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Abstract: The adverse long-term events in first-generation drug-eluting stents were associated with chronic inflam-
matory response to the polymer. As an alternative, stents with biodegradable polymers emerged, whose effects 
on the vascular response are not yet fully known. Our objectives were to study the adventitial response to the stent 
implantation and the role of the polymeric vehicle. A histological (Haematoxylin-Eosin, Verhoeff van Gieson) and 
immunohistochemical (von Willebrand factor, alpha-smooth muscle actin) analysis were performed on resin-
embedded arterial sections from fifteen Large White pigs, 28 days after the random implantation in the coronary 
arteries of: a chromium-cobalt stent and a stent coated with a permanent polyacrylate or biodegradable poly(d,l)-
lactic-co-glycolic polymer, the two latter ones are loaded with sirolimus. Independent of the stent, the adventitial 
inflammation was associated with the adventitial area (P = 0.006 8) and the inflammation score (P = 0.037 1); and 
the adventitial actin-positive cells with the vascular damage (P = 0.001 2). A significant relationship was observed 
between the greater percentages of the restenosis and the more intense inflammation (P = 0.035 1) and the actin-
positive cells (P = 0.011 9) in the adventitia. The polymeric vehicle increased the adventitial actin-positive cells 
(P = 0.018), independent of the type of polymer. The adventitial changes seem to be related to the restenosic pro-
cess 28 days after the coronary stenting. Further investigations are necessary to confirm the role of the polymeric 
vehicle on the adventitial histopathological changes.
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occlusion due to atherosclerosis; however, vascu- 
lar repair following stent implantation causes a cel-

A percutaneous transluminal coronary angioplas-
ty is a commonplace treatment to resolve a vascular 
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lular response that raises the risk of restenosis 
(Perez de Prado et al. 2013). The use of drug-eluting 
stents (DES) has been a major advance because it 
has reduced the rate of restenosis and the incidence 
of repeated revascularisations (Tomberli et  al. 
2018). Nevertheless, the first-generation DES were 
linked to an increased risk of stent thrombosis and 
late restenosis (Joner et al. 2006). These negative 
results have been associated with a chronic arterial 
inflammatory response due to permanent presence 
of the polymer (van der Giessen et al. 1996; Virmani 
et al. 2004; Natsuaki et al. 2013). Extensive research 
has been performed to obtain new types of DES 
with biocompatible polymers, biodegradable poly-
mers, polymer-free, and fully bioresorbable scaf-
folds (McMahon et al. 2018; Tomberli et al. 2018). 
DES with biodegradable polymers eliminate one 
of the stimuli that causes the persistent inflamma-
tion in the vessel (Joner et al. 2006).  However, some 
studies have found that degradation of the matrix 
polymer also releases reaction products that cannot 
be metabolised safely (Borhani et al. 2018).

More preclinical investigations are necessary 
to clarify the doubts arising around these devices 
(Perkins and Rippy 2019). To perform this type of 
study, coronary arteries from swine are the mod-
el of choice because of their similarity to human 
anatomy and their suitability for analysing the re-
stenosis induced after coronary stenting (Perez de 
Prado et al. 2013). The analysis of each vascular 
layer in the repair process after stent placement 
is important for the appropriate interpretation of 
a device’s performance (Perkins and Rippy 2019). 
The first studies attributed a key role in the healing 
process to the tunica intima (Schwartz et al. 1995). 
However, it has been shown that the adventitia 
seems to be the primary early site for vessel wall 
response to arterial injury that occurs on the lumi-
nal side (Buccheri et al. 2016). Detailed informa-
tion about the media and (neo)intimal response 
to coronary stent implantation can be found else-
where (Estevez-Loureiro et al. 2015; Perez de Prado 
et al. 2017). The precise role of the adventitial layer 
in modulating the neointimal response after coro-
nary stenting has not been precisely established 
and it is controversial (Fleenor and Bowles 2009; 
Chang et al. 2015). The aims of this study were to 
describe the adventitial response of porcine coro-
nary arteries at 28 days by histomorphometric cri-
teria and immunohistochemistry as a component 
of the neointimal formation and arterial remodel-

ling after coronary stenting; and to analyse the role 
of the polymer used in relation to the adventitial 
response development after the DES placement.

MATERIAL AND METHODS 

Animal model

This randomised controlled experimental trial 
with a final blind analysis used 15 Large White do- 
mestic female pigs (2 months old; weight of 25 ± 
3 kg). All the procedures were conducted in accor-
dance with the Spanish legal regulations (Royal De- 
cree 53/2013) and the European Directive 2010/ 
63EC. The protocol was approved by the Committee 
on the Ethics of Animal Experiments of the Uni-
versity of León (23/5/12).

All the surgical procedures were performed under 
anaesthesia, and all efforts were made to minimise 
suffering. The predetermined follow-up period was 
1 month, the time point recommended by consensus 
documents to quantitate neointimal hyperplasia in 
the preclinical studies (Schwartz et al. 2008). The an-
aesthesia protocol and the surgical and intravascular 
procedures were performed as described previously 
(Estevez-Loureiro et al. 2015). 

Based in our previous experience (Estevez-Loureiro  
et al. 2015; Perez de Prado et al. 2017) and the vessel 
size measured, we used 3.00 mm diameter stents with 
different implantation pressures to achieve 1.2 stent 
to artery ratio. To implant the devices, we selected 
the best location out of the 3 epicardial coronary 
arteries. Each animal received 3 different coro- 
nary stents in a randomised manner, one in each 
major coronary artery (left anterior descending, left 
circumflex artery, and right coronary artery).

Devices analysed

The following devices were analysed:
•	 Control stent (n = 15): L605 chromium-cobalt 

alloy stent, strut thickness of 80 µm.
•	 Biostable-polymer stent (n = 15): based on 

a control stent, coated with a permanent poly-
acrylate polymer and loaded with sirolimus.

•	 Biodegradable-polymer stent (n = 15): based 
on a control stent, coated abluminally with 
a 4 to 5 µm biodegradable poly(d,l)-lactic-
co-glycolic polymer, loaded with sirolimus.
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The whole vessel area was defined by the area of 
transition from the dense collagen to the loose con-
nective tissue admixed with the epicardial adipose 
tissue (Sangiorgi et al. 1999). The Verhoeff ’s stain 
was used to define the transition from the dense 
collagen (dark pink) to the loose connective tissue 
(clear pink). It was, thereby, used to calculate the 
variables:

•	 %Restenosis: 100 × (1 – lumen area/internal 
elastic lamina area).

•	 Adventitial area (mm2) = whole vessel area – 
external elastic lamina area.

•	 Adventitial area (%) =100 × (whole vessel area – 
external elastic lamina area)/external elastic 
lamina area.

Immunohistochemistry

The immunohistochemical labelling was per-
formed on 7 µm resin section slides using the avidin-
biotin-peroxidase complex method (Peroxidase 
Standard, Vectastain, ABC kit; Vector Laboratories, 
Burlingame, CA, USA). To stain the endothelial cells, 
a polyclonal rabbit anti-human von Willebrand fac-
tor antibody (DAKO, Glostrup, Denmark; A 0082; 
1 in 500 dilution) was applied. The myofibroblasts/
smooth muscle cells were detected by applying 
a monoclonal mouse anti-human alpha-smooth 
muscle actin (SMA) antibody (DAKO; clone 1A4, 
1 in 50 dilution). Both of the primary antibodies 
were incubated overnight at 4 °C.

The presence and localisation of peroxidase were 
determined with diaminobenzidine (Substrate kit 
for peroxidase; Vector Laboratories, Burlingame, 
CA, USA) incubation. Sections from the arter-
ies of the pigs were included as positive controls. 
Negative controls were performed by substituting 
the primary antibody with an irrelevant type spe-
cific antibody.

The microvessel density was expressed as the 
number of microvessels identified by the anti-von 
Willebrand factor antibody divided by the adven-
titial area (mm2).

The semi-quantitative analysis regarding the 
presence of SMA-positive cells per strut in the ad-
ventitia was evaluated using the following scale: 
0 = none; 1 = scarce; 2 = moderate; and 3 = high. 

The individual scores of the struts were aver-
aged to obtain the mean value per stented segment 
(I SMA). 

All the materials were provided by iVascular (Bar- 
celona, Spain). The analysis and interpretation of 
the results were conducted independently of the 
sponsor.

Tissue processing

Once the 28-day follow-up period was completed, 
the animals were sedated and euthanised by a T61 
intravenous agent (Intervet, Salamanca, Spain). 
The stented segments were processed according 
to the previously published technique (Estevez-
Loureiro et al. 2015). Sections of the central stented 
segment were cut with a diamond blade into 7 µm-
thick slices and stained with Haematoxylin&Eosin 
(H&E) and Verhoeff-van Gieson (VVG).

The histopathological evaluation was performed 
by a veterinary pathologist blind to the type of 
stent.

Vascular injury and inflammation

The endothelial coverage was semi-quantified and 
expressed as an estimated percentage of the lumen 
circumference (Sperling et al. 2019). The injury 
score (IS) for each stent implantation site (strut) was 
assessed in the VVG-stained sections using a semi-
quantitative method (Schwartz et al. 1992). The 
extent of the inflammatory changes around each 
stent strut (inflammation score) was assessed in 
the H&E-stained sections using a semi-quantitative 
scale (Kornowski et al. 1998). The individual scores 
for the struts of each stent were recorded and then 
averaged to obtain the mean IS and inflammation 
score per stented segment. The adventitial inflam-
mation was assessed according to a semi-quantita-
tive score (Hofma et al. 1998).

Quantitative histomorphometry

The VVG-stained arteries were analysed histo- 
morphometrically using an Olympus PRovis AX70W 
digital microscope (Tokyo, Japan) with a Nikon DXM 
1200W digital camera and the ImageJ-NIH Image 
1.4 software package (National Institute of Health, 
USA). Planimetry was used to determine: the cross-
sectional areas of the lumen; the internal elastic lam-
ina; the external elastic lamina and the whole vessel. 
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Figure 1A

Figure 1B

Figure 1C

Figure 1D

Statistical analysis

The values are expressed as percentages and as the 
mean ± standard deviation, depending on the type 
of variable (recommended by the consensus docu-
ments for preclinical stents) (Schwartz et al. 2008). 
The differences between the mean of the groups 
were analysed using a Student’s t-test and an anal-
ysis of variance. For multiple comparisons, a post 
hoc analysis was conducted using Dunnett’s method 
for comparison with the control stent (CS) and using 
Tukey’s method for the comparison of all groups. 
The semi-quantitative variables were analysed using 
the chi-square test or Fisher’s exact method. All the 
analyses were conducted with the JMP v10 statisti-
cal software package (SAS Institute Inc., Cary, NC, 
USA) using a P-value < 0.05 as a cut-off for the sta-
tistical significance while the differences at P < 0.10 
were described as tendencies.

RESULTS

In this study, 45 stents were implanted in 45 por-
cine coronary arteries and oversized to a mean stent/ 
artery ratio of 1.34 ± 0.15, with no significant differ-
ences between the stents. No procedural compli-
cations or protocol deviations were observed. The 
animals completed the follow-up without problems. 
All the treated segments were permeable in the final 
angiographic analysis. At necropsy, no significant 
abnormalities were observed.

Twenty-eight days after the stent implantation, all 
the stents showed good re-endothelialisation (> 95%) 
and no thrombus was seen at the site of the implant. 
The inflammatory reaction of the adventitia in the 
stents varied from no response (Figure 1A and 1B) 
to an intense response (Figure 1C and 1D), and it 
was predominantly composed of lymphocytes and 
macrophages. The intensity of this inflammatory re-
action only showed a statistically significant relation-
ship with the adventitial area and the inflammatory 
response around the stent (inflammation score), but 
not with the microvessel density, I SMA and the IS 
(Table 1). This adventitial inflammatory response 
tended to be positively correlated to the percentage 
of restenosis developed (Table 1). Although there 
was an increase in the percentage of the restenosis 
in relation to the degrees of the adventitial inflam-
mation, this difference was only significant between 
the no response (Figure 1A and 1B) and the more 

Figure 1. (A) No inflammatory response in the adven-
titia with a  low restenosis rate. (B) Higher magnifica-
tion of Figure 1A. (C) Intense adventitial inflammatory 
response and high rate of restenosis. (D) Higher magnifi-
cation of Figure 1C. Verhoeff-van Gieson stain

(A)

(B)

(C)

(D)
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Figure 2C Figure 2D

Figure 2BFigure 2A

Role of the polymeric vehicle 
in the adventitial response 

No differences between the IS and the type of 
stent analysed were found (Table 2), which sug-
gests that the possible differences in the adventitial 
response of each treatment were not due to the de-
gree of the lesion caused in the vessel.

intense inflammatory degree (Figure 1C and 1D) 
(P = 0.035 1). In addition, the presence of adventitial 
SMA-positive cells was significantly associated to 
the IS (P = 0.001 2) and to the greater values of reste-
nosis (P = 0.011 9; Figure 2A–D). Finally, the results 
did not show any correlation between the percent-
age of the restenosis and the adventitial area (P = 
0.172 8).

Figure 2. (A) Scarce adventitial SMA-positive cells in a stented artery with IS 0. (B) Higher magnification of Figure 2A. 
(C) Numerous adventitial SMA-positive cells in a stented artery with IS > 0. (D) Higher magnification of Figure 2C. 
Anti-alpha-smooth muscle actin (ABC-P)

(A) (B)

(C) (D)

Table 1. Relationship between the adventitial inflammation and vascular morphological parameters 28  days after 
the stent implantation

Adventitial 
inflammation

Adventitial area 

(%)
Microvessel density 

(mm2) I SMA Injury score %Restenosis Inflammation 
score

0 27 ± 9 47.43 ± 20.45 0.54 ± 0.57 0.48 ± 0.09 27.09 ± 3.37 0.49 ± 0.07
1 33 ± 10 41.61 ± 19.10 0.73 ± 0.61 0.71 ± 0.11 32.45 ± 4.08 0.45 ± 0.08
2 40 ± 8 54.39 ± 27.08 0.84 ± 0.43 0.80 ± 0.17 42.98 ± 6.46 0.83 ± 0.12
P-value 0.006 8 0.447 2 0.446 8 0.123 8 0.099 0 0.037 1

I SMA = semi-quantitative value related to the presence of the adventitial SMA-positive cells; inflammation score = 
inflammatory changes around the struts per stented segment
Data are shown as the mean ± SD
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percentage of the restenosis. Thus, the inhibition 
of SMA-positive cells either by controlling the IS 
or by specific drugs that act on these cells could be 
a target for the prevention and treatment of a nega-
tive vascular remodelling (Goel et al. 2012). All 
these data seem to support the hypothesis that the 
adventitia could act as a functional homeostatic 
regulator in the setting of the restenosis after a per-
cutaneous coronary angioplasty (Stenmark et al. 
2013). The materials used in the DES have been 
shown to cause an inflammatory response in a vari-
able degree, so the choice of a suitable polymer 
can help to minimise this inflammation and to fa-
cilitate healing within the stented artery (Borhani 
et al. 2018).  Thus, a second objective of our work 
was to analyse the effect that the nature of the poly- 
meric vehicle could have on the histopathologi-
cal changes in the adventitia after the coronary 
stenting, as a component of the vascular response 
(Stenmark et al. 2013). We could not demonstrate 
that the presence and the type of polymer caused 
changes in the adventitial inflammatory reaction 
or microvessel density as cited by van der Giessen 
et al. (1996) and Nishimiya et al. (2015), perhaps 
due to the relatively small sample size. However, 
we observed a greater presence of SMA-positive 
cells in the stents with polymers versus the control 
stents. One possible explanation for this finding 
could be a higher IS; however, no significant dif-
ferences were found with the polymer-free stents. 
Further investigations are required to confirm the 
significance of the adventitial SMA-positive cells 
in the stents with a polymeric vehicle. Besides, we 
would expect that as the polymer degrades, the 
vascular response would become more similar to 
a control stent than to a non-biodegradable poly-
mer-coated stent; however, no differences were de-
tected between the polymer-coated stents.  Further 
studies are necessary to assess this point.

The polymeric vehicle increased only the number 
of adventitial alpha-SMA cells (P = 0.018), although 
no differences were detected according to the poly-
mer type (Table 2).

DISCUSSION

Numerous investigations describe the role of the 
adventitia in the development of restenosis after 
a balloon angioplasty (Shi et al. 1996; Fleenor and 
Bowles 2009; Chang et al. 2015); however, few studies 
have evaluated this vascular layer after a stent im-
plantation (Hofma et al. 1998; Nishimiya et al. 2015).

Twenty-eight days after the coronary stenting, 
the adventitial inflammation was related to the in-
flammatory response around the stent, as also cited 
by other authors (Maiellaro and Taylor 2007), but 
not with the microvessel density unlike other stud-
ies (Nishimiya et al. 2015), perhaps due to the small 
sample size. Nowadays, neointima formation after 
a percutaneous transluminal coronary angioplasty is 
considered to be conditioned mainly by two factors: 
one is dependent on the angiogenesis (Mulligan-
Kehoe and Simons 2014), and the other is related 
to the migration of the muscle cells and adventitial 
myofibroblasts (Buccheri et al. 2016). In this study, 
we observed that the increase in the adventitial 
SMA-positive cells was associated with a greater IS. 
This finding has been linked to the transformation 
of adventitial fibroblasts in myofibroblasts (SMA-
positive cells) after a vascular injury (Shi et al. 1996). 
Therefore, it seems critical to control the depth of 
the damage after the stent implantation to impact 
on one of the cell sources that have the ability to mi-
grate to the neointima and maintain the restenosic 
process (Shi et al. 1996; Christen et al. 2001).

In this sense, we observed a  relationship be-
tween the adventitial SMA-positive cells and the 

Table 2. Vascular morphological parameters 28 days after implantation in each type of analysed stent

Stent Injury score Adventitial 
area (%)

Adventitial 
inflammation

Microvessel density 
(mm2) I SMA

CS 0.53 ± 0.48 29 ± 11 0.40 ± 0.63 50.59 ± 17.89 0.35 ± 0.42
BS 0.54 ± 0.28 31 ± 10 0.60 ± 0.74 40.42 ± 17.62 0.79 ± 0.39
BD 0.73 ± 0.45 33 ± 9 0.92 ± 0.76 47.76 ± 26.78 0.87 ± 0.65
P-value 0.323 6 0.547 8 0.161 4 0.433 9 0.018 4

BD = biodegradable-polymer stent; BS = biostable-polymer stent; CS = control stent; I SMA = semi-quantitative value 
related to the presence of the adventitial SMA-positive cells
Data are shown as the mean ± SD
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The major findings in this study were:
(1) The adventitial inflammation was related to 

the adventitial area and inflammation score; (2) the 
adventitial SMA-positive cells were associated with 
the vascular damage (IS); (3) the greater percent-
ages of the restenosis were significantly related to 
the more intense adventitial inflammatory response 
and the presence of SMA-positive cells in the ad-
ventitia; and (4) the polymeric vehicle, regardless 
of the type, increased the number of adventitial 
SMA-positive cells.
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