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ATRA improves endothelial dysfunction in atherosclerotic rabbits
by decreasing CAV-1 expression and enhancing eNOS activity
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Abstract. The aim of the present study was to explore the protec-
tive effects and possible mechanisms of all-trans-retinoic acid
(ATRA) against atherosclerosis (AS). Rabbits were randomly
allocated for standard or high-fat diet with or without ATRA.
After 12 weeks, the aortic rings of the rabbits were removed.
Endothelium-dependent relaxation (EDR) induced by acetyl-
choline and non-endothelium-dependent relaxation induced
by sodium nitroprusside in the thoracic aorta were evaluated.
NO level and eNOS activity were measured according to the
protocol of NO and eNOS ELISA kits. The permeability and
morphology of the arterial walls were identified by immuno-
fluorescence and H&E staining respectively. The expression of
caveolin-1 (CAV-1) and occludin was analyzed using western
blotting and immunohistochemistry. The EDR function was
significantly reduced in the AS rabbits compared with the
normal group, however it was elevated following treatment
with ATRA. The eNOS activity and NO level were reduced
in the AS group, however were notably increased following
oral administration of ATRA. There was an enhancement of
endothelial permeability in the AS group compared with the
normal group, which decreased following ATRA treatment.
Western blot analysis and immunohistochemical analysis
identified an increase in occludin expression after treatment
with ATRA, in contrast to CAV-1 expression under the same
conditions. ATRA is able to ameliorate high-fat-induced AS in
rabbits, which is mediated through the activation of eNOS and
downregulating CAV-1 expression.
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Introduction

Atherosclerosis (AS) is a complex multifactorial disease
characterized by the concentration of large scale lipids, inflam-
matory cells and fibrous elements. Evidence is accumulating
to suggest that damage to vascular endothelial cells initiates
AS (1). Endothelial cells form a permeable barrier, which main-
tains the internal environment by manufacturing and excreting
various cytokines and by regulating cellular cholesterol, lipid
homeostasis and inflammation in the vascular wall (2). NO is
a potent vasodilator factor and signal regulator in endothelial
cells, and is induced by eNOS through catalyzing L-arginine.
The NO/eNOS system is crucial in endothelium-dependent
diastolic function and damage to endothelial function gener-
ally always follows a decrease in eNOS activity (3). Caveolae
consist of caveolin, cholesterin and sphingomyelin, and are thus
termed from their flask-shaped, invaginated structures observed
in the cytoplasmic membrane. CAV-1 is an essential structural
protein for the formation of caveolae, and is expressed in endo-
thelial cells, macrophages and smooth muscle cells (4). It has
been demonstrated that CAV-1 may serve as a target site for AS
by restraining eNOS activity by combining with eNOS (5-7).

All-trans retinoic acid (ATRA), a derivative of vitamin A,
is involved in inducing cell differentiation, reducing inflam-
mation and suppressing cell proliferation and metastasis (8).
Previous studies (9,10) have demonstrated that ATRA is
effective in delaying the process of AS, although the exact
mechanism remains to be elucidated. The majority of studies
exploring the function of ATRA focus on vascular smooth
muscle (VSMC), however, few (11-14) have demonstrated that
ATRA regulates the activity of eNOS to affect NO concentra-
tion in endothelial cells.

The present study attempted to investigate the therapeutic
effect of ATRA in AS rabbits, in addition to the potential
mechanisms of ATRA-attenuated AS.

Materials and methods

Reagents. ATRA was purchased from Sigma-Aldrich
(Merck Millipore, Darmstadt, Germany). Anti-occludin
(cat. no. sc-8144), anti-CAV-1 (cat. no. sc-70516) and
anti-B-actin (cat. no. sc-47778) were obtained from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). All secondary
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antibodies were purchased from EMD Millipore (Billerica,
MA, USA). HRP-conjugated secondary antibodies, including
rabbit-anti-goat (1:1,000, cat. no. AP106P), goat-anti-mouse
(1:1,000, cat. no. AP127P) and goat-anti-mouse (1:2,000, cat.
no. AP127P) were purchased from EMD Millipore (Billerica,
MA, USA). Histostain-plus kits and 3,3'-diaminobenzidine
(DAB) horseradish peroxidase (HRP) color development kits
were obtained from OriGene Technologies, Inc. (Beijing,
China). eNOS and NO kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).
Sulfo-NHS-LC-biotin was obtained from Pierce (Thermo
Fisher Scientific, Inc., Waltham, MA, USA).

Animal experimental procedures. The present study was
approved by the Ethics Committee of Anhui Medical University
(Hefei, China). All rabbits were bred humanely in compliance
with the ‘Principles of Laboratory Animal Care’ formulated
by the USA National Society for Medical Research and the
Guide for the Care and Use of Laboratory Animals. A total
of 36 4-month-old and weight 1.8+0.2 kg male New Zealand
white rabbits were obtained from Nanjing Anlimo Technology
Co., Ltd. (Nanjing, China), and maintained in individual cages
under moderate temperature and a 12-h light/dark cycle, with
ad libitum access to food and clean water. Following a 7-day
acclimation period, they were randomly divided into the
control group (n=10), an AS group (AS group, n=10) and an
ATRA treatment group (ATRA group, n=10). Rabbits in the
control group were fed a normal diet (150 g/day), the AS group
were fed a high-cholesterol diet (1% cholesterol and 5% lard,
150 g/day), and the ATRA group received a high-cholesterol
diet and 10 mg/kg/day ATRA. The control and the AS groups
received the same volume of medium by gavage. All the rabbits
were euthanized at the end of week 12.

Tissue collection. Animals were anaesthetized by 3% pento-
barbital sodium (Sigma-Aldrich; Merck KGaA; 1 ml/kg) and
then sacrificed by rapid exsanguination. The aortic arch, the
thoracic and abdominal aorta, and the arteria iliaca were
removed. The aortic arch was cut longitudinally and fixed
in 4% paraformaldehyde for pathological and immunohisto-
chemical assays. The upper section of the abdominal aorta was
placed in a dish containing ice-cold Krebs solution (compo-
sition in mmol/l: NaCl, 120; KCl, 4.7, KH,PO,, 1.18; CaCl,,
2.25; NaHCO;, 24.5; MgS0O,-7H,0, 1.2; glucose, 11.1; EDTA,
0.03) and continuously aerated with 95% O, and 5% CO,;
the samples were then cut into rings (3 mm in length) for the
measurement of isometric contractile tension. The remaining
arteries were frozen in liquid nitrogen and stored at -80°C for
western blotting.

Measurement of isometric contractile tension. Individual
aortic rings were vertically suspended between two stainless
steel wire hooks in a jacketed organ bath containing 25 ml
Krebs solution (as described above), which was replaced at
15-min intervals. The bathing solution was aerated continu-
ously with a mixture of 95% O, and 5% CO, at 37°C. Isometric
contractile tension was continuously recorded using a BL-420F
experimental system of biological function (Chengdu Tai
Meng Science and Technology Co., Ltd., Chengdu, China).
Resting tension was increased stepwise to reach a final tension
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of 2 g that was applied to the aortic rings; then, they were
equilibrated for 45 min. Following equilibration, rings were
precontracted with 1x10-° mol/l phenylephrine (Phe) and, once
a stable contraction plateau was obtained, 1x10°-1x10** mol/l
acetylcholine (ACh) or 1x10-1x10"* mol/l sodium nitroprus-
side (SNP) was cumulatively added to the organ bath until
a maximal vasodilator response was achieved. Cumulative
vasodilator response data were expressed as the percentage of
relaxation relative to the Phe-induced precontraction.

Immunofluorescence. Arteries were unfolded on freezing
optimal cutting temperature compound and treated with
Sulfo-NHS-LC-biotin for 30 min, then preserved at -80°C.
The frozen sections were washed in PBS 3 times (10 min
each), blocked with 5% non-fat milk overnight at 4°C, then
incubated with Rhodamin (1:20) for 2 h at 4°C, then washed
three times prior to mounting and coverslipping. The sections
were observed using a Leica immunofluorescence microscope
(Leica Microsystems GmbH, Wetzlar, Germany).

Immunohistochemistry. The expression levels of CAV-1 and
occludin in the aortas were measured by immunohistochem-
istry. The sections were dewaxed in xylene, rehydrated in
graded ethanol solutions and subjected to antigen retrieval
in citrate-buffered solution at 95°C for 15 min. Endogenous
peroxidase activity was blocked by 3% hydrogen peroxide.
The specimens were blocked by normal goat serum and
incubated with the anti-CAV-1 or anti-occludin overnight.
After being washed in PBS, the slides were incubated with
streptavidin-biotin horseradish peroxidase complex after
biotin-conjugated secondary antibody. Then the sections were
treated with DAB for 5 min and, after thorough washing, were
mounted on slide glasses with Resinene (Guo Yao Chemical
Reagent Co., Ltd., Shanghai, China).

Western blot analysis. The aortas were washed with PBS
for 3 times, and lysed in RIPA buffer (Tris-HCI, pH 7.14,
150 mmol/l NaCl, 1 mmol/l EDTA, 1% Triton X-100, 0.1%
SDS, 5 mg/ml leupeptin and 1 mmol/l PMSF). The lysates
were centrifuged at 14,000 x g for 30 min at 4°C. The
protein concentration of each sample was measured with
Micro-BCA Protein Assay Reagent kit (Beyotime Institute
of Biotechnology, Haimen, China). Protein extracts were
blended with SDS sample buffer and boiled for 8 min,
separated through 12% SDS-PAGE, and then transferred
onto polyvinylidene difluoride membranes. The membranes
were blocked with 5% fat-free milk in PBST (PBS, 0.1%
Tween-20) for 2 h at room temperature, and then incubated
overnight with anti-CAV-1 (1:500), anti-occludin (1:500) or
anti-f-actin (1:1,000) at 4°C, followed by the appropriate
HRP-conjugated secondary antibody with CAV-1, occludin
or (-actin, and detected with enhanced chemiluminescence
(Beyotime Institute of Biotechnology). Protein bands were
visualized by exposing the blots to Kodak X-ray film (Kodak,
Rochester, NY, USA).

Statistical analysis. Statistical analyses were conducted using
SPSS, version 19.0 (IBM SPSS, Armonk, NY, USA). All data
are expressed as the mean =+ standard deviation. One-way anal-
ysis of variance was used to evaluate the statistical significance
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Table I. Endothelium-dependent relaxation of thoracic aorta
produced by ACh (%, n=6, mean + SD).

ACh (mol/l) Normal Model ATRA

10° 4.83+0.26 1.65+0.19° 1.99+0.19%%
10°® 14.66+1.23 3.98+0.45* 9.48+1.31%
107 52.52+1.92 22.79+2 .98* 34.56+2.12%0
10 77.45+2 .97 44.06+5.76 55.99+3.670
107 84.52+3.19 50.88+1.63* 68.51+3.14%
10+ 95.68+3.57 53.34+2.11* 73.98+3.080

"P<0.05 vs. normal group, °P<0.05 vs. model group. Values are
presented as the percentage of relaxation relative to a phenylephrine
precontraction (1 #m) and data are expressed as the mean + standard
deviation (n=6/group). ACh, acetylcholine; ATRA, all-trans-retinoic
acid; SD, standard deviation.

Table II. Non-endothelium-dependent relaxation of thoracic
aorta produced by SNP (%, n=6, mean + SD).

SNP (mol/l) Normal Model ATRA

10° 7.34+0.33 7.22+0.59 7.16+0.37
108 32.64+1.03 34.00+1.80 33.32+2.34
107 64.38+1.96 62.61+1.88 62.55+3.57
10°¢ 87.35+£2.62 86.54+2.72 88.29+3.95
10 97.01+2.28 96.96+3.97 98.14+4.60
10 106.55£3.93  106.20+4 .22 107.99+4.68

Values are presented as percentage of relaxation relative to a
phenylephrine precontraction (I ym) and data are expressed as
mean + standard deviation (n=6/group). SNP, sodium nitroprusside;
ATRA, all-trans-retinoic acid; SD, standard deviation.

of the differences between multiple groups. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

ATRA improved endothelium-dependent relaxation (EDR)
function in AS rabbits. EDR of thoracic aorta was induced
by ACh ranging from 10°-10"* mol/l. As presented in Table I,
the maximum relaxation induced by ACh (10 mol/l) in the
normal group was 95.68% compared with 53.34% in the AS
group. This suggested that the EDR function in the AS group
was seriously impaired compared with the normal group
(P<0.05). Treatment with ATRA markedly ameliorated this
damage and restored the relaxation to 73.98% compared with
the AS group, indicating that ATRA makes a contribution
to EDR in AS rabbits. There was no notable difference on
SNP-induced non-endothelium-dependent relaxation (NEDR)
in the thoracic aortic rings (Table II).

ATRA improves the permeability of the arterial wall in AS
rabbits. The permeability of endothelial cells was detected
by immunofluorescence (surface biotinylation technique).
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A

Figure 1. The permeability of the arterial walls detected by immunofluores-
cence in the three groups (x200). (A) There was a little paracellular leakage
of NHS-LC-biotin in the normal arterial wall, however in the (B) model
group all the layers of the artery were biotinylated. (C) The leakage of
NHS-LC-biotin through the arterial intima was markedly reduced in
AS rabbits following treatment with ATRA. AS, atherosclerosis; ATRA,
all-trans-retinoic acid.

Concentration profiles of NHS-LC-biotin were acquired
according to the radial distance through the media of the arterial
wall. There was a little paracellular leakage of NHS-LC-biotin
in the normal arterial walls (Fig. 1A) in contrast, all the
arterial layers were biotinylated in the AS rabbits (Fig. 1B).
As presented in Fig. 1C, leakage of NHS-LC-biotin, which
permeates through arterial intima, was reduced markedly in
AS rabbits following treatment with ATRA, suggesting that
ATRA was able to restore the permeability of damaged endo-
thelial to some extent.

ATRA attenuated CAV-1 protein and enhanced occludin
expression level in AS rabbits. The features of the arterial
lesions were examined by hematoxylin and eosin (H&E)
staining. The arterial intima was clear and intact in the
normal group and the endothelial cell cores were stained and
evenly arranged (Figs. 2A and 3A). However broken arterial
intima, increased intercellular space, numerous foam cells
and fibrous plaques were observed in the AS group (Figs. 2B
and 3B). Treatment with ATRA resulted in fewer foam and
inflammatory cells, and no fibrous plaques (Figs. 2C and 3C).
Immunohistochemical analysis demonstrated that the expres-
sion of occludin was lower in the AS rabbits compared with
the normal rabbits, while the level of occludin was markedly
increased following ATRA treatment (Fig. 2). In addition,
western blot analysis gave the similar results for occludin
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Figure 2. H&E and immunohistochemical staining of occludin in arterial walls (x200). (Aa) H&E staining of the arterial walls normal group; the arterial
intima was clear and complete. (Ba) The model group; the arterial intima was damaged, and numerous foam cells and fibrous plaque were discovered. (Ca) The
ATRA group; fewer foam and inflammatory cells, and no fibrous plaques. Immunohistochemical staining of occludin demonstrated that the staining in
(Ab) normal rabbits was higher compared with (Bb) AS rabbits and that it was (Cb) clearly increased following treatment with ATRA. H&E, hematoxylin and
eosin; AS, atherosclerosis; ATRA, all-trans-retinoic acid.

A B C

a a a

Figure 3. H&E and immunohistochemical staining of CAV-1 in arterial walls (x200). The result of H&E staining was the same as Fig. 2 (Aa, Ba and Ca).
Immunohistochemical staining of CAV-1 in AS rabbits was higher than normal rabbits, while it was markedly reduced when treated with ATRA (Aa, Ba
and Ca). H&E staining of the arterial walls (Aa) normal group (Ba) model group (Ca) ATRA group. Immunohistochemical staining of the arterial walls
(Ab) normal group (Bb) model group (Cb) ATRA group. H&E, hematoxylin and eosin; AS, atherosclerosis; ATRA, all-trans-retinoic acid.

expression (Fig. 4). As demonstrated in Figs. 3 and 5, immu-  ATRA increased eNOS activity and NO concentration in AS
nohistochemistry gave the same indications of the expression  rabbits. As presented in Table III, eNOS activity and NO
of CAV-1 as did western blot analysis, unlike occludin under ~ concentration of the AS group were markedly decreased
the same conditions. compared with the normal group (P<0.05), nevertheless they
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Table III. Comparison of eNOS activity and NO concentration
in three groups (n=10, X=+s).

eNOS activity NO concentration

Group (U/mgprot) (umol/gprot)
Normal 6.53+0.86 18.56+9.77
Model 0.82+0.62* 1.52+0.42*
ATRA 3.75+2.57° 7.72+2 .81+

"P<0.05 vs. normal group, "P<0.05 vs. model group. Data are
expressed as the mean + standard deviation (n=6/group). ATRA,
all-trans-retinoic acid.

were notably increased in the AS rabbits following treatment
with ATRA.

Discussion

ATRA is part of a family of signaling molecules that are
derived from vitamin A, and emergent studies have concen-
trated on its antitumor effects (15,16). Now it has been
demonstrated that ATRA may serve an important function in
AS (17). AS is identified as a common pathological basis of
cardio-cerebrovascular disease, which involves a variety of
risk factors and etiological mechanisms. Although the etiolog-
ical factors and pathological mechanisms remain to be fully
elucidated, the widely accepted hypothesis postulates that the
endothelial damage is regarded as the initiation of AS (18,19).
To further elucidate the potential mechanisms of ATRA in AS
was the aim of the present study.

Endothelial cells, located between blood and tissue, form
a cellular barrier to circulating blood and have an impor-
tant role in maintaining vascular function, regulating the
permeability and balancing the coagulation and fibrinolysis
systems (20,21). Injury of the endothelial cells leads to an
alteration in EDR in response to ACh. In the present study,
the maximal relaxation induced by ACh (10 mol/l) was only
53.34% in the AS group, suggesting that the EDR function
was seriously impaired in the AS rabbits compared with the
normal rabbits. After treatment with ATRA, the relaxation
was restored to 73.98%, indicating that ATRA makes a
contribution to EDR in AS rabbits (Table I). In the present
study, experiments on isolated thoracic aorta rings demon-
strated that there was no notable difference on SNP-induced
NEDR (Table II).

It has been demonstrated that the exchange of substances
between the inside and outside of the blood vessel, including
signaling molecules and structural proteins, depends on
endothelial permeability. That permeability is regulated
by the adhesive force maintained by cell-cell junctions and
cell-matrix contacts (22,23). The present study demonstrated
that the permeability of the arterial wall was increased after
the rabbits were provided with a high-fat diet for 12 weeks,
while endothelial permeability had recovered following treat-
ment with ATRA (Fig. 1). The results indicated ATRA as a
regulator to adjust the damaged endothelial permeability in
the AS rabbits.
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Figure 4. ATRA enhanced the expression of occludin in arterial walls.
(A) Western blot analysis demonstrated that the expression of occludin in
AS rabbits was the lowest of three groups, while it was enhanced visibly
treated with the ATRA group. (B) Densitometric units of the normal group
(occludin/B-actin). “P<0.05 vs. normal group and “P<0.05 vs. model group.
ATRA, all-trans-retinoic acid; AS, atherosclerosis.
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Figure 5. ATRA attenuated the expression of CAV-1 in the arterial wall. The
expression of CAV-1 in the AS group was higher than that in normal rabbits,
however, the level of CAV-1 was markedly decreased following ATRA treat-
ment. (A) Western blot analysis; (B) densitometric units of the normal group
(CAV-1/B-actin). "P<0.05 vs. normal group and “P<0.05 vs. model group.
ATRA, all-trans-retinoic acid.

Tight junctions (TJs), which consist of occludin, the
claudin protein family and ZO-1, are vital structures generated
in epithelial and endothelial cells, regulating the paracellular
permeation of ions and macromolecules (24). Acting as an
important constituent of TJs, occludin restricts the flow of
fluid from the vascular lumen to the intercellular space (25).
Although it is disputed that occludin maintains the integ-
rity of TJs, a study demonstrated that TJs may be damaged
following a deficiency of occludin (26), causing the migration
of hemameba and lipids, the increase of endothelial perme-
ability and ultimately leading to AS formation. The present



WU et al: ALL-TRANS-RETINOIC ACID IMPROVES ENDOTHELIAL DYSFUNCTION IN ATHEROSCLEROTIC RABBITS

study noted that the expression of occludin was lower in AS
rabbits compared with normal rabbits (Fig. 2Ab and Bb)
according to immunohistochemical analysis, while occludin
expression level was markedly increased after ATRA treat-
ment (Fig. 2Cb). Western blot analysis yielded the same results
as immunohistochemical analysis (Fig. 4). These results
indicated that ATRA improves the permeability of the aorta
intima by upregulating occludin expression.

The results of the present study demonstrated that the
anti-AS effects of ATRA were associated with NO, an endo-
thelium-derived relaxing factor that is released by endothelial
cells. NO is one of the most important vasoactive compounds
in vivo, restraining VSMC migration and proliferation, platelet
aggregation and leukocyte adhesion (27). Endothelial dysfunc-
tion, a precondition of AS, is always accompanied by the
decrease of NO synthesis and release, in addition to NO activity
and bioavailability (28). It has been established that ATRA can
increase NO concentration via two ways: i) Changing asym-
metric dimethylarginine, the inhibitor of eNOS system and
i1) enhancing the phosphorylation of eNOS to increase NO
formation (29). The present study demonstrated that eNOS
activation and NO concentration in the AS group were signifi-
cantly reduced compared with the normal group, while they
were clearly increased after treatment with ATRA (Table III).

The phosphorylation of eNOS at serine 1177 by the
phosphoinositide 3-kinase-protein kinase B pathway is
associated with NO release (30), while a previous study (31)
demonstrated that CAV-1 is able to inhibit eNOS activity by
forming an eNOS-CAV-1 complex in endothelial cells. When
cells are stimulated, eNOS is displaced from the eNOS-CAV-1
complex and activated by combining with calmodulin, making
a contribution to the increase of NO concentration (32). Here,
immunohistochemical analysis indicated that the expression
of CAV-1 was increased in AS rabbits compared with normal
rabbits (Fig. 3Ab and Bb), while the level of CAV-1 was notably
decreased following ATRA treatment (Fig. 3Cb). Western
blot analysis confirmed the results of immunohistochemical
analysis (Fig. 5).

In summary, ATRA has a promising effect in the ameliora-
tion of high-fat-induced AS in rabbits, and it may produce its
protective effects by activating eNOS, in addition to down-
regulating CAV-1 expression. However, the exact and detailed
mechanism of ATRA function remains to be elucidated.
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