All-trans retinoic acid effectively reduces atheroma plaque size
in a rabbit model of high-fat-induced atherosclerosis
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Abstract

Background. Atherosclerosis (AS) is one of the most prevalent causes of death around the world. Since there
are different types of risk factors, different types of medications focus on preventing atheromas and plaques
from establishing or on preventing established plaques from growing.

Objectives. The aim of this study was to evaluate the effect of all-trans retinoic acid (atRA) on ASin a rabbit
model of fat-induced AS.

Material and methods. Atherosclerosis was induced by a high-fat diet (HFD) for 75 days. Thirty rabbits
were randomly divided into 5 groups. Group 1 was the negative control group and received a normal diet.
The animals in the other groups were fed a HFD. Group 2 (the AS positive control group) received no drugs,
Group 3 received atorvastatin orally (20 mg/kg/day), Group 4 received atRA (5 mg/kg/day, orally), and Group 5
received both drugs. All medications were started on day 45 and continued until the end of the study. Fasting
blood samples were obtained for lipid profile evaluation. The aorta sections were evaluated for maximum
wall and intima thickness.

Results. Oral administration of atRA, atorvastatin or their combination significantly improved serum lipid
profile (p < 0.001). Atorvastatin and atRA significantly decreased serum total cholesterol and LDL-cholesterol
levelsin HFD (p < 0.001). No difference was found in serum HDL-cholesterol levels among the studied groups.
The HFD group (Group 2 — positive control) showed significant intima irreqularities with fat deposition
and foamy macrophage accumulation (atheroma). Administration of atRA and atorvastatin significantly
decreased the size of atherosclerotic plaques (intima thickness). The maximum vessel wall and intima thick-
ness were significantly decreased after atRA and atorvastatin administration (p < 0.001). No difference was
found between atRA and atorvastatin effectiveness, but combination therapy significantly decreased AS size
in comparison to using either of the drugs alone (p < 0.001).

Conclusions. In reducing AS plaque size, atRA is as effective as atorvastatin. Additionally, the combination
therapy of atRA and atorvastatin decreased AS size much more effectively, showing their synergistic effect.
atRA can also improve the serum lipid profile.
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Introduction

Atherosclerosis (AS) is one of the most prevalent causes
of death around the world.! The formation and progres-
sion of atherosclerosis is a long-term process which begins
with an accumulation of fat within the vessel walls. The fat
accumulation triggers an inflammatory process as well
as platelet activation and accumulation, which subsequently
leads to the formation of an atherosclerotic plaque.>? There
are some traditional risk factors involved in the initiation
or progression of plaques. Hypertension, smoking, diabetes
mellitus (DM), obesity, hyperlipidemia, and infections are
some well-known risk factors.* Since there are different
types of risk factors, different types of medications are used,
but most of therapy methods have focused on preventing
atheromas and plaques from establishing and on preventing
established plaques from growing.

All-trans retinoic acid (atRA) is derived from vitamin
A through an enzymatic process.® It has antioxidant ac-
tivity and is involved in cellular development, growth
and differentiation.®=® It is also known that atRA acts
as an anti-inflammatory agent and can inhibit platelet
function.? Recent studies have uncovered some protective
effects of atRA on the cardiovascular system.”!° It has also
been shown that atRA and its derivatives can inhibit DM
development, and decrease body weight and lipid produc-
tion by regulating fat metabolism in various organs.>-12
Considering the effects of atRA on DM and lipid metabo-
lism, as well as its anti-inflammatory and anti-platelet ac-
tivation effect, we hypothesized that atRA can be useful
in the treatment of AS.

The aim of this study was to evaluate the effect of atRA
on AS in a rabbit model of fat-induced AS and to compare
the results with atorvastatin as a control drug.

Material and methods
Animals

Thirty male New Zealand rabbits were included
in the present study. All animals were housed for 1 week
in a temperature- and humidity-controlled vivarium
(22 £2°C, 30-60%) with a light/dark cycle of 10 h/14 h
and access to a standard diet and water.

Table 1. Serum lipid levels in the studied groups [mg/dL]

Group 1

Group 2

Group 3
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All animal procedures were performed in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals (National Institutes of Health (NIH) US publication
No. 85-23, revised 1985). All experiments were performed
in agreement with the ethical considerations recommended
by the Pasteur Institute of Iran in Tehran, and the study
protocol was reviewed and approved by the Ethical Com-
mittee of the Urmia University of Medical Sciences, Iran.

Drug administration

The rabbits were randomly divided into 5 groups. Each
group contained 6 rabbits. Group 1 was treated as a nega-
tive control group and was fed a normal diet for 75 days.
The animals in Groups 2—5 were fed a high-cholesterol
(fat) diet (HFD; 1% of body weight) for 75 days. Group 2
served as the AS positive control group and was not treat-
ed with any drugs, Group 3 received atorvastatin orally
(20 mg/kg/day) starting on day 45 for 30 days (until the end
of the study), Group 4 received atRA (5 mg/kg/day, orally)
starting on day 45 for 30 days (until the end of the study),
and Group 5 received both atorvastatin (10 mg/kg/day)
and atRA (2.5 mg/kg/day) starting on day 45 for 30 days
(until the end of the study).

At the end of the experiment, the rabbits fasted for 12 h
prior to anesthesia and peripheral blood samples were
obtained from the marginal vein of their ear. Then, se-
rum samples were separated and analyzed for total
cholesterol (TC), triglyceride (TG), high-density lipopro-
tein (HDL), and low-density lipoprotein (LDL) counts.
Finally, the rabbits were sacrificed and the aorta of each
rabbit was carefully resected as previously described. 3

Biochemical measurement

Blood samples were centrifuged at 3000 rpm for 10 min
and serum samples were separated. Serum levels of TC,
TG, LDL, and HDL were measured using an autoanalyzer
(BT 4500; Biotecnica Instruments, Rome, Italy).

Tissue preparation
The aorta, including the ascending and descending

parts, was excised and totally immersed in phosphate
buffered formalin (PBF) for at least 24 h for fixation. After

Group 4 Group 5

(negative control) (positive control) (atorvastatin) (atRA¥) (atRA + atorvastatin) p-value**
TC 36.5+20 1,966.2 +330% 147.5 £102 621 +259 153.8 +61 <0.001
TG 136 +44 68.5 +45 75.5 47 145.2 +73 54.3 £30 >0.05
HDL 15£1.5 3245 392420 65 +34 30.6£5 >0.05
LDL 135 916 +42 102.7 £100 462.5 +99 119 £32 <0.001

TC - total cholesterol; TG - triglyceride; HDL - high-density lipoprotein; LDL — low-density lipoprotein; * atRA — all-trans retinoic acid;

** p-value <0.05 is significant.
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Fig. 1A. Aortic tissue (muscular wall) of a rabbit not receiving a high-fat
diet (HFD) (negative control — Group 1) (hematoxylin and eosin (H&E)
staining, x10 magnification)

Fig. 1B. Aortic tissue of a rabbit receiving a high-fat diet (HFD) without any
drug administration (positive control — Group 2). A large atherosclerotic
plaque composed of foamy macrophages (clearly stained area marked
with *) is seen attached to the vessel wall (marked with a black square),
(hematoxylin and eosin (H&E) staining, x40 magnification)

fixation, the samples were embedded in paraffin. Then,
5 um sections were obtained from each paraffin block
and stained with hematoxylin and eosin (H&E). The maxi-
mum wall thickness of the aorta and the intima thickness

Fig. 1C. Aortic tissue of a rabbit treated with atorvastatin (Group 3),
with smaller atherosclerotic plaque (area marked with *) compared
to the positive control (Group 2) in Fig. 2. The vessel wall is marked
with a black square (hematoxylin and eosin (H&E) staining,

%20 magnification)

Fig. 1D. Aortic tissue of a rabbit receiving atRA (Group 4), with smaller
atherosclerotic plaque (area marked with *), compared to the positive
control (Group 2) in Fig. 2. The vessel wall is marked with a black square.
The black circle shows the vessel serosa (hematoxylin and eosin (H&E)
staining, X20 magnification)

(plaque size) of each sample were measured using an im-
age evaluation program (Optika, Vittorio Veneto, Italy)
and were compared with other samples.

Statistical analysis

The results are expressed as mean + standard error
of the mean (SEM). Statistical analysis was performed
using SPSS v. 16.0 (SPSS Inc., Chicago, USA). Statistical
evaluation of the data was performed using an analysis
of variance (ANOVA). The normality of data was evaluated
with the Kolmogorov-Smirnov test; p-values <0.05 were
considered statistically significant.
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Results
Serum lipid profile

Levels of LDL, HDL, TG, and TC were significantly high-
er in the HED positive control group (Group 2) compared
to the negative control group (Group 1) (p < 0.001). Our
data showed that oral administration of atRA or atorv-
astatin, or their combination, significantly decreased TC
and LDL serum levels (p < 0.001). Additionally, we found
that atorvastatin reduced serum TC and LDL levels more
effectively than atRA (p < 0.001), but their combination
therapy showed no significant difference in effectiveness
compared to atorvastatin alone (p = 0.21). No statistical
difference was found in serum HDL levels among the stud-
ied groups. The details of the serum lipid profiles are in-
cluded in Table 1.

Histopathological evaluation

The sample from each rabbit’s aorta was evaluated us-
ing a light microscope (Olympus BH-21; Olympus, Tokyo,
Japan). In the negative control group no atheromas were
identified, but the HFD group (Group 2 — positive con-
trol) showed significant irregularities on the inner sur-
face of the aorta (intima), with fat deposition and foamy
macrophage accumulation (atheroma). Oral administra-
tion of atRA and atorvastatin significantly decreased
the size of the atherosclerotic plaques and intima thickness
(Fig. 1A-D, 2). The maximum vessel wall and intima thick-
ness were measured in each group and showed a significant
decrease after atRA, atorvastatin or their combined ad-
ministration (p < 0.001). No difference was found between
atRA and atorvastatin in reducing AS size, but the com-
bination therapy of atRA and atorvastatin significantly
decreased AS size in comparison to using either drug alone
(p < 0.001), (Fig. 3A, 3B).

Discussion

Derived from vitamin A, atRA is involved in some cell
regulatory processes, including cell migration, healing
and differentiation.?!3 Recent studies have revealed the ef-
fects of atRA on the cardiovascular system. It was shown
that atRA can inhibit restenosis of a coronary artery after
angioplasty.* In this study, we demonstrated that oral ad-
ministration of atRA in a rabbit model of fat-induced AS im-
proved the serum lipid profile and also decreased the size
of atherosclerotic plaques. We observed similar results with
atorvastatin, which was used in our study as a control drug.
Atorvastatin is one of the main drugs widely used to lower
serum lipids levels in clinical practice.”>17

In this study, we found atRA very effective in decreasing
the size of AS. Although we found no superiority for atRA
over atorvastatin in reducing AS, there are some studies

Fig. 2. Aortic tissue of a rabbit receiving both atorvastatin and atRA
(Group 5). There is a small plaque (area marked with *) attached

to the vessel wall (area marked with a black square) (hematoxylin
and eosin (H&E) staining, x40 magnification)

which have shown that atRA is much more effective than
atorvastatin.? The benefits of atRA can be related to the fol-
lowing mechanisms: reducing lipotoxicity-induced oxida-
tive stress, inhibiting the production of reactive oxygen
species (ROS), enhancing fatty acid oxidation, activating
macrophages, reducing inflammation, and inhibiting
coagulatory factors.>13-22 As a novel finding, we found
that combination therapy of atRA and atorvastatin de-
creased AS size more effectively than administering either
one alone. These findings suggest that atRA and atorvas-
tatin act through different mechanisms and that their com-
bination therapy has a synergistic effect on AS treatment.

We also found that atRA can reduce serum TC and
LDL-cholesterol levels, although we found atorvastatin
to be more effective in reducing serum TC and LDL-
cholesterol levels than atRA. We also found no difference
between atorvastatin and its combination therapy with
atRA in lowering serum TC and LDL-cholesterol levels.
These findings are in line with other studies on this topic.>
We also found no differences in serum HDL-cholesterol
levels in the compared groups.

Our study had some limitations. We did not explore
the underlying mechanisms through which atRA could
reduced atheroma size or serum lipid levels. Some stud-
ies have explored the role of inflammation and stated
that atherosclerosis is an inflammatory process.?* Others
have shown that macrophage activation by retinoic acid
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Fig. 3A. Aortic maximal wall thickness in rabbits. The wall thickness
analysis showed that all-trans retinoic acid (atRA) and atorvastatin can
both reduce the wall thickness and that their combination therapy
had the most effective results (p < 0.001). There was no difference

in effectiveness between atRA and atorvastatin, but as this figure
shows (p = 0.3), combination therapy showed a significant difference
in effectiveness with both atRA and atorvastatin (* p < 0.001)
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Fig. 3B. Aortic intimal thickness. The results were similar to wall
thickness analysis as both all-trans retinoic acid (atRA) and atorvastatin
significantly decreased the intima thickness (p < 0.001). Combination
therapy decreased the intima thickness more effectively than either
of the drugs alone (* p < 0.001). No difference in effectiveness was
found between atRA and atorvastatin (p = 0.24)

receptors, which leads to improved antiapoptotic activity
of the macrophages, can increase removal of apoptotic cells
in AS plaques.?® In another study by Bilbija et al., an over-
expression of retinoic acid target genes was shown in coro-
nary artery disease (CAD).2 Bilbija et al. also reported
that atRA has antiproliferative effects on cardiomyocytes
and cardiofibroblasts and concluded that the antiprolifera-
tive effects of atRA may be beneficial because it may be
used to delay cardiomyocyte remodeling, reduce restenosis
and preserve the functions of the cardiovascular system.?*
But in none of the related studies are the underlying signal
transduction pathways, which lead to AS reduction and in-
hibition, clearly defined.

We found that atRA can reduce AS plaque size as ef-
fectively as atorvastatin. Additionally, their combination
therapy improved their power and decreased AS size much
more effectively. Our study is a novel experiment which
studied the combination effect of atRA and atorvastatin
on both AS and serum lipid profile. This combination ef-
fect has not been evaluated in any other study. We found
that combined administration of atRA and atorvastatin
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had a synergistic effect only in reducing AS plaque size, but
not in lowering serum lipids levels. This finding may sug-
gest a mechanism other than lowering serum lipids levels
in reducing AS plaque size. We also showed a lipid-lower-
ing effect for atRA, although it was less effective than ator-
vastatin. Our results nominate atRA as a potential thera-
peutic agent in the treatment of AS and subsequent CAD.
We suggest performing further studies to find out oth-
er therapeutic and adverse effects of atRA, as well as its
mechanism of action, the optimal dosage and the route
of administration. This may lead to its use in a combina-
tion therapy with statins in patients with CAD to better
control the disease and reduce ischemic attacks in future.
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