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Article

Conventional Platinum Metal Implants Provoke Restenosis
Responses in Atherogenic but Not Healthy Arteries
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Abstract: Platinum-containing stents are commonly used in humans with hypercholesterolemia,
whereas preclinical stent evaluation has commonly been performed in healthy animal models, pro-
viding inadequate information about stent performance under hypercholesterolemic conditions. In
this investigation, we used an ApoE−/− mouse model to test the impact of hypercholesterolemia on
neointima formation on platinum-containing implants. We implanted 125 µm diameter platinum
wires into the abdominal aortas of ApoE−/− and ApoE+/+ mice for 6 months, followed by histolog-
ical and immunofluorescence examination of neointimal size and composition. It was found that
ApoE−/− mice developed neointimas with four times larger area and ten times greater thickness
than ApoE+/+ counterparts. Neointimas developed in the ApoE−/− mice also contained higher
amounts of lipids quantified as having 370 times more coverage compared to ApoE+/+, a 3-fold
increase in SMCs, and a 22-fold increase in macrophages. A confluent endothelium had regenerated
in both mouse strains. The ApoE−/− mice experienced luminal reductions more closely resembling
clinically relevant restenosis in humans. Overall, the response to platinum arterial implants was
highly dependent upon the atherogenic environment.

Keywords: ApoE knockout; platinum; biocompatibility; stent material

1. Introduction

The first successful bare-metal coronary stents were made from stainless steel in the
1980s and gained FDA approval in the 1990s. However, due to a 10–30% occurrence of in-
stent restenosis [1], drug-eluting stents (DES) were developed with polymer coatings over
the stainless steel. The DES reduced restenosis rates, but experienced higher occurrences of
late-stage thrombosis [2]. Platinum was first studied as the main constituent of bare-metal
stent materials in the 1990s and early 2000s, experiencing a 30–70% reduction in lumen
diameter in pig models [2,3]. This resulted in the alloying of platinum to improve the
restenosis rates, such as in platinum–chromium materials currently used for clinical appli-
cations. However, platinum has still been used as a reference material in the development
of biodegradable implant metals [4,5].

Unfortunately, because all stent materials go through biocompatibility evaluation in
healthy animal arteries, many bioincompatibility problems go undetected until widespread
use of the device in humans [6]. In our view, the reliance upon healthy animal models
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has hindered materials development and human treatment. Materials development for
stents could be substantially improved by testing in animal models that more closely
reflect the diseased arterial environment, such as the widely used apolipoprotein E (ApoE)
knockout mice.

A transgenic mouse lacking the gene for ApoE was introduced by Nobuyo Maeda in
1992 [7] and has been widely used by molecular biologists over the past three decades. The
ApoE protein attaches to remnant very-low-density lipoproteins (VLDLs) and chylomicrons
to signal for their removal from arteries for recycling or excretion as waste by the liver.
Mice lacking the ApoE protein form atherosclerotic plaques around 3–4 months that are
similar to those seen in humans [8]. Although this animal model of arterial disease has
been most commonly used to investigate the molecular mechanisms of atherosclerosis,
it has also been used on occasion to test the efficacy of arterial devices in a diseased
environment. Matter et al. and Ali et al. found that ApoE knockout (ApoE−/−) mice had
larger neointimas and increased cell proliferation after balloon angioplasty when compared
to wild-type (WT) mice [9,10]. Additionally, Ali et al. found that neointimas were 30%
larger in ApoE−/− relative to WT mice 28 days after balloon angioplasty and were an
additional 30% larger than WT mice after stenting [9]. Surprisingly, aside from these few
works focused on evaluating the efficacy of arterial devices, the ApoE−/− mouse has not
been used to develop and optimize biomaterials intended for constructing vascular devices.
The relative lack of biocompatibility studies in the ApoE−/− mouse may be due to major
technical challenges when using mice for the development of devices intended for humans,
namely the considerable micro-vascular surgical skill and lack of delivery devices required
to introduce human-intended devices into small mouse anatomy. Technical difficulty
coupled with a lack of FDA requirements to evaluate materials or devices in disease models
has discouraged material development using small animal models of arterial disease.
Indeed, the primary use of the ApoE−/− mouse has been to investigate non-surgical
therapies for coronary artery disease (CAD), including anti-inflammatory agents [11] and
diet modifications [12,13].

Fortunately, candidate materials for arterial devices can be evaluated in early ex-
ploratory work using simplified geometries. Our group was the first to introduce a wire
implantation approach for rats in 2012 [14]. In this approach, a wire with a diameter of
~0.25 mm is surgically implanted into the abdominal aorta of Sprague–Dawley rats [15]. We
have used this approach to investigate the in vivo corrosion behavior and biocompatibility
of a wide range of zinc alloys [16]. Others have investigated wires made of stainless steel
and magnesium alloys [17]. The primary advantage of a wire implantation/murine model
vs. a stent/large animal model is that the lower cost and smaller animals can be leveraged
to increase sample sizes for comprehensive investigations of the biological response to
many novel materials. Other advantages include simplified materials preparation and
reduced surgical skill and instrumentation requirements. The wire implantation approach
also removes the variable of injury from balloon and stent expansion.

Here, we have adapted our well-established arterial wire-implant approach [14] to
bridge the fields of molecular biology and materials science by investigating the biocom-
patibility of a conventional arterial device material in the aortas of atherogenic ApoE−/−

transgenic mice. This approach allows for the evaluation of stent materials with a high
sample size in a realistic animal model of human arterial disease. In the present study,
platinum was selected as the implantation material to demonstrate the difference in bio-
logical response in healthy vs. diseased arterial environments. This selection is due to the
incorporation of platinum into medical devices in clinical use [18,19] and the previous use
of platinum wires in a number of studies as a reference material for novel biodegradable
implant metals [4,5]. The present work paves the way for materials scientists to access
major advances in the development of small animal models of human arterial disease that
have never before been adapted to benefit the development of arterial device materials.
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2. Materials and Methods
2.1. Implantation

Platinum wires (99.95% purity, PT00-WR-000117, Goodfellow, Inc., Huntingdon, UK)
of 125 µm diameter were implanted into female 10-week-old ApoE−/− and ApoE+/+ mice
(n = 9 for each mouse type) using a procedure similar to that previously published for
rats [15]. All mice had a C57BL/6 genetic background and were fed a normal chow diet
for the duration of the study. Eight aortas were collected from age-matched ApoE−/−

mice without operation or implantations. All animal experiments were approved by the
Michigan Technological University Institutional Animal Care and Use Committee (IACUC)
board. The overall experimental scheme is shown in Figure 1.
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Figure 1. Experimental scheme.

2.2. Implant Removal

After 6 months, the animals were euthanized, and the implants were removed accord-
ing to previously published protocols [15]. Each wire was placed in a small cryo-mold
with optimal cutting temperature medium (OCT) (Thermo Fisher Scientific, Waltham, MA,
USA) and flash-frozen using liquid nitrogen. The samples were then stored at −80 ◦C until
cryo-sectioning.

2.3. Cryo-Sectioning

Samples were cryo-sectioned using an HM525 NX Thermo Fisher Scientific cryo-
microtome. Each sample was attached to a specimen chuck using OCT. The sample was
orientated to ensure a cross-sectional cutting direction. Each sample was cryo-sectioned at
−25 ◦C with a thickness of 9 µm. The sample was rapidly cryo-sectioned without collection
of sections until the wire could be seen to have progressed past the internal elastic lamina
by visual inspection. Then, the sample was carefully sectioned and sections were collected
on Histobond slides (VWR, Radnor, PA, USA). The sample was sectioned while the wire
was located in the artery lumen adjacent to the intima, mimicking a single stent strut. All
slides were stored at −80 ◦C for later staining.
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2.4. Staining
2.4.1. Reagents

For hematoxylin and eosin (H&E) staining, the reagents included 10% neutral buffered
formalin and phosphate-buffered saline (PBS), obtained from Thermo Fisher Scientific, and
Gill’s Hematoxylin No. 3, 1M hydrochloric acid, 100% ethanol, Eosin Y disodium salt,
acetic acid 99.7%, xylene substitute, and Eukitt® quick hardening mounting medium, all of
which were obtained from Sigma-Aldrich (Burlington, MA, USA).

For Oil Red O staining, the reagents included 10% neutral buffered formalin, PBS,
deionized water (DI water), isopropanol, and Oil Red O solution 0.5% in isopropanol
obtained from Sigma-Aldrich, along with Gill’s hematoxylin No. 3, 1M hydrochloric acid,
and aqueous mounting media.

For immunofluorescence staining, the reagents included absolute ethanol, methanol,
paraformaldehyde from Thermo Fisher Scientific, PBS and goat serum from Sigma-Aldrich,
and endogenous avidin and biotin blocks obtained from Abcam. The primary antibod-
ies were anti-CD68 (ab125212), anti-alpha smooth muscle Actin (ab5694), and anti-VWF
(GTX74137). The secondary antibody used for CD68 was biotinylated goat anti-rabbit IgG
(ab6720). Streptavidin Alexa flour 488 conjugate (S11223) obtained from Thermo Fisher
Scientific and goat antirabbit IgG Alexa fluor 488 (ab150077) and donkey anti-sheep IgG
(ab175712) obtained from Abcam contained the fluorescent molecules. All specimens
were also stained with 4′,6-diamidino-2-phenylindole (DAPI). Aqueous mounting medium
(Thermo Fisher Scientific) was used to mount coverslips.

2.4.2. H&E Staining

H&E staining was performed to allow for qualitative analysis of vessel morphology
and cell types. For H&E staining, cross-sections were fixed in 10% neutral buffered formalin
for 15 min. The slides were then washed in three changes of PBS and one wash of deionized
water, each for 5 min, to remove any excess formalin. The samples were placed in Gill’s
Hematoxylin No. 3 for 5 min and differentiated in a regressive solution with a pH of
1.8–2.0. The slides were then “blued” in tap water for 5 min and washed two times in 95%
ethanol for 5 min each. An Eosin Y working solution was used to counterstain the samples
for 30 s and differentiated in 95% ethanol. The stain was checked under a microscope
with 10×magnification. Afterward, the slides were dehydrated in two changes of 100%
Ethanol for 5 min each. Next, the slides were optically cleared using two changes of xylene
substitute, 5 min each, and finally mounted under a coverslip using Eukitt quick hardening
mounting medium. The slides were imaged at a magnification of 40× on a Zeiss Axioscan.

2.4.3. Oil Red O Staining

Oil Red O staining was utilized to evaluate lipid presence in the neointima. Slides
were fixed in 10% neutral buffered formalin for 15 min, followed by three PBS washes and
a DI water wash for 5 min each. Then, the cross-sections were placed in a 60% isopropanol
wash for 5 min. The slides were stained in a 60% Oil Red O stain solution for 10 min
and differentiated in 60% isopropanol. Next, the sections were rinsed with DI water for
5 min before being counterstained with Gill’s hematoxylin No. 3. After regression of the
counterstain, coverslips were mounted using an aqueous mounting media.

2.4.4. Alpha-Smooth Muscle Actin Staining

Alpha-smooth muscle actin staining was performed to determine the extent of smooth
muscle cell presence in the neointimal tissue. The specimens were fixed in ice-cold methanol
for 5 min and quickly washed three times in PBS before 10% goat serum was applied
for 30 min. The primary antibody was used with a dilution of 1:500 (v/v) in PBS for
an incubation time of 1 h. The secondary antibody was diluted 1:300 (v/v) in PBS and
remained on the specimens for an hour. DAPI was applied with a dilution of 1:1000 (v/v)
for 2 min and then coverslips were placed using aqueous mounting medium. The slides
were imaged using the appropriate fluorescent filters at 40×magnification.
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2.4.5. CD68 Immunofluorescence Staining

CD68 immunofluorescence labeling was performed to assess macrophage presence
and distribution. The slides were fixed in pure ethanol for 2 min and then washed three
times with PBS for 5 min each wash. The slides were treated with 10% (v/v) goat serum
diluted in PBS for 30 min and then endogenous biotin and avidin blocks for 10 min each.
The primary antibody was diluted 1:100 (v/v); the secondary antibody and streptavidin
antibody were diluted 1:500 (v/v). All antibody dilutions were in PBS and solutions were
left on the specimens for 1 h. DAPI was diluted 1:1000 (v/v) and placed on slides for 2 min.
Then, coverslips were applied using aqueous mounting medium. Slides were washed twice
using PBS between each step. The slides were imaged at a magnification of 40× using a
Zeiss Axioscan.

2.4.6. Von Willebrand Factor (VWF) Immunofluorescence Staining

VWF immunofluorescence labeling was performed to examine the confluence of the
endothelial layer of the artery. The slides were fixed in paraformaldehyde for 10 min and
then washed three times in PBS before being treated with 10% (v/v) donkey serum for
30 min. The primary antibody was diluted 1:2000 (v/v) and the secondary was diluted
1:1000 (v/v). Both antibodies were diluted in PBS and placed on the slides for 1 h each.
Then, the slides were labeled with DAPI for 2 min with a dilution of 1:1000 (v/v) and
coverslipped. The slides were imaged at a magnification of 40× using a Zeiss Axioscan.

2.5. Quantification

H&E images were used to quantify the wire-to-lumen thickness (WLT) and neointimal
area (NA) as previously described [15]. Oil Red O images were thresholded in grayscale to
determine the lipid concentration within the neointima. CD68, α-SMA, and VWF images
were thresholded to determine the coverage of the fluorescent signal and therefore the
coverage of macrophages and smooth muscle cells within the neointima and the confluence
of endothelial lining, respectively.

2.6. Statistics

All statistical analyses were performed using MATLAB R2017a. A Shapiro–Wilk test
was used to test the normality of each dataset. Datasets with a p-value less than 0.05 were
considered to have a non-normal distribution. Morphometric, CD68, and Oil Red O data
were considered to be normal without transformation. α-SMA data were considered to
have a non-normal distribution and were subsequently transformed using the square root
function prior to statistical analysis. A Welch’s t-test was performed to find differences
between the mean of ApoE−/− and ApoE+/+ mice for each dataset, with a p-value < 0.05
as the threshold for determining statistical significance.

3. Results
3.1. Morphometric Analysis

H&E staining was performed to inspect the general morphological features of the
neointimal response to the implant. Measurements of the images were conducted for mor-
phometric analysis of wire-to-lumen thickness (WLT) and neointimal area (NA) of neointi-
mas that formed around the platinum implants in both mouse groups, and also including
NA measurements for non-implanted age-matched control ApoE−/− mice. Figure 2A,B
shows representative images of the arterial response to platinum in ApoE−/− and ApoE+/+

mice. As shown in Figure 2A, ApoE−/− mice developed heavily cellularized areas around
the implant and within the neointimal cap. In between these regions is an area of largely
acellularized tissue with large gaps in the extracellular matrix. In contrast, ApoE+/+ mice
developed uniformly distributed cells throughout the neointima, as shown in Figure 2B. The
nuclei in ApoE+/+ mice have a lower density than the nuclei in ApoE−/− mice, which may
reflect an increased infiltration of inflammatory cells in the ApoE−/− mice. In contrast to
ApoE−/− mice with implants, which all experienced substantial neointimal development,
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6 out of 8 non-implanted ApoE−/− mouse arteries experienced only mild to moderate
neointimal development due to the diseased background condition (Figure 2E). In general,
neointimal growth of the ApoE−/− mice tended to be more severe at the curved and
branched regions of the arterial system, whereas a straight portion of the abdominal aorta
was selected for implantation. Therefore, the more severe neointimal growth seen in the
implanted mice was due primarily to a biological response to the material. Figure 2F,G
shows the difference between groups for WLT and NA metrics in graphical form. The
ApoE−/− mice developed neointimal tissue with a thickness of about 150 µm and an area of
about 0.20 mm2 from the implant into the arterial lumen that is nearly ten times thicker and
four times larger than neointimal tissue in the ApoE+/+ mice. The NA for the age-matched
control condition was not statistically different from the other two groups. These results
demonstrate that the atherogenic ApoE−/− mice experience a more severe neointimal
response to a conventional metal implant relative to healthy counterparts.
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Figure 2. (A,B) Representative H&E images for ApoE−/− and ApoE+/+ groups, respectively. Red
asterisk identifies the implant site. The green line outlines the neointima. Black box identifies area
selected for high magnification. (C,D) High-magnification H&E images for ApoE−/− and ApoE+/+

groups, respectively. (E) Typical non-implanted, age-matched ApoE−/− control artery showing
mild neointimal thickening at some locations. (F) Average WLT with standard error for each group.
* represents statistical significance (p-value = 0.015, n = 9). (G) Average NA with standard error for
each group. ** represents statistical significance (p-value = 0.010, n = 9) based on Welch’s t-test. Scale
bar in (B) is 200 µm. Scale bar in (C) is 50 µm.
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3.2. Lipid Staining

Oil Red O staining was utilized to semi-quantify the amount of lipid deposition in
the neointima of both mouse types following platinum implantation. Figure 3 shows
representative images for each mouse group and a graphical representation of the average
Oil Red O stain determined by thresholding of the images. It was found that ApoE−/−

mice experienced a significantly larger amount of lipid deposition, with an average lipid
coverage of ~13,400 pixels compared to 36 pixels in ApoE+/+ mice (p = 9.3 × 10−4). This
finding is in accordance with the well-known atherogenic environment in the ApoE−/−

mice. Interestingly, the lipid accumulation is concentrated in the neointimal cap in the
ApoE−/− mice. Lipid deposition in the non-implanted ApoE−/− artery shown in Figure 3E
is also concentrated within the neointimal growth. Only 2 of 8 age-matched non-implanted
arteries showed a severe presence of lipids, which also concentrated within the neointimal
tissue. In general, there was a lack of lipid deposition in the ApoE−/− arterial wall, regard-
less of implant presence. Therefore, it appears that the lipid accumulation preferentially
concentrates within the neointimal tissue and specifically within the fibrous cap of the
implanted mice.
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Figure 3. (A,B) Representative Oil Red O images for each group. Red asterisk identifies the implant
site. The blue line outlines the neointima. Black box identifies the area selected for high magnifica-
tion. (C,D) High-magnification Oil Red O images for ApoE−/− and ApoE+/+ groups, respectively.
(E) Representative abdominal aorta without implant from age-matched ApoE−/− mouse. (F) Average
Oil Red O signal with standard error for each mouse group. * represents statistical significance
(p-value = 9.3 × 10−4, n = 9). Scale bar in (B) is 100 µm. Scale bar in (D) is 50 µm.

3.3. α-SMA Immunofluorescence

α-SMA immunofluorescence was employed to quantify the amount of smooth muscle
cell presence in the neointima. Figure 4 displays representative images of α-SMA staining
for each group and a graphical depiction of the average α-SMA signal. ApoE−/− mice
had a 3-fold increase in α-SMA signal (3200 + 744) compared to ApoE+/+ mice (1000 + 517)
(p-value = 0.0107) with the signal concentrated in the neointimal cap. ApoE+/+ mice also
displayed a concentration of SMCs within the neointimal cap.
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Figure 4. (A,B) Representative α-SMA images for each group. White asterisk (*) identifies the
implant site. The red line outlines the neointima. Green box identifies area of high magnification
image. (C,D) High-magnification α-SMA images for ApoE−/− and ApoE+/+ groups, respectively.
(E) Average α-SMA signal coverage with standard error for each group. ** represents statistical
significance (p-value = 0.0107, n = 9). Scale bar in (B) is 100 µm. Scale bar in (D) is 50 µm. Green:
α-SMA. Blue: DAPI-stained cell nuclei.

3.4. CD68 Immunofluorescence

Immunofluorescence labeling was utilized to determine the amount of macrophage
infiltration and inflammation due to platinum metal implantation. Figure 5A,B shows
representative images for both groups and Figure 4C shows a graphical representation of
the average CD68 signal. It was found that the atherogenic ApoE−/− mice experienced
a 22-fold increase in the CD68 signal relative to the healthy ApoE+/+ counterparts. This
indicates that macrophage infiltration is increased due to the presence of the platinum
implant in the disease condition of the ApoE−/− mice, an effect that is similar to diseased
human arteries [20]. The CD68 signal increases towards the luminal-facing surface of
the neointima for the ApoE−/− mice, which corresponds to the region of increased lipid
deposition shown in Figure 3. No such inflammation-concentrated region is seen in the
ApoE+/+ or non-implanted ApoE−/− mice counterparts. Macrophages are well known to
form foam cells and worsen plaque formation in their effort to metabolize accumulating
arterial lipids. The near complete lack of CD68 signal in the non-implanted ApoE−/− mice
and ApoE+/+ counterparts suggests that the presence of the metal implant in the context of
an atherogenic environment stimulates an intense macrophage response.
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3.5. Von Willebrand Factor (VWF) Immunofluorescence

VWF labeling was used to determine the extent of reendothelialization over the
neointimal tissue. As shown in Figure 6, the endothelium had returned to confluence in both
groups. This suggests that the hyperlipidemia environment, larger neointima, and manifold
increase in inflammation in ApoE−/− mice may not hinder endothelium regeneration.
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4. Discussion

Because the evaluation of materials in conventional healthy animal models may
conceal many fundamental material performance challenges inherent to the environment of
diseased arteries, including heightened inflammation, lipid deposition, and smooth muscle
cell activation, we speculated that evaluating material behavior and biocompatibility in
the aortas of atherogenic ApoE−/− transgenic mice could provide valuable feedback for
materials development.

Although healthy animals are widely used for vascular material biocompatibility eval-
uations, the arteries of healthy animals do not naturally develop atherosclerosis. Further-
more, most of their cholesterol is transported as high-density lipoproteins (HDLs), whereas
most human cholesterols are transported as low-density lipoproteins (LDLs). Several
transgenic mouse models have been developed to recapitulate the human atherosclerosis
disease condition. These models generally utilize the deletion or disruption of genes that
encode cell receptors involved in lipid metabolism. Ldlr−/−, for example, knocks out the
LDL receptors on cell membranes to reduce the endocytosis of LDLs from the bloodstream.
This creates a mouse with higher plasma cholesterol levels of 200–300 mg/dL compared
to 75–110 mg/dL in wild-type mice. However, these mice are more prone to diabetes and
obesity, making them useful for studying the effects of comorbidities on atherosclerosis [21],
but a poor choice for focusing on the effects of atherosclerosis on implant-dependent
neointima development. Furthermore, this mouse strain is more resistant to injury from
implants, further complicating the study of effects from biometal implants [22]. Other
transgenic mice, such as Apoe*3-Leiden.CETP (cholesterol ester transfer protein) and leptin-
or leptin receptor-deficient mice can be used to study the effects of other comorbidities such
as metabolic syndromes and obesity. We selected ApoE−/− mice to investigate biometal
implant biocompatibility because these mice spontaneously develop atherosclerosis on a
normal diet and at a young age without the influence of comorbidities, as is the case with
other transgenic lines [21]. An ApoE−/− mouse model may be beneficial for developing
biointeractive stent materials due to the similarities between the diseased human and
the diseased mouse model in terms of the atherogenic environment. Moreover, there is
extensive knowledge about the disease mechanisms in these mice, which can contribute to
our understanding of biological responses to the biometals.

Analysis of the wire-to-lumen thickness (WLT) and neointimal area (NA) metrics
supported the observation that the biological response to platinum was dramatically more
aggressive in the ApoE−/− mouse. Significant increases were detected for neointimal size
for both metrics, demonstrating a strong neointima projection into the arterial lumen. Im-
portantly, increases in neointimal size reduce the cross-sectional luminal area available for
blood circulation. Therefore, materials that provoke a pronounced neointimal area growth
are not favored for the treatment of atherosclerosis, where the purpose of implantable
devices is to restore blood flow through the vessel. Although platinum is considered
a biocompatible metal, our findings suggest that platinum implantation elicits a strong
neointimal growth response and inflammation in the context of the lipid-rich environment
that is typical of atherosclerotic human arteries. These findings are consistent with those
previously reported by Ali et al., who saw a 3-fold increase in neointimal hyperplasia in
ApoE−/− mice after balloon angioplasty and stent placement [9].

We also found a 3-fold increase in SMC neointimal content in association with the
increased neointimal size. This suggests that SMCs are a major component of the neointima
in the ApoE−/− mouse, similar to findings in human subjects [22]. A 22-fold increase in
CD68 macrophage labeling was also detected, demonstrating a potent increase in inflam-
mation, consistent with the well-known chronic inflammation present in both ApoE−/−

mice and atherosclerotic human arteries [23]. A similar increase in inflammation was found
by Matter et al. and Ali et al. after balloon angioplasty and stent placement [9,10]. The
pronounced increase in neointimal size may be the result of a strong SMC infiltration and
macrophage activation working in tandem, as a positive correlation between macrophages,
SMCs, and neointimal size has been found by some research groups [24]. The benign
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biological response to platinum in the healthy control mice reinforces the notion that candi-
date stent materials should be evaluated in disease models, such as the ApoE−/− mouse,
to avoid making incorrect predictions regarding the biocompatibility of implant metals
in atherogenic arteries based on biocompatibility studies undertaken in healthy arteries.
Indeed, inert materials were considered the gold standard for arterial implants in the 1970s,
whereas bioactive coatings of these materials were later found to be required to reduce
widespread restenosis responses [25].

Bare metal stents implanted in diseased human arteries frequently provoke restenosis
and late-stage thrombosis, where clinically relevant restenosis requiring medical interven-
tion is considered as a ≥75% reduction in luminal area [24]. It has also been found that the
macrophage signal is strongest near stent struts and that SMCs are often the predominant
cell type in the neointimal tissue. In some cases, plaque forms within the stent struts at late
time points [26]. Similar characteristics are seen in ApoE−/− mice, with an average luminal
area reduction of 65± 9% vs. 30± 13% for ApoE+/+ at the investigated 6-month time point.
Therefore, the response to an inert platinum implant in the ApoE−/− mice more closely
reflects the restenosis response to bare metal stents in diseased human arteries as compared
to the healthy animal arteries that are routinely used to evaluate and develop vascular
materials. This similarity in response between the ApoE−/− mice and humans may be
due to the extensive lipid deposition and inflammation seen in the ApoE−/− neointima,
verified by Oil Red O staining and CD68 labeling.

Although we believe the ApoE−/− mouse may represent the best transgenic mouse
model for evaluating the performance of candidate stent materials in a realistic atherogenic
environment, our wire implant approach can be readily applied to investigations of the
in vivo biological response using alternative transgenic models. For instance, specific ge-
netic modifications using transgenic technology could be leveraged to provide mechanistic
insight into device endothelialization, device thrombosis, and neointimal hyperplasia and
inflammation around biometal implants. Just as importantly, the approach introduced in
the present contribution can be easily adapted to investigate the effects of different bulk
material compositions, including those of biodegradable metals, various bulk treatments
and coatings, and even drug elution, simply by implanting wires made with biodegradable
compositions and experimental coatings into arteries of the transgenic ApoE−/− mouse.

A limitation of the ApoE−/− mouse model is that atherosclerotic lesions rarely
progress to advanced stages with atherothrombotic vascular occlusion, as observed in
humans. ApoE-deficient mice fed a high-fat diet and infused with angiotensin II for 4
weeks might represent a more valuable model for studying the biocompatibility of arterial
device materials as this treatment accelerates the destabilization and vulnerability of the
plaques to rupture.

5. Conclusions

When compared with ApoE+/+, ApoE−/− mice implanted with platinum displayed:

1. Larger neointimal tissue growth in terms of WLT and NA;
2. A 22-fold increase in macrophage coverage;
3. A 3-fold increase in SMC presence;
4. A 370-fold increase in lipid deposition.

These results demonstrate the importance of selecting an appropriate biological envi-
ronment within which to evaluate the biocompatibility of vascular implant materials. This is
particularly important for metals that are commonly implanted into diseased environments.
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