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Fibulin-3 may improve vascular health through inhibition of
MMP-2/9 and oxidative stress in spontaneously hypertensive rats
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Abstract. Fibulin-3 has been suggested to function in the
remodeling of the extracellular matrix, however its role
remains unclear in hypertensive vascular remodeling. In the
current study, 10 Wistar-Kyoto (WKY) rats (control group)
and 30 spontaneously hypertensive rats (SHRs) were used.
SHRs were randomized into three groups: The placebo group,
intravenous (I.V.) physiological saline; the FBLN-1 group,
low-dose fibulin-3 protein (I.V.; 120 ng/kg); and the FBLN-2
group, high-dose fibulin-3 protein (I.V.; 240 ng/kg). Histo-
logical analysis was used to analyze vascular remodeling. The
expression of fibulin-3, matrix metalloproteinase (MMP)-2,
MMP-9 and tissue inhibitor of metalloproteinase (TIMP)-3
were detected by immunohistochemistry, western blotting and
reverse transcription-quantitative polymerase chain reaction.
Oxidative stress was detected by dihydroethidium staining.
The systolic blood pressure (SBP) of SHRs was observed to
be significantly greater than that of WKY rats (P<0.05). SBP
in the FBLN-2 group was significantly reduced compared
with the placebo group (182+12 mmHg vs. 224+14 mmHg;
P<0.05). The thoracic aortic wall thickness in the SHR groups
(placebo group, FBLN-1 group and FBLN-2 group) was
observed to tbe significantly thicker than in the control group
(P<0.01). The wall thickness of the FBLN-2 group was signifi-
cantly greater than that of the placebo and FBLN-1 groups
(124.2+11.8 ym vs. 106.9+9.5 ym and 96.8+10.2 ym; P<0.05).
The wall-to-lumen ratios of the placebo, FBLN-1 and FBLN-2
groups were significantly greater than that of the control
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group (P<0.05). In addition, the expression levels of fibulin-3
and MMP-2/9 at protein and mRNA levels were significantly
increased in the thoracic aorta of the placebo group compared
with the control group (P<0.05). The levels of MMP-2/9 were
significantly reduced in the FBLN-2 group compared with the
placebo group (P<0.05). Levels of TIMP-3 however, exhibited
no significant differences in the four groups (P>0.05). Reac-
tive oxygen species (ROS) were increased in the placebo group
vs. the control group. Fibulin-3 was able to alleviate the levels
of ROS in the FBLN groups. It is suggested that fibulin-3 may
act as a growth factor in the arteries. In addition, the results
indicated that fibulin-3 may reduce the levels of MMP-2 and
-9 and oxidative stress in hypertensive vascular remodeling.
Upregulating fibulin-3 may be beneficial for improving
vascular health and offsetting certain cardiovascular risk
factors of hypertension.

Introduction

The fibulins are a family of seven extracellular matrix (ECM)
proteins characterized by tandem arrays of epidermal growth
factor-like domains and a C-terminal fibulin-type module (1).
They are widely distributed and often associated with vascu-
lature and elastic tissues (2). Fibulin-3 has been reported to be
widely distributed in the ECM in vertebrates and is essential
for normal development and maintenance of the microenvi-
ronment of embryonic and adult tissues.

Matrix metalloproteinases (MMPs) have been reported
to serve significant roles in the degradation of ECM compo-
nents (3). Tissue inhibitor of metalloproteinase (TIMP), which
binds to MMP with a 1:1 molar stoichiometry, is an endogenous
inhibitor of MMPs and regulates matrix remodeling by MMPs.
Fibulin-3 is able to target endothelial cellular expression of
MMPs and TIMPs, thereby has been suggested to reduce ECM
proteolysis and remodeling (4). Remodeling of ECM is an
important regulator of physiological and pathological processes
in the vessel wall (5). Tumors and cultured cells overexpressing
fibulin-3 have been demonstrated to exhibit elevated expression
levels and activity of MMPs, such as MMP-2 and MMP-9 (6).
A previous study reported that fibulin-3 negatively modulated
the invasiveness of lung cancer cells via regulation of MMP-7
and -2 (7). An additional study observed that fibulin-3 was able
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to reduce MB114 endothelial cell expression of MMP-2 and -3
while simultaneously increasing the expression of the MMP
inhibitors TIMP-1 and -3 (8).

However, the role of fibulin-3 in hypertensive vascular
remodeling remains unclear. The current study aimed to
elucidate the association between fibulin-3, MMPs and hyper-
tensive vascular remodeling in a hypertensive animal model.
In the current study, the presence of fibulin-3, MMP-2, MMP-9
and TIMP-3 in the aortas of spontaneously hypertensive rats
(SHR) was analyzed. Furthermore, the influence of injected
fibulin-3 protein was measured. In addition, the association
between fibulin-3 and oxidative stress in vascular remodeling
in hypertension was investigated.

Materials and methods

Animals and blood pressure measurement. The experimental
protocols were approved by the Guangdong Pharmaceutical
University Animal Care and Use Committee and were
performed in accordance with the Sun Yat-sen University
Guidelines for the Care and Use of Laboratory Animals.
Wistar-Kyoto (WKY) rats (8-week-old; n=10) and spontane-
ously hypertensive rats (SHRs) (8-week-old; n=30) weighing
140-160 g were used. The rats were kept under a 12/12 h light
cycle, with specific pathogen free conditions and 5 g food and
6-7 ml water/100 g body weight. All rats were purchased from
Beijing Vital River Experimental Animal Technology Co., Ltd.
(Beijing, China). The rats were divided into four groups (n=10/
group): Control group, WKY rats with no treatment; placebo
group, SHRs treated with intravenous (I.V.) physiological
saline; FBLN-1 group, SHRs treated with low-dose fibulin-3
protein (I.V;; 120 ng/kg); and the FBLN-2 group, SHRs treated
with high-dose fibulin-3 protein (I.V.; 240 ng/kg).

Rats were injected with physiological saline or fibulin-3
protein through the tail vein once per week for 8 weeks.
Blood pressure was serially determined in conscious, trained
rats using a noninvasive tail-cuff device (Anhui Zhenghua
Biological instrument Equipment Co., Ltd., Anhui, China) by a
researcher blinded to the groups. All rats were sacrificed with
an overdose of pentobarbital subsequent to 8 weeks of treat-
ment. The tissue samples from the aorta were then collected.

Histological analysis. The thoracic aortas were removed and
fixed in 4% paraformaldehyde (pH 7.4; Guangzhou Zhanchen
Biological Technology Co., Ltd., Guangzhou, China) or liquid
nitrogen for protein isolation and western blotting. Fixed
tissues were sectioned and stained with hematoxylin and eosin
(Sigma-Aldrich, St. Louis, MO, USA) for the evaluation of
pathological alterations. The wall-to-lumen (W/L) ratio was
evaluated by the ratio of wall thickness to the internal diam-
eter of the lumen. The wall thicknesses and internal diameter
of lumen were assessed using Image-Pro Plus software,
version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Immunohistochemistry. Immunohistochemistry of sections
from paraffin-embedded tissue blocks (Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) was conducted according to
standard protocols in 5 gm-sections of thoracic aorta. Briefly,
sections were deparaffinized in xylene (Guangzhou Zhanchen
Biological Technology Co., Ltd.) and rehydrated using a
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series of graded alcohols (Guangzhou Zhanchen Biological
Technology Co., Ltd.). The sections were then treated with 3%
hydrogen peroxide (Guangzhou Zhanchen Biological Tech-
nology Co., Ltd.) for 10 min to quench endogenous peroxidase
activity. The antigens were retrieved in 0.01 M sodium citrate
buffer (pH 6.0; Guangzhou Zhanchen Biological Technology
Co.,Ltd.) using a microwave oven. The sections were incubated
overnight with the appropriate primary antibody in a humidi-
fied container at 4°C, subsequent to 30 min preincubation in
10% normal goat serum (Sigma-Aldrich) to prevent nonspecific
staining. The negative control was phosphate-buffered saline
(PBS; Guangzhou Zhanchen Biological Technology Co.,
Ltd.), used instead of the primary antibody. The sections were
incubated with the rabbit polyclonal EnVision-horseradish
peroxidase (HRP)-conjugated secondary antibody (K5007;
Dako, Glostrup, Denmark) for 30 min at room temperature.
Tthe tissue slides were then treated with a nonbiotin HRP
detection system according to the manufacturer's instructions.
The slides were then counterstained with hematoxylin. The
results were considered positive when a brown precipitate was
observed to have developed in the cytoplasm. The following
primary antibodies were used: Polyclonal rabbit anti-fibulin-3
(AP9095a; 1:50), monoclonal mouse anti-MMP-2 (A-AJ1497b;
1:300), monoclonal mouse anti-MMP-9 (A-AJ1503b; 1:50) and
rabbit polyclonal TIMP-3 (A-AO1052a; 1:50) (all from Abgent,
Inc., San Diego, CA, USA). A total of five positive expression
fields from each section were selected at random in triplicate,
and then the positive regions were analyzed in Image-Pro Plus
software, version 6.0, to determine the integral optical density
and area. The average optical density was calculated, and the
average of five optical density values was determined to repre-
sent the expression intensity in the section.

Protein isolation and western blotting. Aortas were dissected
and harvested (3 pooled aortas per experiment). Total proteins
were isolated from the aorta using a protein extraction reagent
(Nanjing KeyGen Biotech. Co., Ltd., Nanjing, China). Samples
were lysed on ice for 1 h with lysis buffer [1X PBS, 1% NP40,
0.1% sodium dodecyl sulfate, 5 mM ethylenediaminetet-
raacetic acid, 0.5% sodium deoxycholate and 1 mM sodium
orthoyanadate] containing 1% protease inhibitor phenylmeth-
anesulfonyl fluoride (Nanjing KeyGen Biotech. Co., Ltd.), and
clarified by centrifugation at 14,000 x g for 10 min at 4°C.
The protein contents of the cleared lysates were determined
using a Bicinchoninic Acid Protein Quantitative Analysis
kit (Beijing CoWin Biotech Co., Ltd., Beijing, China). The
protein bands were transferred to polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA) which
were pretreated with methanol. The membranes were then
incubated with primary antibodies overnight at 4°C and then
with the appropriate secondary antibody, as follows: Rabbit
polyclonal EnVision-HRP-conjugated secondary antibody
(K5007), rabbit IgG polyclonal-HRP (ASS1003; 1:5,000;
Abgent, Inc.) or rabbit IgM polyclonal-HRP (ASS1005;
1:5,000; Abgent, Inc.). The primary antibodies mentioned
above against fibulin-3 (1:250), MMP-2 (1:1,000), MMP-9
(1:1,000) and TIMP-3 (1:1,000) were used.

Total RNA extraction and reverse transcriptase-quantitative
polymerase chain reaction (RT-gPCR). A 3 mm-long section
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of fresh aorta was obtained at the time of surgical resection
and was immediately frozen at -80°C until required. The
section was then prepared for RNA extraction. Total RNA was
extracted using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
For RT-qPCR, SYBR Green Supermix (Roche Diagnostics,
Indianapolis, IN, USA) was used, and standard curves for each
primer set were generated to confirm that only one amplicon
was generated at the same efficiency as the reference gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
sequences for the primers used for amplifying rat fibulin-3,
MMP-9, MMP-2 and the internal reference GADPH were as
described previously (9). RT-qPCR was performed using the
following thermal cycling conditions: 10 min at 95°C; 45 cycles
of denaturation at 95°C for 15 sec, annealing for 25 sec at 62°C
and elongation at 60°C for 1 min; final extension for 10 min at
72°C, termination of the reaction at 4°C. Target gene expression
was calculated using the AACq and comparative methods (10)
subsequent to normalization to GAPDH expression.

Detection of oxidative stress. Reactive oxygen species (ROS)
production in the thoracic aortas was detected by dihydro-
ethidium (DHE) staining (Vigorous Biotechnology Beijing
Co., Ltd., Beijing, China). Frozen, enzymatically intact,
6-um-thick sections of thoracic aortas were incubated with
10 ymol/l DHE in PBS for 30 min at 37°C in a dark, humidi-
fied chamber. DHE is oxidized by ROS and converted to
ethidium, which binds to DNA in the nucleus and fluoresces
red. Thus, ROS production was examined under a fluorescent
microscope (BX53; Olympus Corporation, Tokyo, Japan).

Statistical analysis. Data are presented as the mean + stan-
dard deviation. Differences between groups were analyzed
using one-way analysis of variance, while differences within
two groups were assessed using unpaired Student's t-tests.
Statistical analysis was conducted using SPSS for Windows,
version 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

General observations. Systolic blood pressure data are
presented in Table I. No significant differences in body weight
and heart rates were observed between the four groups.
Systolic blood pressures measured in the placebo, FBLN-1
and FBLN-2 groups were observed to be significantly greater
than those in the control group. Blood pressure in the FBLN-2
group was significantly reduced compared with the placebo
group (P<0.05).

Histological analysis of aortic structure. To investigate the
effect of hypertensive vascular remodeling, vascular wall thick-
ness and W/L ratios were investigated in the thoracic aortas of
16-week-old SHRs and 8-week-old WKY rats. Thoracic aortas
were evaluated in sections stained with hematoxylin and eosin
(Fig. 1). The aortas of the SHRs exhibited wall thickening
and hypertrophic vascular smooth muscle cells (SMCs). The
thickness of the vascular wall of all SHRs was observed to be
significantly greater than that in WKY rats (P<0.05). FBLN-1
and FBLN-2 groups were demonstrated to exhibit significant
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increases in aortic wall thickness when compared with the
placebo and control groups (P<0.05), while FBLN-2 group
wall thickness was greater than that of the FBLN-1 group
(Table I). The W/L ratios of the placebo, FBLN-1 and FBLN-2
groups were significantly greater than that of the control group
(P<0.05), while no significant differences were observed
between the FBLN-1, FBLN-2 and placebo groups.

Protein expression of fibulin-3, MMP-2, MMP-9 and TIMP-3
in rat aortic tissue. The alterations in protein expression levels
were observed by immunohistochemistry (Fig. 2A). Quanti-
tation of the immunohistochemical expression of fibulin-3,
MMP-2, MMP-9 and TIMP-3 were assessed through average
optical density using Image-Pro Plus software, version 6.0,
and the data were presented as the mean + standard deviation
(Fig. 2B). In the placebo group, fibulin-3, MMP-2 and MMP-9
were significantly increased in the thoracic aortas compared
with the control group (P<0.05). The levels of fibulin-3 in the
FBLN-2 group were greater than that of the placebo group
(P<0.05). The levels of MMP-2 and MMP-9 were observed to
be significantly reduced in the FBLN-2 group compared with
the placebo group (P<0.05). The levels of TIMP-3 however,
were not observed to be significantly different in any of the
four groups.

Western blot analysis was also conducted to measure the
protein expression levels of fibulin-3, MMP-2, MMP-9 and
TIMP-3. The expression levels of fibulin-3 were significantly
increased in the placebo, FBLN-1 and FBLN-2 groups,
compared with the control group (Fig. 3A). In line with the
immunohistochemistry results, the expression of MMP-2
and MMP-9 were observd to be increased in the placebo
group compared with the control group, and reduced in the
FBLN-treated groups compared with the placebo group
(Fig. 3A). The expression levels of TIMP-3 were not signifi-
cantly different in any of the four groups, as was observed in
the immunohistochemistry analysis.

mRNA expression of fibulin-3, MMP-2 and MMP-9 in rat
aortic tissue. In the thoracic aortas, the mRNA levels of
fibulin-3, MMP-2 and MMP-9 were observed to be signifi-
cantly increased in the placebo group compared with the
control group. The level of fibulin-3 in the FBLN-2 group was
significantly greater than that of the placebo group (P<0.05).
The levels of MMP-2 and MMP-9 were observed to be
significantly reduced in the FBLN-2 group compared with the
placebo group (P<0.05; Fig. 3B).

Oxidative stress in the thoracic aorta. Dihydroethidium
staining indicated clear ROS generation in the thoracic aortas
of the placebo, FBLN-1 and FBLN-2 groups when compared
with the control group (Fig. 4). In addition, fibulin-3 protein
was observed to be able to alleviate ROS in the FBLN-1 and
FBLN-2 groups compared with the placebo group (Fig. 4).
Little or no oxidative stress was detected in the aortas of the
FBLN-1 and FBLN-2 groups (Fig. 4).

Discussion

Fibulins are ECM proteins that serve important roles in
the biology of tissue organogenesis and vasculogenesis, in
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Table I. General data of the four groups.
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Body SBP HR Wall thickness W/L ratio
Group n weight (g) (mmHg) (beats/min) (um) (%)
Control 10 264.50+15.78 12248 289+11 81.4+10.8 6.34+0.8
Placebo 10 262.68+13.25 224+14* 31111 96.8+10.2° 7.85+0.6*
FBLN-1 10 260.46+15.08 208+11° 310+8 106.9+9.5%¢ 8.03+0.7*
FBLN-2 10 262.78+15.28 182+12%0¢ 302+10 124.2+11.85<d 7.99+0.8"
F-value 1.774 13.014 1.523 8.658 18.06
P-value 0.175 0.000 0.236 0.000 0.000

*P<0.05 and °P<0.01 vs. the control group; “P<0.05 vs. the placebo group; “P<0.05 vs. the FBLN-1 group. SBP, systolic blood pressure; HR,
heart rate; W/L ratio, wall to lumen ratio; FBLN-1, low-dose fibulin 3 group; FBLN-2, high-dose fibulin 3 group.
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Figure 1. Histological analysis of aortic structure. (A) The thoracic aorta were stained with hematoxylin and eosin. Upper panel, magnification of x50; lower
panel, magnification of x400. (B) Quantitative analysis of vascular wall thickness of the control, placebo, FBLN-1 and FBLN-2 groups. (C) Quantitative
analysis for the wall-to-lumen ratios of the control, placebo, FBLN-1 and FBLN-2 groups. ‘P<0.05, vs. control group; *P<0.05, vs. placebo group. FBLN-1,

low-dose fibulin 3 group; FBLN-2, high-dose fibulin 3 group.

addition to the pathology of fibrogenesis, tumorigenesis and
additional genetic diseases. Previous studies have indicated
that fibulin-type modules act to mediate specific ECM
binding interactions (2,11). Of the seven fibulins, aortic
disease-associated functions have reported for fibulin-1, -2,
-4 and -5. Fibulin-1 is deposited in human coronary artery
atherosclerotic lesions in association with fibrinogen (12).
The capability of fibulin-1 to inhibit cell motility may influ-
ence vascular SMC migration during vascular remodeling.
Fibulin-2 has been observed to be expressed at a relatively low
level in the medial layer of the blood vessels such as in the
aorta (13). By contrast, the expression of fibulin-2 has been
observed to be high in SMC-rich regions of atherosclerotic

aortic lesions (13). Fibulin-2 had additionally been detected in
mechanically injured mouse carotid arteries. These observa-
tions were consistent with a previous study which identified
a fibulin-4 deficiency in mice with enlarged and tortuous
aortas with intramural bleeding, aneurysm formation, aortic
stiffening and aortic dissection (14). Conditional ablation of
fibulin-4 expression in vascular SMCs indicated that fibulin-4
was critical for SMC differentiation, as demonstrated by the
reduction of smooth muscle myosin heavy chain and a smooth
muscle actin expression (15). Fibulin-5-deficient mice in addi-
tion to humans with a fibulin-5 deficiency have been identified
to not develop aneurysms, however it has been suggested
that fibulin-5 serves a role in the vascular injury response.
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Figure 2. The expression of fibulin-3, MMP-2, MMP-9 and TIMP-3 by immunohistochemical analysis. (A) Evaluation of fibulin-3, MMP-2, MMP-9 and
TIMP-3 by immunofluorescence microscopy in rat aortic control, placebo, FBLN-1 and FBLN-2 group tissues (magnification, x400). (B) Quantitative analysis
of the immunohistochemical expression of fibulin-3, MMP-2, MMP-9 and TIMP-3 assessed by the average optical density. "P<0.05 vs. control group; “P<0.05
vs. placebo group. MMP, matrix metalloproteinase; TIMP-3, tissue inhibitor of metalloproteinase 3; FBLN-1, low-dose fibulin 3 group; FBLN-2, high-dose

fibulin 3 group.

Fibulin-5 was observed to be upregulated ~28 days following
vascular injury (16). In addition, previous analysis of vascular
SMCs from fibulin-5-deficient mice suggested that fibulin-5
commonly acts as a negative regulator of proliferation and
migration (17).

Fibulin-3, fibulin-4 and fibulin-5 are small, monomeric
proteins expressed in the ECM of blood vessels and elastic
tissues (2). Fibulin-3 (also termed EFEMP1) was first isolated
from the screening of differentially expressed genes between
senescent and quiescent human fibroblasts. The structure of
fibulin-3 is known to be similar to that of fibulin-4, however,
the function of fibulin-3 in vascular SMCs remains unclear.
In the current study, it was identified that upregulation of the
expression of fibulin-3 and MMPs was associated with hyper-
tensive vascular remodeling in the thoracic aortas of SHRs
compared with those of WKY rats. Fibulin-3-treated arteries
exhibited thicker aortic walls than those of the placebo group,
while the W/L ratio of the aorta was not significantly different
between the FBLN groups and the placebo group. These results
indicated that the increasing level of fibulin-3 may promote
growth of the vascular wall, and did not aggravate remodeling
of the aorta. Therefore, the results of the current study indicate

that fibulin-3 may act as a growth factor in the arteries, which
is similar to the results of a previous study (17), however the
mechanism remains unclear.

Vascular remodeling may be caused by SMC hypertrophy
or hyperplasia, deposition of ECM elements, or a combination
of these two factors (18). The current study demonstrated the
hyperplasia and hypertrophy of SMCs in arteries, in addition to
observing that fibulin-3, MMP-2 and MMP-9 were significantly
expressed in the SMCs of the aortic wall in SHRs compared
with WKY rats. These observations indicated that fibulin-3,
MMP-2 and MMP-9 serve important roles in hypertensive
vascular remodeling. The function of MMP-2 and MMP-9
in vascular remodeling was identified to be similar to that
observed in previous studies, which indicated that increased
MMP-9 and MMP-2 activity was associated with degrada-
tion of the elastic laminae of hypertensive arteries (19,20).
However, the role of fibulin-3 in vascular remodeling had not,
to the best of our knowledge, been reported previously, thus
was investigated to identify novel results.

Previous studies have demonstrated that the overexpression
of fibulin-3 in tumors may increase the expression and activity
of MMPs, such as MMP-2 and MMP-9, and a disintegrin and



3810 LIN et al: FIBULIN-3 IMPROVES VASCULAR HEALTH

A Control Placebo FBLN-1 FBLN-2

Fibulin-3

MMP-2 |

MMP-9

GAPDH

B .
Fibulin-3 MMP-9 MMP-2
20 45 4 N
- 18 < 4 * - *
21 : £ 35 2%
ERL ETy £ 3 F
E 12 E 25
ERT] 5 23 2 2
5 2 2 2
5 & p u 1.5
2. 215 v
g4 ! 3. i
o = = 0.
gl = | : i
Control Placebo FELN-1 F Control Placebo FBLN-1 FBLN-2 Control Placebo FBLN-1 FBLN-2

Figure 3. (A) The expression levels of fibulin-3, MMP-2 and MMP-9 by western blotting in rat aortic control, placebo, FBLN-1 and FBLN-2 group tissues. The
expression levels of fibulin-3 were sequentially increased in the placebo, FBLN-1 and FBLN-2 groups, compared with the control group. Expression of MMP-2
and MMP-9 was increased in the placebo group compared with the control group. Expression of MMP-2 and MMP-9 was reduced in the FBLN-treated groups
compared with the placebo group. Protein expression levels were normalized to GADPH. (B) Analysis of the mRNA expression levels of fibulin-3, MMP-9
and MMP-2 in rat aortic tissue. In the thoracic aortas, the mRNA levels of fibulin-3, MMP-2 and MMP-9 were observed to be significantly increased in the
placebo group compared with the control group. The level of fibulin-3 in the FBLN-2 group was significantly greater than that of the placebo group, whereas
levels of MMP-2 and -9 were significantly reduced in the FBLN-2 group compared with the placebo group. The levels of mRNA expression were normalized
to GAPDH. "P<0.05 vs. control group; “P<0.05 vs. placebo group. MMP, matrix metalloproteinase; FBLN-1, low-dose fibulin 3 group; FBLN-2, high-dose
fibulin 3 group; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 4. Analysis of oxidative stress in rat thoracic aorta tissue. Dihydroethidium staining indicated clear ROS generation in thoracic aorta tissues in the
placebo, FBLN-1 and FBLN-2 groups compared with the control group. ROS levels were alleviated in the FBLN-1 and FBLN-2 groups compared with the
placebo group (magnification, x200). ROS, reactive oxygen species; FBLN-1, low-dose fibulin 3 group; FBLN-2, high-dose fibulin 3 group.

metalloproteinase with thrombospondin motifs 5 (6,7). In the  role of fibulin-3 in non-small cell lung cancer (7). Thus, it was
current study, it was identified that fibulin-3-treated aortas  suggested that fibulin-3 was a negative regulator of MMP-2
exhibited reduced levels of MMP-2 and MMP-9. Fibulin-3  and MMP-9 in arteries associated with hypertension.

negatively modulated the levels of MMP-2 and MMP-9 in The mechanisms by which fibulin-3 reduced the levels
SHRs in vivo. The result was similar to the previously identified ~ of MMPs in hypertension remain to be fully elucidated. A
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possible explanation was that activated fibulin-3 in hyper-
tension induces the expression of TIMP-3, which is an
endogenous inhibitor of MMPs and the binding partner of
fibulin-3 (21). However, in the present study, no alterations
in TIMP-3 in the aortic walls of WKY rats and SHRs were
observed. Therefore, it was suggested that the role of fibulin-3
in MMP expression regulation was not via the TIMP-3
pathway in hypertension. Thus, further study was required
to elucidate the mechanisms involved in fibulin-3-mediated
regulation of MMPs.

Oxidative stress contributes to the pathology of cardio-
vascular disorders including hypertension (22). ROS may
directly alter vascular function or cause alterations in
vascular tone via several mechanisms, including altered
nitric oxide bioavailability and signaling (23). Previous
studies have investigated the roles of ROS and cardiovascular
remodeling, which are accompanied by cellular alignment,
myocyte elongation and reconstruction (24). The inductions
of MMP-2, MMP-9 and oxidative stress have been previously
demonstrated to be important in the development of cardio-
vascular disease and hypertension (25). Oxidative stress may
contribute to the abnormal structure and function of elastic
fibers in pathological conditions, by reducing cross-linking
and interactions with other proteins required for elastic fiber
assembly, including fibulin-4, fibulin-5, and fibrillin-2 (26).
In the current study, the presence of oxidative stress was
identified in the pathogenesis of hypertension. Further-
more, it was demonstrated that fibulin-3 was able to reduce
MMP-2, MMP-9 and oxidative stress in the FBLN groups
compared with the placebo group. Thus, it was suggested that
increasing fibulin-3 may be beneficial for the improvement of
vascular health, and the reduction of certain cardiovascular
risk factors for hypertension.

In summary, the current study identified that upregula-
tion of fibulin-3 and MMP expression was associated with
hypertensive vascular remodeling in the thoracic aortas
of SHRs. Fibulin-3 may function as a growth factor in the
arteries, however increasing levels of fibulin-3 did not aggra-
vate vascular remodeling of hypertensive aortas. In addition,
fibulin-3 may reduce MMP-2, MMP-9 and oxidative stress
in vascular remodeling in hypertension. Thus, it is suggested
that increasing fibulin-3 may be beneficial to improve
vascular health and reduce cardiovascular risk factors for
hypertension.
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