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A B S T R A C T

Aim: An increased density of intraplaque (IP) microvessels in ruptured versus nonruptured human plaques
suggests that IP neovascularization has a major causative effect on plaque development and instability. Possibly,
vascular endothelial growth factor (VEGF) or other angiogenic factors mediate IP microvessel growth and plaque
destabilization. Because apolipoprotein deficient mice with a heterozygous mutation (C1039G+/−) in the fi-
brillin-1 gene (ApoE−/−Fbn1C1039G+/−) manifest substantial IP neovascularization, they represent a unique
tool to further investigate angiogenesis and its role in atherosclerosis. Here, we examined whether adminis-
tration of axitinib (inhibitor of VEGF receptor-1,-2 and -3) inhibits IP neovascularization and stabilizes ather-
osclerotic plaques.
Methods: ApoE−/−Fbn1C1039G+/− mice were fed a western diet (WD) for 20 weeks. After 14 weeks WD, mice
received axitinib (35 μg/g) or solvent i.p. 4×/week for 6 weeks. Cardiac function was monitored to evaluate the
effect of axitinib on atherosclerosis-driven complications such as myocardial infarction.
Results: Axitinib significantly reduced IP neovascularization, with subsequent less prevalence of IP haemor-
rhages. The smooth muscle cell content doubled, whereas the amount of macrophages decreased. Overall cardiac
function was improved in axitinib-treated animals. Moreover, the number of animals with myocardial infarction
was decreased by 40%. Coronary plaque formation was observed in almost all control animals whereas treated
animals showed a 30% reduction in the occurrence of coronary plaques.
Conclusions: Inhibition of VEGF receptor signalling by axitinib attenuates intraplaque angiogenesis and plaque
destabilization in mice.

1. Introduction

Rupture of atherosclerotic plaques and the subsequent formation of
thrombi are the most prevalent causes of clinical complications in
atherosclerosis and lead to a tremendously high mortality rate [1]. A
growing body of evidence indicates that intraplaque (IP) neovascular-
ization is a critical factor stimulating plaque rupture [2,3]. Indeed,
human vulnerable lesions are characterized by a structured web of IP
microvessels that originate from the vasa vasorum and that grow
through the media into the plaque. In rare cases, IP microvessels are
also sprouting from the luminal side of the vessel wall. Hypoxia is the
primary stimulus of IP angiogenesis and may arise due to plaque ex-
pansion and increased plaque inflammation [4]. The development of a
network of IP microvessels is essential for a continuous supply of
oxygen and nutrients into the growing plaque, with inflammatory
mediators claiming the majority of the increased energy demand [5,6].
Importantly, due to an imbalance in pro-angiogenic factors (e.g. vas-
cular endothelial growth factor (VEGF), angiopoietin [Ang] 2) and pro-

maturation factors (e.g. platelet-derived growth factor (PDGF), angio-
poietin [Ang] 1) inside the plaque, IP microvessels are characterized by
open tight junctions, detachment of the basement membrane and poor
coverage with pericytes, indicating that IP microvessels are extremely
fragile and immature [7]. The immaturity of IP microvessels promotes
extravasation of lipids, inflammatory mediators and erythrocytes in the
plaque, and thus may advance plaque progression and rupture [8–10].

Throughout the years, scientific knowledge on the significance of IP
neovascularization in plaque stability was mainly acquired through
human specimens. The absence of a decent animal model of plaque
rupture hampered the development of therapeutic strategies with IP
microvessels as a valuable target. Recently, a unique model of sponta-
neous plaque rupture has been introduced, namely the ApoE−/−

Fibrillin (Fbn)1C1039G+/− mouse. The heterozygous mutation
C1039G+/− in the Fbn1 gene results in fragmentation of elastic fibres
in the media of the vessel wall [11]. Combined with a western-type diet,
degradation of elastic fibres leads to enhanced plaque formation in
ApoE−/− mice with typical features of human unstable lesions
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including IP neovascularization and haemorrhages. This mouse model
also reveals sporadic plaque rupture and myocardial infarction without
any mechanical intervention [12]. Accordingly, ApoE−/−Fbn
1C1039G+/− mice are an ideal tool to investigate whether inhibition of
IP neovascularization and thus a reduction in the amount of micro-
vessels promotes plaque stability.

VEGF (with VEGFR-2 as its main receptor) is a main challenger
during IP neovascularization [13]. VEGFRs are tyrosine kinases that
autophosphorylate their intracellular tyrosine residues upon activation.
Low levels of VEGF-A are important for vascular homeostasis, though at
higher levels, VEGF-A initiates vascular endothelial cell (EC) pro-
liferation/migration and increases vascular permeability, thereby in-
ducing neovascularization [14]. These insights offer new possibilities in
plaque stabilization through the inhibition of VEGF signalling [15]. In
cancer research, VEGF-inhibiting therapies have proven their potential,
however, in atherosclerosis research the success of this approach re-
mains to be elucidated. Patients receiving VEGF-inhibiting medication
can experience cardiovascular side effects such as high blood pressure
and a slight increase (1%) in the occurrence of myocardial infarctions
[16].

In this study, ApoE−/−Fbn1C1039G+/− mice were treated with ax-
itinib, a drug that selectively inhibits VEGFR-1, -2 and -3 at sub-
nanomolar concentrations, in order to unravel the impact of diminished
IP neovascularisation on plaque destabilization and subsequent clinical
complications.

2. Materials and methods

2.1. Mice

Female ApoE−/−Fbn1C1039G+/− mice were fed a Western diet
(WD) (AB diets, Woerden, the Netherlands) starting at an age of
8 weeks [11,12]. The animals were housed in a temperature-controlled
room with a 12 h light/dark cycle and had free access to water and
food. Cases of sudden death were documented. Because IP microvessels
are already developing at 14WD in ApoE−/−Fbn1C1039G+/− mice, this
time point was chosen to start the treatment. Mice were treated with
axitinib (35 mg/kg, i.p., 4×/week) for 6 weeks. Axitinib (kindly pro-
vided by Pfizer Inc., New York, USA) was dissolved in 3 parts of
polyethylene glycol 400 and 7 parts of water with pH 2–3 to prevent
precipitation. Control mice received PEG400/H2O injections in the
same frequency as the treated group. At the end of the experiment
(20 weeks WD), blood samples were obtained from the retro-orbital
plexus of anesthetised mice (sodium pentobarbital 75 mg/kg, i.p.).
Subsequently, mice were sacrificed with sodium pentobarbital
(250 mg/kg, i.p.). Analysis of total plasma cholesterol was performed
via a commercially available kit (Randox laboratories, Crumlin, UK).
All animal procedures were conducted according to the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes. Experiments were approved by the
ethics committee of the University of Antwerp.

2.2. Histology

After sacrifice of ApoE−/−Fbn1C1039G+/− mice, the proximal aorta,
aortic arch, carotid artery and heart were collected. Tissues were fixed
in 4% formalin for 24 h, dehydrated overnight in 60% isopropanol and
subsequently embedded in paraffin. Serial longitudinal sections (4 μm)
of the carotid arteries and aortic arch were cut and prepared for his-
tological analysis. Cross-sections (4 μm) were cut from the proximal
aorta and heart. Haematoxylin-eosin (HE) staining was performed to
analyse the plaque size, plaque thickness and necrotic core. The plaque
thickness was assessed by taking the mean value of 10 random mea-
surements in the respective area. The plaque formation index was cal-
culated on longitudinal sections by using the following formula [(∑
total plaque length / ∑ total vessel length) × 100]. Necrosis was

defined as acellular areas filled with necrotic clefts and necrotic debris.
Immunohistochemical stainings for CD31 (anti-CD31, PC054, Binding
Site, Birmingham, UK) and Ter-119 (anti-Ter-119, 550,565, BD
Biosciences, USA) were performed to detect plaque ECs and ery-
throcytes, respectively. The analysis of IP microvessels and IP hae-
morrhages was done as follows. Fifteen consecutive slices were cut from
the paraffin-embedded tissue. In every tissue slice, the amount of mi-
crovessels and haemorrhages in the plaques were counted per area. A
mean value was calculated as a representative value for the amount of
IP microvessels and haemorrhages per area (per vessel). Plaque com-
position was analysed with a Sirius red and anti-α-SM actin (A2547,
Sigma, UK) staining to detect collagen and smooth muscle cells.
Collagen type I and III was quantified under polarized light.
Macrophages were detected by immunohistochemistry using an anti-
Monocyte/Macrophage (553,322, Pharmingen, San Diego, CA) or anti-
MAC3 (550,292, Pharmingen, San Diego, CA) staining. The hypoxic
area was measured using pimonidazole (HP1-1000kit, hypoxyprobe,
Massachussets, USA) [5]. The occurrence of myocardial infarctions
(defined as large fibrotic areas) and coronary plaques was analysed on
Masson's trichrome staining (transversal sections).

2.3. Echocardiography

Transthoracic echocardiograms were performed on anesthetized
mice (isoflurane, 4% for induction and 2.5% for maintenance) at the
end of the experiment using a VEVO2100 (VisualSonics, Toronto,
Canada), equipped with a 25 MHz transducer. The left ventricular in-
ternal diameter during diastole (LVIDd) and left ventricular internal
diameter during systole (LVIDs) were measured and fractional short-
ening [FS = (LVIDd − LVIDs) / LVIDd × 100] was calculated.

2.4. Blood pressure measurements

Peripheral blood pressure was measured at week 20 before sacrifice
in conscious mice via a tail cuff. Mice were placed in plexiglas re-
strainers in a heating chamber (37 °C) and kept in the dark. Ten minutes
of acclimatization was allowed before measurements were initiated. At
the distal end of the tail, a pulse sensor and occluding cuff controlled by
a programmed Electro-Sphygmomanometer (Narco Bio-systems,
Austin, TX) were placed. Voltage output from the sensor and cuff were
recorded and analysed by a PowerLab signal transduction unit and
associated Chart software (ADInstruments, Colorado Springs, CO). To
be accustomed to the procedure, mice were trained for 4 weeks before
the first measurement.

2.5. Elisa

An enzyme-linked immunosorbent assay for quantitative detection
of mouse VEGF-A (BMS619/2, eBioscience, San Diego, USA) was per-
formed to detect VEGF-A in the plasma of control and treated mice.

2.6. Cell culture

Human umbilical vein endothelial cells (HUVECs) were cultured in
M199 medium supplemented with 20% fetal bovine serum, 1% non-
essential amino-acids and antibiotics. To investigate the expression of
adhesion molecules or VE-cadherin, HUVECs were treated with 10 ng/
ml human TNF-α (hTNF-α) in the presence or absence of axitinib
(100 nM). After 24 h, cells were lysed to perform qPCR. Total RNA was
isolated using an Isolation II RNA mini kit (BIO-52073, Bioline,
Taunton, USA) according to the manufacturer's instructions. Reverse
transcription was performed with a sensifast™ cDNA Synthesis Kit (BIO-
65053, Bioline, Taunton, USA). Thereafter, Taqman gene expressions
assays for VCAM-1 (Hs01003372_m1), ICAM-1 (Hs00164932_m1), E-
selectin (Hs00204397_m1) and VE-cadherin (Hs00170986_m1) were
performed in duplicate on an ABI-prism 7300 sequence detector system
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(Applied Biosystems, California, USA). The parameters for PCR ampli-
fication were 95 °C for 10 min followed by 10 cycles of 95 °C for 15 s
and 60 °C for 1 min. Relative expression of mRNA was calculated using
the comparative threshold cycle method. All data were normalized for
quantity cDNA input by performing measurements on the endogenous
reference gene β-actin.

2.7. Statistics

All data are expressed as mean ± SEM. Statistical analyses were
performed using SPSS software (version 23, SPSS Inc., Chicago, IL).
Statistical tests are specified in the figure and table legends. Differences
were considered significant at p ≤ 0.05.

3. Results

3.1. Axitinib inhibits intraplaque neovascularization

Axitinib significantly lowered VEGF-A levels in the plasma of mice
(ctrl 2344 ± 745 pg/ml vs axitinib 757 ± 277 pg/ml, p = 0.0392).
CD31 staining of atherosclerotic plaques in treated mice revealed a
significantly lower number of microvessels, both in the aortic arch (AA)
and right common carotid artery (RCCA), as compared to plaques from
untreated controls (Fig. 1A and B), yet the reduction in IP neovascu-
larization was more pronounced in the AA. Microvessels were primarily
sprouting from the media into the plaque. Anti-Ter-119 immunostain-
ings of the AA and RCCA showed a significantly reduced level of IP
haemorrhages in treated versus untreated animals (Fig. 1A and B).
Moreover, the number of mice displaying IP haemorrhages was sig-
nificantly higher in control animals as compared to treated animals
(AA: control = 73%; axitinib = 10%, p = 0.015; RCCA: con-
trol = 83%; axitinib = 43%, p = 0.126, Fisher's exact test). Micro-
vessels stained negative for α-SM actin (data not shown), suggesting
that they were not fully matured. Hypoxia in the plaque, as determined
via a pimonidazole staining, was significantly lower in the proximal

aorta (0.40 ± 0.13% positivity) as compared to the AA
(4.60 ± 1.70%, p = 0.029) and RCCA (5.12 ± 1.42%, p = 0.012). In
respect to the latter finding, IP neovascularization did not occur in the
proximal aorta.

3.2. Axitinib promotes plaque stability without affecting plaque thickness

The mean plaque thickness and necrotic core area in plaques of the
AA and RCCA was not changed (Table 1), although total plasma cho-
lesterol was significantly reduced after treatment with axitinib (control
547 ± 38 mg/dl, axitinib 412 ± 29 mg/dl, p = 0.019, Independent
samples t-test, n = 10–14). Body weight was similar between control
(20.2 ± 0.7 g) and treated (20.8 ± 0.2 g) animals. The plaque for-
mation index was significantly decreased in the RCCA and tended to
decrease in the AA (Table 1). Plaque composition was clearly different
between both groups. In both the AA and RCCA, axitinib-treated mice
presented a plaque phenotype with significantly more smooth muscle
cells (SMCs), whereas the macrophage content was significantly de-
creased (Table 1). The percentage of total collagen as well as collagen
type I and type III in plaques of the AA did not differ (data not shown).
In the RCCA, total collagen was significantly increased in axitinib-
treated animals (Table 1). In the proximal aorta, where IP neovascu-
larization did not occur, no significant change could be observed in
plaque size and composition (Table 1).

3.3. Axitinib reduces the expression of adhesion molecules in vitro and
improves the endothelial barrier

To investigate whether the reduced plaque formation is associated
with changes in the expression levels of adhesion molecules or VE-
cadherin, HUVECs were stimulated with hTNF-α in the presence or
absence of axitinib (100 nM). After 24 h, treatment of HUVECs with
hTNF-α and axitinib resulted in a significant decrease in mRNA ex-
pression relative to β-actin of the adhesion markers VCAM-1 (ctrl:
1.11 ± 0.03 axitinib: 0.90 ± 0.02, p = 0.0003), ICAM-1 (ctrl:

Fig. 1. Axitinib inhibits intraplaque neovascularization in the aortic arch and carotid artery of ApoE−/−Fbn1C1039G+/− mice. (A) Representative images of a CD31 and Ter-119 staining
to detect IP microvessels and IP haemorrhages, respectively, in atherosclerotic plaques of control and axitinib-treated mice. Scale bar = 50 μm or 0.5 μm (boxed area). M =media,
P = plaque. (B) Quantification of IP microvessels and IP haemorrhages in the aortic arch and right carotid artery of control and axitinib-treated mice. (Control n = 8, axitinib n = 9,
Mann-Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001).
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1.08 ± 0.03 axitinib: 0.93 ± 0.05, p = 0.0199) and E-selectin (ctrl:
1.27 ± 0.04 axitinib: 0.79 ± 0.02, p < 0.0001) as compared to the
control group. Expression of VE-cadherin was significantly higher in
HUVECs treated with axitinib relative to β-actin (ctrl: 1.07 ± 0.43
axitinib: 0.94 ± 0.04, p = 0.0270).

3.4. Axitinib improves cardiac function and morphology

We previously reported that ApoE−/−Fbn1C1039G+/− mice spon-
taneously develop myocardial infarctions on a western type diet [12].
Given the importance of neovascularization to restore perfusion to the
ischemic myocardium after an acute myocardial infarction, we assessed
cardiac function and structure after axitinib treatment via echocardio-
graphy and histology. LVIDd (control = 4.6 ± 0.2 mm; ax-
itinib = 4.1 ± 0.2 mm, p = 0.02) and LVIDs (control = 3.6 ± 0.2
mm; axitinib = 2.9 ± 0.2 mm, p = 0.04) were significantly smaller as
compared to control mice, resulting in an increased level of FS
(Fig. 2A). Moreover, a significant reduction in HW/BW was observed in
treated animals as compared to the control group (Fig. 2B). To confirm
this reduction in heart weight, left ventricular (LV) mass and cardio-
myocyte size were analysed. Both parameters were significantly de-
creased in the axitinib-treated group (Fig. 2C and D). Analysis of fi-
brotic areas on heart sections showed a significant decrease in the
occurrence of myocardial infarction (MI) after treatment (Fisher's exact
test, p = 0.05, Fig. 3A, B, D). The infarct size was not different after
treatment with axitinib (control = 3.8 ± 1.8 mm2 vs ax-
itinib = 3.1 ± 1.6 mm2, p = 0.77). Coronary plaque formation was
observed in almost all control animals whereas axitinib-treated animals
showed a 30% reduction in the occurrence of coronary plaques
(Fig. 3C). Axitinib did not affect systolic blood pressure (con-
trol = 90 ± 5 mmHg; axitinib = 89 ± 5 mmHg, p = 0.90), diastolic
blood pressure (control = 56 ± 4 mmHg; axitinib = 61 ± 5 mmHg,
p = 0.51) or mean pressure (control = 67 ± 4 mmHg; ax-
itinib = 70 ± 5 mmHg, p = 0.70).

4. Discussion

Although IP neovascularization plays a significant role in athero-
sclerotic plaque destabilization and rupture because of the additional
supply of lipids and inflammatory mediators to the lesion [2], the po-
tential of IP neovascularization as a novel therapeutic target remained
mostly unexplored due to the lack of a decent animal model of plaque
rupture. However, recent evidence indicates that atherosclerotic pla-
ques in ApoE−/−Fbn1C1039G+/− mice display striking similarities with
complex human atherosclerotic lesions including presence of IP neo-
vascularization and haemorrhages [12], which makes this mouse a
unique model for investigating crucial aspects of plaque destabilization.
In the present study, we provide evidence that VEGF in ApoE−/

−Fbn1C1039G+/− mice exerts a key role in IP neovascularization and
thus in plaque destabilization. Indeed, inhibition of VEGFR signalling
by the selective VEGFR inhibitor axitinib significantly reduced IP neo-
vascularization and haemorrhages both in the aortic arch (AA) and
right common carotid artery (RCCA), as compared to plaques from
untreated controls. However, the maturation of resting neovessels was
not affected by axitinib and therefore these neovessels remained ‘leaky’.

Given the promising findings described above, we next examined
the effect of axitinib on plaque size and composition. Plaque thickness
was similar in controls and axitinib-treated animals. Nevertheless, ax-
itinib-treated plaques, at least in the RCCA, showed a more stable

Table 1
Plaque thickness and composition in the aortic arch, carotid artery and proximal aorta of ApoE−/−Fbn1C1039G+/− mice.

Arteries with IP microvessels Arteries without IP microvessels

Aortic arch Carotid artery Proximal ascending aorta

Control Axitinib Control Axitinib Control Axitinib

Plaque thickness (μm) 340 ± 41 407 ± 52 293 ± 19 266 ± 20 262 ± 23 284 ± 20
Plaque formation index (%) 89 ± 4 79 ± 6 88 ± 5 64 ± 7⁎ n.d. n.d.
Necrotic core area (103 μm2) 84 ± 11 93 ± 20 58 ± 16 86 ± 26 39 ± 10 35 ± 7
Collagen (%) 9.0 ± 1.7 11.2 ± 2.1 31.7 ± 2.1 37.6 ± 1.7⁎ 7.7 ± 1.6 9.8 ± 1.0
Smooth muscle cells (%) 5.0 ± 0.8 9.7 ± 0.8⁎⁎⁎ 3.4 ± 0.5 7.9 ± 1.2⁎ 12.5 ± 1.5 13.0 ± 0.8
Macrophages (%) 8.4 ± 1.6 4.4 ± 0.9⁎ 8.8 ± 0.8 5.7 ± 1.0⁎ 5.0 ± 0.5 5.1 ± 0.7

Data shown as mean ± SEM, n = 10–16, independent samples t-test; n.d. = not determined (cross-sections of the proximal aorta were cut, which excluded the possibility of measuring
the plaque formation index).

⁎ p < 0.05.
⁎⁎⁎ p < 0.001.
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Fig. 2. Axitinib improves cardiac morphology and function in ApoE−/−Fbn1C1039G+/−

mice. Fractional shortening as a measure of cardiac function (A) as well as heart weight
(HW) divided by body weight (BW) (B), left ventricular mass (C) and cardiomyocyte size
(D) in control mice versus axitinib-treated mice are shown. (Control n = 13, axitinib
n = 13, Independent samples t-test; *p < 0.05, **p < 0.01, ***p < 0.001).
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plaque phenotype as demonstrated by increased levels of SMCs and
total collagen, whereas the macrophage content decreased. Because
entry of monocytes and macrophages is related to leakage of neovessels,
a reduction in the amount of macrophages may be a direct result of the
decreased neovessel network in the plaque. Indeed, arteries without IP
neovascularization such as the proximal aorta did not reveal a decrease
in macrophage content after axitinib treatment and had similar plaque
stability as compared to control animals. As shown previously by
Sluimer and Daemen [6], the degree of hypoxia in the proximal aorta is
significantly lower than in the RCCA and AA, which may explain why
plaques in the proximal aorta do not develop IP microvessels. Probably,
a threshold of hypoxia needs to be trespassed before IP neovascular-
ization occurs in ApoE−/−Fbn1C1039G+/− mice. However, mice that do
not reveal a detectable number of IP microvessels in the RCCA also had
lower amounts of macrophages after treatment with axitinib, sug-
gesting that the decrease in macrophages is not solely due to a reduced

amount of microvessels, but also due to other mechanisms. Indeed, it is
known that VEGF has a distinct effect on monocyte activation/che-
motaxis and the upregulation of matrix metalloproteinases [17,18].
Moreover, even though the plaque size of axitinib-treated mice re-
mained unchanged, longitudinal sections of the RCCA and AA revealed
that axitinib decreased plaque formation, which points towards a more
important role for VEGFR signalling in early atherogenesis. In general,
when ECs undergo inflammatory activation, the upregulation of adhe-
sion molecules such as ICAM-1 and VCAM-1 represent an important
trigger in early lesion development, as they attract and encourage
monocytes to enter the lesion. In the present study, we provide in vitro
evidence that axitinib interferes with the upregulation of adhesion
molecules. HUVECs pre-activated with TNF-α and treated with axitinib
showed decreased levels of the adhesion molecules VCAM-1 and ICAM-
1 as well as E-selectin, which are all involved in plaque development. In
addition, expression of VE-cadherin was stimulated by axitinib, which

Fig. 3. Axitinib attenuates the occurrence of myocardial
infarction and coronary plaque formation in ApoE−/

−Fbn1C1039G+/− mice. (A) Trichrome Masson staining of
heart tissue revealing large infarcted areas with coronary
plaque formation in control ApoE−/−Fbn1C1039G+/− mice
as compared to treated mice. Scale bar = 200 μm.
Magnifications of the boxed areas (illustrating the infarc-
tion zone and coronary plaque formation) are shown. (B–D)
Number of mice with a myocardial infarction (B, p = 0.05),
coronary plaque formation (C, p = 0.18) and with a myo-
cardial infarction in the presence of coronary plaques (D,
p = 0.19). (Control n = 9, axitinib n = 10, Fisher's exact
test).
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suggests that axitinib can impair the subendothelial invasion of LDL.
Finally, it is noteworthy that total plasma cholesterol decreased by 25%
after axitinib treatment. Even though plasma cholesterol levels were
still relatively high (> 400 mg/dl) and such a drop in plasma choles-
terol did not affect plaques in the proximal aorta without IP neo-
vascularization, we cannot rule out that the observed changes in plaque
composition are partially due to a decrease in plasma cholesterol. In
literature, no significant effects of axitinib on total plasma cholesterol
were reported. However, Heinonen et al. [19] observed alterations in
lipid profiles and plasma lipid levels, induced by alterations in VEGF-A.
These lipid alterations are linked to a reduction in plasma lipoprotein
lipase (LPL) activity in response to an increase in VEGF-A. Given that
axitinib significantly lowered VEGF in plasma of ApoE−/

−Fbn1C1039G+/− mice, an increase in LPL may result in a decreased
level of total plasma cholesterol.

Our findings are in line with previous reports from other groups
showing that administration of VEGF protein promotes plaque devel-
opment [19,20], while vaccination against VEGFR-2 attenuates ather-
ogenesis [21]. Interestingly, vein grafts in hypercholesterolemic
ApoE*3 Leiden mice represent an alternative, yet useful model for IP
microvessel research [22]. Inhibition of VEGFR-2 signalling in vein
graft lesions by VEGFR-2 blocking antibodies (DC101) reduced IP
haemorrhages, but did not affect endothelial cell growth as the number
of microvessels was equal in DC101-treated mice and untreated con-
trols [22,23]. It should be noted that DC101 antibodies target only
VEGFR-2 whereas axitinib inhibits VEGFR-1, VEGFR-2 and VEGFR-3.
Because VEGFR-1 and VEGFR-3 can contribute to pathological angio-
genesis in certain conditions [24,25], combined inhibition of VEGFR-1,
VEGFR-2 and VEGFR-3 may lead to a more pronounced result yielding a
reduced IP microvessel network. Some findings in literature seem to be
inconsistent with the present results at first sight. Indeed, gene transfer
of VEGF had no significant impact on atherosclerotic plaque formation
and stability in ApoE−/− mice [26], whereas administration of a pan-
VEGFR inhibitor resulted in increased plaque size and plaque vulner-
ability [27]. Two aspects of VEGFR signalling should be highlighted to
explain these illusory discrepancies. First, VEGF plasma levels were not
detectable after VEGF gene transfer and thus might not reach up to a
certain threshold that is needed to induce a significant result [26].
Second, ApoE−/− and LDLR−/− mice on a high-fat diet rarely display
IP neovascularization and have significantly lower VEGF levels. Given
that these animal models do not mimic the human pathological setting,
it is not possible to draw correct conclusions from these models.

Although severe cardiotoxicity rarely occurs in clinical trials using
axitinib [28–30], patients on VEGF-inhibiting medication may experi-
ence cardiovascular adverse effects [16]. Therefore, cardiac function
was also investigated in the present study. Surprisingly, cardiac para-
meters such as FS, LV mass and cardiomyocyte size were significantly
improved in axitinib-treated animals. Moreover, mice displayed less
myocardial infarctions and developed less coronary plaques after
treatment. Because axitinib inhibits early atherogenesis through
downregulation of adhesion molecules and stimulation of VE-cadherin
expression (vide supra), we assume that the aforementioned observa-
tions in the heart are due to less coronary plaque formation. Un-
fortunately, we were unable to detect IP neovascularization in coronary
arteries of untreated mice due to technical reasons (plaques too small)
and also the extent of plaque formation in coronary arteries could not
be measured as longitudinal sections of the arteries are necessary to
calculate this parameter. Of note, since VEGF is important for capillary
density in the myocardium and is associated with contractile dysfunc-
tion of the heart, alterations in VEGF plasma levels can cause problems
in this particular area (as is seen in certain patients). However, it is
likely that short term inhibition of VEGFR signalling in the present
study did not lower VEGF levels below a threshold that is necessary to
hamper capillary density and thus cardiac dysfunction. Also previous
pre(clinical) studies showed that axitinib does not have a negative ef-
fect on cardiac function [31–33].

5. Conclusion

Axitinib inhibits IP neovascularization with a subsequent reduction
of IP haemorrhages. Axitinib did not change plaque thickness, though
plaques showed a more stable phenotype after treatment. Moreover,
cardiac function and morphology was improved by axitinib.
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