
treated with OA was examined by immunofluorescence and
western blot analyses. In in vivo experiments, the carotid
artery morphology of rats in different groups was assessed at
14 days post-injury by non-invasive ultrasonographic imaging
and confirmed by histological staining. The expression of
YWHAB was upregulated by OA in a concentration-dependent
manner in VSMCs. In the in vivo experiments, carotid stenosis
was more serious among high-FFA diabetic rats. However,
silencing of YWHAB significantly alleviated carotid
neointimal hyperplasia among the diabetic rats with elevated
FFA levels. In addition, YWHARB silencing alleviated the
migration of OA-treated VSMCs and increased translocation
of the BAD protein from the cytoplasm to the mitochondria. In
conclusion, the results showed that FFA-induced upregulation
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of YWHAB was involved in neointimal hyperplasia by
enhancing the migration of VSMCs following carotid artery
injury. The inhibition of YWHAB may serve as a novel poten-
tial pharmacological target for preventing vascular restenosis
following interventional therapy in diabetic individuals with
high FFA levels.

Introduction

Over 300,000,000 individuals have type-2 diabetes mellitus
(T2DM) worldwide (1). T2DM magnifies the morbidity
and mortality rates of cardiovascular diseases, including
neuropathy, retinopathy and peripheral artery disease (2).
Revascularization by endovascular techniques has become a
preferred therapeutic option for these patients (3). However,
vascular restenosis is considered to be the leading problem
following interventional therapy (4). T2DM has also been
reported to be a high risk factor for vascular restenosis
following angioplasty (5). Excessive mono-unsaturated free
fatty acids (FFAs), mostly induced by an imbalance between
caloric intake and energy expenditure, contributes to insulin
resistance and is highly associated with the prevalence of
T2DM (6). Elevated levels of FFAs have also been considered
the earliest and most sensitive risk factor for cardiovascular
complications (7). FFA levels have been found to vary between
29.4 and 5.23% among T2DM and non-T2DM cohorts (8).
Although the association between T2DM and vascular reste-
nosis is known, limited investigations of whether elevated FFA
levels exacerbate this process, and the underlying mechanism,
has been performed.

In general, abnormal growth of the intimal layer of blood
vessels in response to injury is a key event in the develop-
ment of vascular restenosis (9). During this process, excessive
migration and proliferation of vascular smooth muscle cells
(VSMCs) is an important step in neointimal formation and
vascular remodeling in vivo (10,11). Endovascular therapies
induce endothelial denudation and VSMC exposure to
inflammatory factors/cytokines, leading to the differentiation
and migration of VSMCs (12). Owing to hyperglycemia in
diabetes, the delayed repair of vascular endothelial cells (ECs)
increases the risk of VSMC migration to the intima (13). In
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addition to high glucose toxicity, carotid artery stenosis is
exacerbated in diabetic rats with higher levels of FFAs (14).
Oleic acid (OA) is one of the most common FFAs in the blood
of patients with diabetes, and a previous study demonstrated
that excessive OA has an effect on vascular restenosis (15). To
explain the association between high FFA levels and cardio-
vascular complications, OA is considered lipotoxic and is used
to mimic high FFA content in in vitro experiments (16).

A thorough understanding of the mechanism underlying
the association between FFA accumulation and VSMC
migration in the development of vascular restenosis may
provide clues for preventing or alleviating this pathological
process. Our previous study demonstrated that tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein fp (YWHAB; also known as 14-3-3f3), was upregulated
in ECs and was involved in neointimal hyperplasia in rats
with diabetes induced by streptomycin alone (17). However,
as YWHAB is non-specifically expressed in vivo, the role of
YWHAB in VSMC migration and neointimal hyperplasia
following injury remains to be elucidated. Therefore, the
present study examined the role of YWHAB in vascular
restenosis following carotid balloon injury in diabetic rats
with high FFA levels. Furthermore, in vitro experiments
were performed to understand the effect of YWHAB on
FFA-induced VSMC migration. Finally, as YWHAB may
exert a pro-survival effect by targeting the pro-apoptotic
B-cell lymphoma 2 (BCL-2)-associated death promoter (BAD)
protein, the effect of YWHAB on the subcellular localization
of BAD was investigated.

Materials and methods

VSMC culture and infection. To determine an optimal OA
concentration (Sigma-Aldrich; EMD Millipore, Billerica,
MA, USA) for use in experiments in the present study,
VSMCs (American Type Culture Collection, Manassas, VA,
USA) were cultured in Dulbecco's modified Eagle's medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.) and 0, 0.05,0.1,0.2, or 0.3 mM
OA. In another set of experiments, the VSMCs were cultured
in DMEM supplemented with 10% and containing 5.6, 10,
15, 25, or 35 mM glucose. Once the cells had reached at
least 70% confluency, they were harvested and subjected
to western blot analysis, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analysis, or a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. To mimic the diabetic internal environment
in vitro, VSMC:s treated with 0.2 mM OA plus 25 mM glucose
were infected with a recombinant lentiviral vector expressing a
short interfering RNA (siRNA) targeting YWHAB (sequence,
GCUACAAAAAGUGCAUUUUGC; YWHAB-Lv) or with
a control vector (Mock-Lv). YWHAB-Lv and Mock-Lv were
provided by Professor Wheeler (Department of Physiology and
Medicine, University of Toronto, Toronto, Ontario, Canada).

Animal protocols. The present study conformed to the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NTH Publication no. 85-23,
revised 1996). Male, 8-week-old male Sprague-Dawley (SD)
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rats (Shanghai SIPPR-Bk Lab Animal Co., Ltd., Shanghai,
China) weighing 153.8+12.4 g were randomly separated into
five groups (n=12 per group), namely the normal, diabetic,
high-fat diet, high-FFA diabetic, and YWHAB-silenced
groups, based on the treatments they received. All rats were
housed at a controlled temperature of 25°C under a 12 h
light/dark cycle with ad libitum access to food and water. The
rats in the normal and diabetic groups were fed a regular diet
(60% carbohydrates, 22% proteins, 10% fats), whereas the rats
in the high-fat diet, high-FFA diabetic, and Y WHAB-silenced
groups were fed a high-fat diet (50% carbohydrates, 13%
proteins, 30% fats). After 6 weeks, the rats in the diabetic,
high-FFA diabetic, and YWHAB-silenced groups were
injected intraperitoneally with 30 mg/kg freshly prepared
streptozotocin (STZ) solution (in 0.05 M citrate buffer, pH 4.4)
to induce hyperglycemic symptoms, whereas the rats in the
normal and high-fat diet groups received only the vehicle. At
3 days post-injection, the rats were fasted for 8 h, and fasting
blood glucose (FBG) levels were measured in blood samples
collected from the tail veins. Irrespective of whether the FFA
level was elevated, rats with an FBG >11.1 mmol/l were consid-
ered diabetic. For viral infection, 100 ul of either Mock-Lv
or YWHAB-Lv (10® TU/ml) was then injected into the tail
vein of rats in the high-FFA diabetic and YWHAB-silenced
groups, respectively. At 2 weeks post-infection, six rats from
each group were examined by non-invasive ultrasonography of
the carotid arteries and then sacrificed for histomorphological
analysis. The remaining rats were anesthetized with isoflurane.
A 2-French balloon catheter (Edwards Lifesciences, Irvine,
CA, USA) was inserted through the left external carotid artery
into the common carotid artery and insufflated three times
with 2 atm pressure. Following injury, the external carotid
artery was rapidly ligated, and blood flow was resumed. The
carotid arteries of all rats were examined by ultrasonography,
and the rats were sacrificed at 14 days post-injury.

Ultrasonographic measurement of carotid arteries in vivo.
Vascular ultrasonographic examination of the carotid arteries
was performed in live rats using an ultrasonic diagnostic
instrument (Mylab 90, Esaote, Genoa, Italy), which was
operated by an experienced ultrasonographic technician. The
rats were anesthetized with isoflurane and fixed on a mobile
platform. Images of the carotid artery morphologies were
captured longitudinally using 13 MHz linear-array transducers
on day 14 following carotid balloon injury.

Serum biochemical assays. The body weights and FBG
levels were measured prior to the rats being sacrificed. Blood
samples were collected from the tail vein. Total cholesterol
(TC), FFAs, total triglyceride (TG), total low-density lipo-
protein cholesterol (LDL-C), alanine transaminase (ALT),
and aspartate transaminase (AST) from serum were assessed
using enzyme-linked immunosorbent assay kits (Kehua
Bio-engineering Co., Ltd., Shanghai, China).

Histomorphological and immunohistochemical staining. The
injured segments of the left common carotid artery and the
intact right carotid artery were dissected from the surrounding
tissues, fixed in 10% formalin, embedded in paraffin, and
stained with hematoxylin and eosin. The intimal and medial
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areas were measured using an image analyzer under a fluores-
cence microscope (Jenoptik, Jena, Germany) and calculated
using the area-subtraction method. To confirm the role of
VSMCs in the development of intimal hyperplasia, the injured
segment of the left common carotid artery was immunos-
tained with an antibody against the VSMC marker, a-smooth
muscle actin (a-SMA; cat. no. MABI1501R; diluted 1: 200;
Sigma-Aldrich; EMD Millipore).

RT-qPCR experiments. Total RNA was extracted using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and
the chloroform/isopropanol method. cDNA was generated
using the PrimeScript RT reagent kit (Takara Biotechnology
Co., Ltd., Dalian, China), and qPCR was performed using
SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.) with
primers specific to YWHAB and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). PCR reactions were performed
in a total volume of 20 ul, including 2 ul cDNA product,
dNTPs (0.2 mM each), primers (20 pmol each) and 0.8 units
Taq polymerase. PCR reactions were conducted under the
following conditions: 95°C for 3 min, followed by 40 cycles
of 95°C for 30 sec, 50-62°C for 30 sec and 72°C for 1 min.
The qPCR data were normalized to the expression of GAPDH
and presented as 2"22% values (18). The primers used are as
follows: YWHAB, forward 5'-CAAAGAGTACCGTGAGAA
GATCGAG-3', and reverse 5-CGGATGCAACTTCAGAAA
GATACC-3"; GAPDH, forward 5-GGCACAGTCAAGGCT
GAGAATG-3' and reverse 5-ATGGTGGTGAAGACGCCA
GTA-3"

Western blot analysis. Western blot analysis was performed
to detect the expression of YWHAB and distribution of
BAD in the VSMCs from the different groups. The lysates
were isolated from each group using radio immunoprecipita-
tion assay lysis buffer (Beyotime Institute of Biotechnology,
Shanghai, China). The cytoplasmic and mitochondrial
fractions were separated from crude cell lysates using the
Mitochondria/Cytosol Fractionation kit (BioVision, Inc.,
Mountain View, CA, USA). The proteins (20 pg/lane) were
separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluoride
membranes (EMD Millipore). The membranes were blocked
with 5% skim milk in Tris-buffered saline Tween-20 (TBST)
for 2 h and then incubated overnight at 4°C with the following
diluted primary antibodies: Anti-GAPDH (cat. no. 2118;
diluted 1:1,000; Cell Signaling Technology, Inc., Danvers,
MA, USA); anti-YWHAB (cat. no. ab15260; diluted 1:1,000;
Abcam, Cambridge, UK); Anti-BAD (cat. no. B0684; diluted
1:1,000; Sigma-Aldrich; EMD Millipore). The membranes
were then washed three times with TBST, incubated for 2 h
at 25°C with a horseradish peroxidase-conjugated secondary
antibody (cat. no. A0545; diluted 1:5,000; Sigma-Aldrich;
EMD Millipore), and washed with TBST. Gel images were
obtained and analyzed using a gel imager (ChemiDoc XRS
Image system; Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and Quantity One software (version 4.6.2; Bio-Rad
Laboratories, Inc.). GAPDH was detected as a loading control.

Cell viability assays. MTT assays were performed to quantify
VSMC proliferation. The VSMCs (2.0x10* cells/well) were
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incubated in 96-well plates with growth medium containing
10% FBS. When the cells reached 70% confluency, they were
starved for 12 h with 0.5% FBS and subsequently treated with
as indicated in VSMC culture and infection section, for 36 h.
The VSMCs were incubated with the MTT reagent (10 ul
per well) for 4 h and then with dimethyl sulfoxide (150 ul
per well) for 10 min, with shaking. Finally, the absorbance
at 490 nm was measured using a microplate reader (Bio-Rad
Laboratories, Inc.).

Wound-healing assays. The VSMCs were seeded in 6-well
plates (500,000 cells/well) and grown for 24 h to reach at least
70% confluency. Following 24 h of serum deprivation, three
parallel wounds of similar width (<3 mm) were created in each
well using a sterile 200-u! pipette tip. The cells were incubated
for 24 h to enable migration, and images of each well were
captured under a fluorescence microscope (Jenoptik).

Transwell-migration assays. Following infection, the cells
(5x10° cells/ml) were resuspended in 200 ul serum-free DMEM
and then added to the upper chamber of a Transwell apparatus
(Corning Incorporated, Corning, NY,USA). The lower chamber
of the apparatus was filled with 500 1 serum-free DMEM with
Mock-Lv or YWHAB-Lv. After 16 h, the migrated cells on the
bottom surface of the chamber membrane were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet at room
temperature for 20 min. The migrated cells were viewed with
inverted light microscope (Nikon Corporation, Tokyo, Japan)
and counted in five different fields of view.

Flow cytometry. Following infection, the cells were seeded
overnight in 6-well plates (500,000 cells/well). Subsequently,
they were collected by trypsinization, centrifuged (4°C,
1,000 x g, 5 min), resuspended and washed twice with 1 ml
precooled PBS, and then fixed overnight with 70% ethanol.
The fixed cells were washed and resuspended in PBS, and
consecutively treated with 20 ml RNase A solution (37°C,
30 min) and 400 ml PI staining solution (4°C, 60 min; Yeasen
Biological Technology Co., Ltd., Shanghai, China), following
which they were analyzed by flow cytometry.

Immunofluorescence. Following infection, mitochondria were
labeled with 500 nM MitoTracker™ (Invitrogen; Thermo
Fisher Scientific, Inc.) for 30 min at 37°C. Following three
washes with PBS, the cells were fixed for 15 min with 4%
paraformaldehyde and then permeabilized with 0.2% Triton
X-100 for 30 min at 20-25°C. The cells were then washed
with PBS and incubated with anti-YWHAB (1:200 dilution)
and anti-BAD (1:200 dilution) primary antibodies at room
temperature for 3 h. The cells were washed twice in PBS
and incubated with a FITC-conjugated secondary antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at
room temperature for 1 h. Coverslips were then mounted onto
glass slides, and images were captured and analyzed using a
fluorescence microscope.

Statistical analysis. All results were reproduced in at least
six independent experiments and are presented as the
mean + standard deviation. Statistical analysis was performed
using the 8.0 SAS program (SAS Institute Inc., Cary, NC,
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Figure 1. Effects of glucose and OA on expression of YWHAB and VSMC viability. (A) mRNA-expression levels of YWHAB in VSMCs treated with
different glucose concentrations were detected by RT-qPCR analysis. (B) Representative western blot analysis and quantification of YWHAB and GAPDH
levels treated with different glucose concentrations. (C) VSMC viability was detected by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide assays. (D) RT-qPCR analysis was used to detect the mRNA expression levels of YWHAB following treatment with different OA concentra-
tions. (E) Representative western blot analysis and quantification of YWHAB and GAPDH following treatment with different OA concentrations. (F) VSMC
viability at different OA concentrations. "P<0.05, vs. 0 mM OA-treated group. Each experiment was repeated six times. VSMC, vascular smooth muscle
cell; YWHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 3; OA, oleic acid; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

USA). One-way analysis of variance with Student's t-test
was applied to compare the differences between groups and
estimate statistical significance. P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression of YWHAB is upregulated with high OA
concentrations. Prior to performing in vivo experiments using
rat VSMCs, in vitro experiments were performed in the present
study using a rat cell line, with the rat VSMC line selected
for this purpose. As OA is the most common and representa-
tive FFA found in plasma, it has been most frequently used
to mimic the effects of FFAs in in vitro experiments (19). To
exclude the effect of glucose on the expression of YWHARB,
in vitro experiments were first performed to investigate
whether different glucose concentrations affected the levels of
YWHAB. As shown by the RT-qPCR and western blot anal-
yses, no significant upregulation in the expression of Y WHAB
was observed in VSMCs with increasing glucose concentra-
tions (Fig. 1A and B). The viability of the VSMCs decreased

significantly when the cells were treated with 35 mM glucose
(Fig. 1C). However, the expression of YWHAB significantly
increased in the VSMCs treated with OA (the most represen-
tative FFA) in a concentration-dependent manner (Fig. 1D
and E). There was no significant correlation between the levels
of YWHAB and glucose concentration, but YWHAB was
directly correlated with the OA concentration that the cells
were exposed to. Notably, the viability of these cells did not
alter at OA concentrations of up to 0.2 mM. However, when
treated with 0.3 mM OA, the viability of the VSMCs signifi-
cantly decreased due to the toxicity of OA at that concentration
(Fig. 1F). Therefore, to mimic the high-FFA diabetic environ-
ment in the in vitro experiments, OA at a concentration of
0.2 mM plus 25 mM glucose were used for the subsequent
in vitro experiments.

YWHARB silencing alleviates vascular restenosis following
carotid balloon injury in high-FFA diabetic rats. A high-fat
diet combined with streptomycin injection can be used to
establish a diabetic animal model accompanied by increased
FFA levels (20). This method for developing model diabetic
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Figure 2. Ultrasonographic measurement of rat carotid arteries following vascular injury. (A) Flow chart of establishment of the animal model. (B) Representative
images of rats' carotid arteries. The thicknesses of the wall layers are indicated with solid squares. (C) Expression of YWHAB was examined by reverse
transcription-quantitative polymerase chain reaction analysis. "P<0.05, vs. normal group; *P<0.05, vs. high-FFA diabetic group. Each experiment was repeated
six times. Y WHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 3; FFAs, free fatty acids; STZ, streptozotocin.

animals has also been widely approved to observe changes in
vascular restenosis following endovascular therapy (21,22).
This outcome can be explained by delayed EC healing owing to
hyperglycemia. Without the protective effect of ECs, VSMCs
are more inclined to migrate to the intima, leading to vascular
restenosis following endovascular therapy (23). To exclude the
individual effects of hyperglycemia and FFAs on neointimal
hyperplasia following endovascular injury, five groups of rats
were used, namely the normal, diabetic, high-fat diet, high-FFA
diabetic, and YWHAB-silenced groups. A flow chart repre-
senting the establishment of the animal model is shown in
Fig. 2A. The levels of FFA in the high-fat diet, high-FFA
diabetic, and YWHAB-silenced groups were increased signif-
icantly compared with those in the normal and diabetic groups
(Table I). Non-invasive ultrasonographic imaging technology
was used to evaluate the carotid artery wall thickness prior to

carotid artery injury and 14 days following injury. Consistent
with the findings of a previous study (24), the level of carotid
artery-stenosis was increased significantly in the high-FFA
diabetic group, compared with that in the normal, diabetic, and
high-fat diet groups (Fig. 2B). However, carotid artery stenosis
was partly restored by YWHAB silencing (Fig. 2B). The
levels of YWHARB in the intima were examined by RT-qPCR
analysis. The results confirmed that Y WHAB was upregulated
in parallel with increased levels of FFAs (Fig. 2C).

YWHARB silencing prevents intimal hyperplasia following
carotid balloon injury in high-FFA diabetic rats. To further
confirm the above results, 14 days following the carotid balloon
injury and lentivirus infection, the degree of neointimal
hyperplasia was evaluated morphologically (Fig. 3A) and
quantitatively. The intima and intima/media levels were
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Figure 3. Effect of YWHAB on neointimal formation 14 days following vascular injury. (A) Representative cross-sections of hematoxylin/eosin staining in
the experimental groups. (B) Graph indicating the intimal area. (C) Graph indicating the medial area. (D) Graph indicating the ratio of the intimal area to
medial area. "P<0.05, vs. normal group; “P<0.05, vs. high-FFA diabetic group. Each experiment was repeated six times. Scale bar=25 ym. YWHAB, tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein 3; FFAs, free fatty acids.

increased significantly in the high-FFA diabetic group
compared with those in the normal, diabetic, and high-fat diet
groups, whereas no significant differences in the medial area
were observed between any group (Fig. 3B-D). Specifically,
YWHAB silencing significantly reduced the intimal area
and the intima/media ratio (Fig. 3B and D) in the high-FFA
diabetic rats. No significant differences in the medial area
were observed in any group (Fig. 3C). These results were
consistent with the ultrasonographic imaging findings.
Immunohistochemistry staining against a-SMA (a marker of

VSMCs) was also performed to confirm the role of VSMCs
in the development of hyperlipidemia-induced intimal hyper-
plasia following carotid injury (Fig. 3E). In summary, the data
convincingly confirmed that FFAs deteriorated vascular reste-
nosis and YWHAB silencing attenuated high-FFA diabetic
neointimal hyperplasia following carotid artery injury.

YWHAB silencing reduces the migration of OA-treated
VSMCs. Subsequently, the present study examined the role of
VSMCs in the development of hyperlipidemia-induced intimal
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Figure 3. Continued. Effect of YWHAB on neointimal formation 14 days following vascular injury. (E) Tissue sections of rat carotid arteries O or 14 days
following balloon injury were stained with a-smooth muscle actin. Each experiment was repeated six times. Scale bar=25 ym. Y WHAB, tyrosine 3-monooxy-
genase/tryptophan 5-monooxygenase activation protein §; FFAs, free fatty acids.

Table I. Comparison of body weight and serum biochemical parameters between different groups of rats.

Parameter Normal Diabetic High fat diet High-FFAs diabetic YWHAB-silenced
Body weight (g) 177.53+£3.83 156.33+£7.28 247.28+1.82* 241.26+1.32* 238.22+2.74*
FBG (mmol/l) 5.59+1.13 13.78+1.53* 5.68+1.75 13.20+1.49* 12.81+1.42*
AST (U/) 45.18+7.25 57.79+17.22 49.23+16.72 56.72+17.32 50.53+15.20
ALT (U/1) 34.50+4.62 35.65+7.32 33.78+7.82 36.72+10.15 35.26+8.36
TG (mg/dl) 34.10+6.90 32.75+11.26 39.78+12.56 39.25+10.38 39.48+11.26
TC (mg/dl) 74.50+10.40 70.46+17.84 75.25+8.56 72.36+9.25 73.47+10.38
LDL-C (mg/dl) 56.40+7.43 50.26+8.76 61.32+7.25 60.78+10.25 63.28+17.42
FFAs (mg/dl) 17.73£3.71 14.75+3.47 93.29+5.82* 92.68+1.69* 81.90+£3.51*

“P<0.05 vs. normal group. YWHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein §; FBG, fasting blood
glucose; TC, total cholesterol; FFAs, free fatty acids; TG, total triglyceride; LDL-C, total low-density lipoprotein cholesterol; ALT, alanine
transaminase; AST, aspartate transaminase.

hyperplasia following injury. The VSMCs were incubated with ~ evaluated by western blot analysis (Fig. 4A); the expression of
0.2 mM OA and infected with the YWHAB-Lv or Mock-Lv. = YWHAB in VSMCs treated without OA served as the control.
adenovirus. The silencing efficiency of YWHAB-Lv was  The effect of YWHAB on VSMC migration was assessed
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Figure 4. Effect of YWHAB silencing on the migration of VSMCs treated with OA. (A) Expression of YWHAB was examined by western blot anal-
ysis. (B) Cell migration was investigated using wound-healing assays. (C) Cell migration was investigated by performing Transwell-migration assays.
Magnification, x100. (D) Cell cycle progression was analyzed by flow cytometry. Expression of YWHAB in VSMCs not treated with OA was determined as
a control. “P<0.05, vs. control group; “P<0.05, vs. Mock-Lv group. Each experiment was repeated six times. Mock-Lv, mock-lentiviral vector; YWHAB-Lyv,
YWHAB-lentiviral vector; YWHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein f3; FFAs, free fatty acids; OA, oleic acid;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

by performing wound-healing and Transwell-migration  with that of the control (Mock-Lv) cells (Fig. 4B). Similar
assays. The wound-healing assays revealed that YWHAB  results were obtained in the Transwell-migration assays
silencing significantly decreased cell migration, compared  (Fig. 4C). Regarding the VSMCs, the excessive proliferation
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Figure 5. Effect of YWHAB silencing on expression of BAD in the Cyto and Mito fractions of VSMCs. (A) Expression of BAD was detected by western blot
analysis. (B) Quantitative analysis of the expression of BAD in the Cyto fraction. (C) Quantitative analysis of the expression of BAD in the Mito fraction.
The expression of BAD in cells treated with OA served as a control. “P<0.05, vs. control group; “P<0.05, vs. Mock-Lv group. Each experiment was repeated
six times. Mock-Lv, mock-lentiviral vector; YWHAB-Lv, YWHAB-lentiviral vector; YWHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein 3; BAD, B-cell lymphoma 2-associated death promoter; Cyto, cytoplasmic; Mito, mitochondrial; OA, oleic acid; GAPDH, glyceraldehyde

3-phosphate dehydrogenase.

and migration were closely associated with changes in cell
cycle progression. Flow cytometry was performed to confirm
the effect of YWHARB silencing on cell proliferation. The
results of the flow cytometric analysis showed that YWHAB
silencing significantly decreased cell cycle distribution in the
G2/M+S phases, compared with that in the control (Mock-Lv)
cells (Fig. 4D). These results indicated that Y WHAB silencing
reduced OA-induced VSMC proliferation and migration.

YWHARB silencing promotes the translocation of BAD from
the cytoplasm to the mitochondria. To investigate whether
YWHAB affects BAD subcellular localization, the distribu-
tion of BAD was we examined in VSMCs treated with OA and
in VSMCs in which the expression of YWHAB was silenced.
In the control cells, BAD was predominantly localized in
the mitochondria, where it regulated apoptosis (Fig. 5A-C).
Treating the VSMCs with OA significantly decreased the
BAD content in the mitochondria, compared with that in
control cells with Mock-Lv. Immunofluorescent staining was
also performed to confirm this result (Fig. 6A). These results
indicated that YWHARB, the expression of which is induced
by high-fat conditions, inhibited apoptosis by sequestering
BAD in the cytoplasm, suggesting that YWHAB silencing
may be involved in preventing excessive VSMC migration in a
high-fat environment by causing the re-distribution of BAD to
the mitochondria (Fig. 6B).

Discussion

In the present study, in vitro and in vivo experiments were
performed which demonstrated that Y WHAB had a significant
role in neointimal hyperplasia by enhancing the migration of
VSMCs following carotid artery injury. Patients with T2DM
have a high risk for vascular restenosis following endovascular

interventional therapy (4,25,26). Imbalanced caloric intake
is the major cause of T2DM, and previous data have indi-
cated that excessive plasma FFA levels induced by a high fat
intake are responsible for this pathological change (27). The
upregulation of FFAs is a more sensitive indicator of exces-
sive calorie intake than other blood lipid indices, including
AST, ALT, and LDL-C levels. FFAs have been demonstrated
to be pivotal in the native progression of atherosclerosis (28).
The delayed recovery of ECs following endovascular therapy
caused by a high glucose concentration increases the contact
of inflammatory factors with VSMCs, which accelerates
atherosclerosis. However, few studies have been performed to
determine whether excessive plasma FFAs are also involved
in accelerating the process. The present study confirmed this
possibility by showing morphological differences between the
carotid arteries of rats fed a normal diet and those fed a high-fat
diet for 14 days following artery injury. The non-invasive
and histological results showed significantly higher vascular
restenosis in rats fed a high-fat diet and in diabetic rats with
low-dose STZ-induced high FFA levels, compared with the
other groups. High FFA levels are essential for the develop-
ment of vascular restenosis. In general, VSMC migration to
the intima is considered the most common cause of vascular
restenosis following endovascular therapy (29). In agreement
with this, the in vitro experiments performed in the present
study showed that OA, the most common FFA, promoted the
migration of VSMCs. Subsequently, the mechanism under-
lying this association was investigated and it was found that
OA upregulated the expression of YWHAB in rat VSMCs
in a concentration-dependent manner. Simultaneously, to
exclude the effect of glucose concentration on the expression
of YWHAB, the expression levels of YWHAB were analyzed
in VSMC:s treated with different glucose concentrations. The
in vivo experiments confirmed that the high-fat diet increased
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Figure 6. Effect of YWHAB silencing on the distribution of BAD. (A) Distributions of protein expression of BAD (green) and mitochondria (Mito-dsRED; red)
were visualized by immunofluorescence staining. Scale bar=10 ym. (B) Possible mechanism whereby YWHAB affects the sub-cellular localization of BAD
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VSMC, vascular smooth muscle cell.

the level of YWHAB, whereas high glucose alone did not
affect the expression of YWHAB in the intima.

YWHAB has previously been implicated in signal trans-
duction, and promoting cell proliferation and the development
of breast cancer (30,31). Hartman and Hirsch (32) showed that
the 14-3-3 protein family was involved in several diseases
and biological processes through protein-protein interactions.
Shimada et al (33) found that 14-3-3 proteins were beneficial
for treating neurodegeneration by preventing neuron apoptosis
by interacting with BAD or BCL-2-associated X protein. Data
from our previous study indicated that Y WHAB is a biomarker
of intimal hyperplasia in type 1 diabetes mellitus SD rats
following carotid artery injury (17). In the present study, using
in vivo experiments, the association between the upregulation
of YWHAB in high-FFA diabetic rats and vascular restenosis
following carotid artery injury was examined. The results
showed that YWHAB silencing alleviated the development
of neointimal hyperplasia in the high-FFA diabetic group. To
further elucidate the underlying mechanism, in vitro experi-
ments were performed, which showed that YWHAB silencing
decreased the migration of OA-treated VSMCs. Therefore,
YWHARB is a biomarker for vascular restenosis following
vascular injury. In high-FFA diabetic rats, the accumulation

of fatty acids, eicosanoids, or oxidized phospholipids activates
peroxisome proliferator-activated receptors (PPARs), which
are involved in lipid metabolism. PPAR are expressed in
three isoforms, namely PPARa, PPARYy and PPARS, which
are encoded by different genes and form a subfamily of the
nuclear receptor superfamily (34). The activation of PPARS
in the VSMCs of diabetic patients with elevated levels of
FFAs is beneficial to the cardiovascular system due to its
effects on lipid metabolism, insulin sensitivity and glucose
homeostasis (35,36). Despite the necessity of PPARS activa-
tion during lipid metabolism, it was found that the activation
of PPARS was induced by OA in hepatocellular carcinoma
cells, which resulted in cellular metastasis by upregulating the
expression of YWHARB and its interaction with BAD (37,38).
BAD is a pro-apoptotic member of the Bcl-2 gene family,
which is involved in initiating apoptosis; specifically, BAD is
a member of the BH3-only subfamily (39). The BCL-2 and
BCL-extra large (BCL-XL) proteins in the BCL-2 family have
anti-apoptotic roles by inhibiting the release of cytochrome
c through the mitochondrial pore and activating the cyto-
plasmic caspase cascade (40). By contrast, BAD regulates the
normal process of apoptosis by forming a heterodimer with
BCL-2 and BCL-XL. Depending on the cell type, and the
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duration and magnitude of the stimulus, the mitochondrial
subcellular localization of BAD can control a wide range of cell
responses, including proliferation, migration, differentiation and
cell death. The cytosolic binding of YWHAB with BAD and
the generation of the BAD-YWHAB complex suppresses the
mitochondrial translocation of BAD, which disrupts the effect
of BAD on regulating apoptosis (38). In the present study, it
was found that the level of BAD in the mitochondria of VSMCs
exposed to OA was reduced, whereas YWHAB silencing
reversed this effect and increased the levels of BAD in the mito-
chondria. These data may explain why VSMC:s in the high-FFA
diabetic rats or OA-treated cells showed an increased capacity for
migration. Given the sophisticated mechanism of pathogenesis
between lipid metabolism and diabetic complications, continued
detailed investigations of the cellular and molecular mecha-
nisms underlying the vascular complications in this disorder
are required. The function of the YWHAB protein is closely
associated with its post-translational modification and it is well
known that YWHAB can regulate the functions of proteins by
interacting with them in a phosphorylation-dependent manner.
However, the detailed mechanism of how YWHAB regulates
the expression of BCL-2 remains to be elucidated. Therefore,
future investigations are required to explain the mechanism in
detail.

In conclusion, the present study demonstrated that
YWHAB was involved in neointimal hyperplasia in high-FFA
diabetic rats following vascular injury. This effect was exerted
through the induction of cell proliferation and retention of the
pro-apoptotic factor BAD in the cytoplasm. These findings
implicate YWHARB as a novel modulator of vascular reste-
nosis, and highlight novel chemicals and targets for preventing
vascular restenosis in diabetes characterized by high levels of
FFAs.
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