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Artyku³ przegl¹dowy Review

Coronary artery occlusion is a very important
problem in human medicine. In 2010 in Poland, only
approx. 188,006 coronary angiographies were per-
formed, 105,728 of which ended in a Percutaneous
Coronary Intervention (PCI) (23). In order to prevent
heart infarcts and to maintain the patency of the coro-
nary artery in a critical stenosis, a stent is inserted
(implanted), which represents a kind of scaffolding
(made of metal) that supports the wall of the vessel.

Stent implantation is a procedure which belongs to
the PCI group and is nowadays the most often perfor-

med procedure in human interventional cardiology,
constituting 90% of all PCI procedures (23, 29). Before
their introduction in routine therapies, permanent im-
plants, such as stents, are subject to clinical evaluation,
and earlier, to pre-clinical evaluation in animals.

Animal models make it possible to check the validity
of theoretical assumptions and are considered very
useful for understanding the mechanisms of the
system response to the factor under investigation. Such
models are used to assess the results of the therapeutic
measures applied, as well as their efficacy and safety,
without endangering human health and life. To obtain
reliable data, pre-clinical studies are performed in
a manner as close as possible to clinical studies.
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Summary
Coronary artery occlusion is a very important problem in human medicine. A great progress in the

treatment was the introduction of stents. The most popular are drug-eluting stents, which prevent restnosis.
Nowadays, more than 30 different types of stents are implanted into the coronary arteries, and these stents are
still being improved. Animal models make it possible to verify theoretical assumptions and are considered
very useful for understanding the mechanisms of the system response and for evaluating the effectiveness and
safety of this factor. To bring the rabbit model closer to conditions under which stents are implanted, rabbits
are fed a fat-rich diet, often with 0.5-2.0% cholesterol, and, occasionally, their vessel walls are damaged
with a balloon, ligation narrowing the lumen, or a stent of a slightly excessive diameter, which damages the
endothelium. A standard protocol for this type of experiments has not yet been developed. The rabbit model
has become a very valuable and widely recognized model in pre-clinical studies of vascular stents, since it is
useful for a reliable preliminary evaluation of new materials. The reactions of the human body to the new
material are comparable to the reactions obtained previously in the rabbit model. Although there is no animal
model perfectly imitating the conditions in human coronary arteries affected by chronic coronary disease,
pre-clinical studies carried out on the rabbit model have opened new horizons for saving human health
and lives.
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Animal models in the studies of vascular stents have
an equally long history as the studies themselves,
although coronary artery stenosis is not a clinical pro-
blem in veterinary medicine. Experiments have been
described with the use of an in vivo vascular model of
small ruminants, pigs, rabbits, and dogs. In the course
of these studies, it has been found that the vessels of
dogs usually show less inflammatory response to the
presence of a foreign body in the form of an implant
than human vessels. Experiments in calves are limited
by the rapid growth of these animals and changes in
their vessel diameters. The largest number of experi-
ments have been carried out on the coronary arteries
of domestic pigs and on the femoral arteries and their
branches in dogs and rabbits, because their size and
access are the most similar to human vessels (32). The
rabbit model is very valuable, not only because the
femoral artery diameter is similar to the diameter of
human coronary system vessels, but also because of the
small size of rabbits, the ease and low cost of keeping
them, their high fertility, easy accessibility, and the
quick time of reaching sexual and somatic maturity. In
the present publication, we will discuss the types of
coronary stents, the means of studying the impact
of stents on the vessel wall, and the importance of
rabbits as an experimental model.

Types of coronary stents
In rabbit models, the first stents were made of metal

(BMS � Bare Metal Stents), which was the next stage
in the development of coronary angioplasty. Since
coronary stents are implanted into the peripheral
vessels of rabbits, the main problem involved in this
procedure is vascular thrombosis. It is an adverse
result of the presence of a metal material within the
vascular system, or more precisely, the result of the
interaction between the metal surface of the material
and the organism. Another limitation of the use of BMS
is the body�s defensive reaction involving the attempt
to isolate the foreign body. The implant is covered by
the neointima of considerable thickness, which leads
to vascular stenosis (reducing the active cross section)
and, consequently, to angina pectoris or an acute coro-
nary syndrome, which constitutes a direct threat to life
(13). All animals that have suffered limb ischemia,
other distressing symptoms, or death, in connection
with the procedure should be carefully examined, and
the condition of the implanted stent should be minutely
documented. The safety and efficacy of the procedures
should be tested several times at specified intervals.
If there is the possibility, the tested stent should be
implanted exactly in the same vessel type in which it
will ultimately be used.

As mentioned above, clinical practice has shown that
traditional BMS commonly cause restenosis, which has
led scientists to seek better solutions to reduce the risk
of post-procedural complications. Several different
options have been studied: a) metal stents covered with

substances that should prevent restenosis, b) stents
releasing genetic material, c) stents covered with radio-
active substances, d) stents with plasma-activated
coatings, e) stents covered with nanomaterials, f) stents
made of biodegradable and bioabsorbable materials,
and g) stents that can be removed after a certain time.

The first group of implants is made up of metal stents
covered with biostable and biodegradable polymers
that are drug carriers (DES � Drug-Eluting Stents),
such as arsenic trioxide (39), biosynthetic cellulose (4),
paclitaxel, sirolimus, or zotarolimus (26). DES are
currently the most often implanted type of stents in
planned procedures. Over 30,000 DES were implan-
ted in Poland in 2010 (23).

The drugs used for coating DES prevent coronary
artery re-occlusion. This effect is achieved through the
immunosuppressive effects of the above-mentioned
active substances on the vascular endothelium, which
blocks the process of endothelial cell proliferation and
reduces the inflammatory response (by blocking the
transcription of proteins that are inflammatory response
mediators). DES also produced positive results in
pre-clinical studies in rabbit models and in clinical
trials, although the analyses of the long-term effects
of DES have shown that immunosuppressive drugs
inhibit the positive phenomenon of the re-endotheliali-
zation of metal stent parts, causing vessel remodelling
that may potentially result in incomplete adherence
of the stent to the vessel walls. As a consequence, it
occasionally leads to the formation of a coronary artery
aneurysm. A more frequent later result of DES (up to
2 years after the implantation in 6-10% of cases) is
restenosis, and in approx. 2% of cases, the so-called
late stent thrombosis (27) occurs. Furthermore, an ana-
lysis of the results of clinical trials with DES, in which
the drugs carriers were biostable polymers, has found
hypersensitivity to these drug carriers in some of the
tested animals and humans, resulting in allergic reac-
tions. Persistent problems are polymer instability (24)
and delayed re-endothelization (19).

Another direction in research on stents consisted
in covering them with a coating releasing restenosis-
-preventing genes, i.e. a modified material of adeno-
viruses, causing an overexpression of nitric oxide
synthase (33), or coating with radioisotopes (17).

Some research has been focused on plasma-activa-
ted (37) or carbon- and titanium-based coated stents
(20, 25). This biomaterial should reduce the risk of
�late stent thrombosis,� an event triggered by drug-
-eluting stents (1, 2).

Another idea is to construct a temporary prosthesis,
i.e. bioabsorbable stents (BS � biodegradable stents).
The first of these was the polylactate stent (Poly-L-
-Lactic Acid, PLLA), which was later covered with
antimitotic drugs, because it caused too severe inflam-
matory reactions (39). The disadvantage of most
polymer stents is their insufficient mechanical strength
(lesser radial strength) compared to traditional BMS.
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Their greater thickness, required to compensate for the
reduced strength of the materials, facilitates resteno-
sis and thrombosis (21). Only recently have materials
with suitable properties, such as genipin stents, been
obtained (5).

Other research has been focused on biodegradable
stents made of corroding materials, such as magne-
sium or a 9.8% iron alloy (28). Magnesium appeared
to be a potentially better alternative, because it inhibits
platelet aggregation and is a natural calcium antago-
nist (9). Iron stents are nowadays covered with a drug-
-eluting coating that suppresses corrosion, the release
of iron ions, and local inflammation responses (6, 15).

Tests are also conducted on stents that can be non-
-invasively removed from the vessel (8).

Nowadays, more than 30 different types of stents
are implanted into the coronary arteries. With respect
to their architecture, stents can be divided into tubes
with slots, modular stents, coils of wires, and hybrid
stents. Most stents implanted today are tubes with slots
and the modular type. Within these two groups, there
are many different designs and sizes of mesh, which
is important when it is necessary to access the lateral
branches of coronary arteries. Depending on the me-
thod of stent implantation, it is possible to distinguish
between self-expanding and balloon-expandable stents.
Recently, a new model of coronary stent designed for
coronary artery bifurcation has been developed (14).

The effect of stents on the vessel wall
Research on the impact of stent coatings and sub-

stances released by stents locally in animal models
should not be confined to the vessel wall, but should
include all tissues in close proximity to the implant
and should take into account potential further effects
of the bioimplant.

The stent size should closely match the size of the
vessel in which it will be implanted. The diameter of
the most often implanted stents ranges from 2.5 to
4.0 mm with a length from 12 to 22 mm. Too large
a diameter of the stent leads to excessive mechanical
damage to the vessel wall and prevents an objective
assessment of its safety and effectiveness, since the
mechanical stress of the vessel wall caused by strong
compression activates the inflammatory process (32).
On the other hand, too small a stent may be displaced
or dislocated inside the vessel immediately after its
expansion or can migrate shortly after implantation.

The most common complications following the
insertion of the stent into the vessel are a) incomplete
expansion, causing sub-acute thrombosis or reste-
nosis, b) closure of the lateral branch, c) perforation
of the coronary artery wall, d) infectious arteritis,
e) coronary artery wall dissection, f) intramural hema-
toma and g) in-stent thrombosis.

Studies necessary for the biological safety evaluation
of stents are defined by the PN-EN ISO 10993-1
standard: �Biological evaluation of medical devices �

Part 1: Evaluation and testing.� Since patients, after
stent implantation, usually undergo a dual antiplatelet
therapy, they take orally aspirin and clopidogrel or
ticlopidine. This fact should also be taken into account
in pre-clinical studies in animals. In humans, stents
are implanted mostly into coronary heart vessels, less
frequently into peripheral vessels, i.e. carotid or renal
arteries. In the rabbit model, stents are tested on
superficial femoral arteries, which have a diameter
comparable to that of the coronary artery in humans.
One should bear in mind, however, that tissues lying
near the superficial femoral artery (muscles, veins, and
muscular arteries) in animals may behave differently
in relation to DES than coronary arteries and the
myocardium. The toxic effect of the released drugs,
and the formation of clots and emboli in peripheral
parts of the body in experimental animals are particu-
larly dangerous when the stent is placed in the carotid
or the renal artery.

Rabbits as an experimental model
Most of the pre-clinical studies of successive vascu-

lar stent models have been carried out in the rabbit
model because of the advantages described above. To
further assimilate the rabbit model to the conditions
under which the stent is implanted, rabbits are fed
a fat-rich diet, often with the addition of cholesterol,
which is meant to induce hypercholesterolaemia. It
has been shown that chemical damage to their endo-
thelium occurs at a concentration of total blood chole-
sterol greater than 1000 mg% (18). Hypercholestero-
laemia in rabbits is usually induced by feeding them
with cholesterol, because it has been known since 1913
that arteriosclerotic changes in the rabbit endothelium
caused by cholesterol are similar to those seen in

Fig. 1. View of vascular stents placed on both rabbit iliac
arteries
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humans in the early stages of the disease (the so-called
phenomenon of pathological intimal thickening with
an extensive infiltration of macrophages) (12). Some
authors point out that in rabbits, unlike in humans,
fat-rich foam cells form rapidly, whereas complex and
unstable atherosclerotic plaques, including extravasa-
tion or calcified plaques, are seldom observed (30, 38).
These differences are usually caused by the short
duration of most experiments (6-10 weeks), which is
limited to reduce the mortality of the animals. To pre-
vent an excessive loss of experimental animals, proto-
cols have been used in which a fat diet and a normal
diet have been applied alternately (7). A standard
protocol for such experiments has not yet been deve-
loped, and variable, large amounts of cholesterol (from
0.5-2.0%) have been used. The comparison of the
extent and nature of arteriosclerotic changes for 1%
and 2% cholesterol diets has shown that these changes
follow the same path (16, 34). Other methods of indu-
cing hypercholesterolaemia and atherosclerosis, such
as the administration of coconut, sunflower, rapeseed,
soybean, corn, avocado or olive oil, have been used
less commonly (11, 22, 31, 36). Occasionally, vessels
have additionally been damaged with a balloon, or
the vessel lumen was reduced with a ligature, liquid
nitrogen has been administered to the vessel or the
endothelium was damaged by implanting a stent with
a slightly larger diameter than the diameter of the
vessel (10, 29, 31, 34).

In summary, it must be concluded that interventional
cardiology, including stent implantation techniques for
a critical stenosis of coronary arteries, is one of the
fastest growing areas of cardiology. These minimally
invasive and highly effective interventions have helped
save hundreds of thousands of human lives. The
rabbit model, has become a very valuable and widely
recognized model in pre-clinical studies of vascular
stents, since it is useful for a reliable preliminary
evaluation of the pre-tested materials. The reactions
of the human body to the new material are comparable
to the reactions obtained previously in the rabbit
model. Although there is no animal model perfectly
imitating the conditions in human coronary arteries
affected by chronic coronary heart disease, pre-clinical
studies carried out on the rabbit model have opened
new horizons for saving human health and lives.
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