Heart rate reduction with ivabradine in the early phase of atherosclerosis is protective in the
endothelium of ApoE-deficient mice
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Abstract

Background and aims: Ivabradine, a heart rate reducing agent, protects the vascular system by
unidentified mechanisms. We sought to determine the effects of the treatment with ivabradine, started
before plaque formation, on early transcriptional changes and endothelium lesions in regions of aorta
subjected to disturbed blood flow.

Methods and results: 6 week-old apolipoprotein E-deficient (ApoE-/-) mice, fed a low-fat diet, were
treated with ivabradine to determine the effect on transcriptional changes (2- and 4- week treatment)
and on lesions formation (19-week treatment) in the endothelium of the aortic arch. Microarrays
analysis (60k probes) of endothelium-enriched RNA was carried out to detect changes in gene
expression induced by treatment. Endothelium damage was assessed by en-face immunofluorescence
staining for VE-cadherin. According to microarray analysis, 930 transcripts were affected by the
treatment. We found downregulation of pro-apoptotic and pro-inflammatory genes, the majority of
which are nuclear factor- kB (NF-kB)-and/or Angiotensin Il-regulated genes, and upregulation of
anti-inflammatory genes. Many shear stress-responsive genes were affected by the treatment and the
MAPK, Notch signalling and sterol metabolic processes were among the most significantly affected
pathways. Consistently, we observed increased levels of Hes5, a Notch target gene, together with a
reduction of endothelium damage, in the lower aortic arch of treated- compared with untreated- mice.
Conclusion: An early treatment with ivabradine protects the endothelium of the aortic arch of ApoE

-/- mice. Activation of the Notch signalling could be part of the mechanism underlying this protection.



1. Introduction

Epidemiological studies have shown that elevated heart rate (HR) is a marker of coronary artery
disease (CAD) progression and correlates with cardiovascular mortality (reviewed in [1-4]). In
accordance, experimental data suggest that reduction in resting HR slows endothelial cell (EC)
replication, a marker of endothelial dysfunction, and reduces the progression of atherosclerosis in the
cynomolgus monkeys fed a high fat diet [5].

Ivabradine decreases HR by selective inhibition of the sinus node funny current (lf) with no effect on
blood pressure or contractility [6-9], thus is the ideal tool to study the effects of HR reduction on the
vessels. Pre-clinical studies have demonstrated a protective effect of ivabradine on the vasculature
(reviewed in [6]). In mouse models of mild [10] or severe dyslipidemia [6,8,11-13], ivabradine
prevented endothelial dysfunction and reduced the aortic plaque area [6,11,12] and counteracted
dyslipidemia-induced reduction of both endothelium-dependent vasorelaxation [8] and aortic
distensibility and circumferential cyclic strain [14]. In wild type (WT) mice the above cited
parameters were unaffected, either in the presence or absence of ivabradine, even though treatment
with this drug induced a HR reduction comparable to the reduction observed in ApoE -/- mice fed a
high-fat diet [8]. These studies suggest that the protective effect of ivabradine on endothelial function
and vascular wall distensibility is measurable in the presence of an endothelium-damaging agent,
such as dyslipidemia, that triggers the onset of atherosclerosis. Ivabradine treatment has been
associated with a reduction of vascular oxidative stress (decrease of NADPH oxidase activity [6,13]),
prevention of eNOS uncoupling [13], as well as with a lower expression of pro-inflammatory
chemokine MCP-1 [6] and of angiotensin Il receptor 1 (AT1-R) [13]. Since all the existing studies
have tested the beneficial effects of ivabradine treatment in the context of advanced stages of
atherosclerosis, it is not known if ivabradine, under dyslipidemic conditions, has an effect on

endothelial function before plaque formation.



The mechanisms underlying ivabradine protection are not completely understood. It is thought that
an improvement of shear stress, consequent to the HR reduction, is implicated. It is well known that
the ECs exposed to different shear stress patterns undergo complex transcriptional modifications [15]
which modulate their proliferation, survival and activation. In arterial regions with not-disturbed flow,
the ECs express various atheroprotective genes and suppress several pro-atherogenic ones, leading to
endothelial stability. In regions with disturbed flow, the atheroprotective genes are suppressed,
whereas the pro-atherogenic genes are upregulated, thereby promoting atherosclerosis [16,17]. In vivo
[6,10,13] and ex vivo studies [10] seem to support this hypothesis and rule out a direct action of

ivabradine on the vessels.

The aim of our study was to investigate the possibility that treatment with ivabradine, in the early
phase of atherosclerotic process, before plague formation, could result in transcriptional changes
leading to maintenance of normal endothelial function. The study was conducted in 6 weeks old
apoliprotein E-deficient (ApoE -/-) mice fed a chow diet (instead of a western diet) and subjected to

early ivabradine treatment.

2. Materials and Methods

2.1 Animal treatment

Animal studies were carried out according to the guidelines of the European (2010/63/EU) and the
Italian (D.L. 26/2014) laws and after approval by the local ethical review panel of University Animal
House and by the Italian Ministry of University and Research. 5-weeks old C57BL6/J and ApoE -/-
mice (C57/BI6 genetic background), purchased from Charles River Laboratories (Wilmington, MA,
US), were exposed to artificial day/night cycle (13 hours light and 11 hours darkness with light on at
7 a.m.) and were caged, in group of 3, at room temperature (21-23°C) with 55-60% of humidity.
Ivabradine (30 mg/kg/day, ivabradine hydrochloride, S 16257-2, Servier, France) was administered

in drinking water available ad libitum. Water consumption was registered on each water renewal by
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visual inspection of ivabradine or placebo solution level in the bottles. HR, measured before the
beginning of treatment and one week before sacrifice, was monitored by counting the number of
waveforms registered per minute by Doppler echocardiography (Vivid ECG, GE Healthcare
Worldwide) and using a pediatric probe (Vivid cardiovascular ultrasound 12S R-S, GE Healthcare
Worldwide). Animals were not anesthetized during HR monitoring to avoid interferences with HR
values. To reduce stress, which could affect HR, at least 2 days before HR measurement, mice chest
was shaved at third and fourth intercostal space, next to the sternum. Mice were handled carefully,
gently held by the neck and placed with their abdomen up. Nevertheless, this method cannot
completely prevent stress, which could explain the high HR measured at baseline. The calculated HR
was the mean of 20 consecutive measurements. HR results were expressed as mean + SEM.
Differences between groups were analyzed by one-way ANOVA followed by Dunnett’s test and
p<0.05 was considered significant. For microarray analysis, 6-weeks old ApoE -/- mice (n=24) were
randomly assigned to four groups receiving ivabradine or vehicle for 2 or 4 weeks. For blood
sampling and Western blotting analysis, 6-weeks old ApoE -/- mice (n=12) were randomly assigned
to two treatment groups receiving ivabradine or vehicle for 4 weeks. For the analysis of endothelium
damages, Hes5 expression levels and plaque deposition in the aortic root, 6-weeks old ApoE -/- mice

(n=16) were randomly assigned to two treatment groups receiving ivabradine or vehicle for 19 weeks.

For blood samples collection mice were sedated with an intraperitoneal injection of Zoletil (60 mg/kg;
Parnell Laboratories, Alexandria, NSW, Australia) and Dexdomitor (10 mg/kg; Zoetis, Florham Park,
NJ, US). For aortic arch isolation, mice, after being sedated, were euthanized by an overdose of Zoletil

(120 mg/kg; Parnell Laboratories, Alexandria, NSW, Australia).

2.2 Endothelial enriched-RNA extraction

In order to increase the specificity of microarrays, RNA was isolated from endothelium of mice aortic

arch only instead of whole aorta, adapting the method described by Krenek P et al., [18]. After
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euthanasia, mice’s hearts were perfused through the left ventricle with ice-cold saline. When the
effluent was completely clear, aorta was quickly and carefully isolated and placed into a Petri dish
containing RNAlater solution (RNA stabilization solution, Ambion). Under stereomicroscope
(SMZ745T 6x-50x, Nikon, Chiyoda, Japan) the adventitial layer and fat portion of the aorta was
cleaned off by straining the aorta oppositely with angled forceps. Aortic arch was isolated and a
microloader tip (Eppendorf - Germany) was adapted to an insulin syringe and filled with 300l of
Qiazollysis solution (Qiagen, USA). The microloader tip was carefully inserted in the aortic arch until
it reached the left common artery, entering from the previously removed portion of thoracic aorta.
Aortic arch was flushed with Qiazol lysis solution for 30 seconds and the eluate was collected into a
RNase-free microfuge tube. As a control, RNA was isolated from another whole arch after
mechanical disruption of the tissue using a Dounce homogenizer. In both cases, RNA was extracted
using a commercially available kit (miRNeasyMini kit - Qiagen, CA, USA). RNA concentration and

purity were determined by Agilent 2100 Bioanalyzer (Agilent Technologies)

2.3 Validation of ECs-enriched RNA extraction

Aortic arch of six 10 weeks old C57BL6/J mice were flushed with different volumes of a phenol
containing solution to achieve efficient lysis of ECs only: more than 350ul of Qiazol lysis buffer
caused a disgregation of the whole arch, conversely smaller volume of lysis buffer resulted in
insufficient RNA vyield (data not shown). Noteworthy, to obtain an efficient RNA extraction and to
avoid aorta dissolution, it was needed to constantly perfuse the aorta for not more than thirty seconds.
As expected, this method gave a low yield of RNA (150-600ng from one arch, n=3 10 weeks old
C57BL6/J mice) nevertheless every target gene was successfully amplified by gRT-PCR. RNA was
also isolated from the whole arch (n=3) after mechanical disruption of the tissue using a Dounce
homogenizer and the same lysis buffer used for flushing the aorta. This method gave good yield and

good quality RNA (1.5ug total RNA from one arch). Successful endothelial enriched-RNA extraction



was confirmed by measuring mRNA levels of endothelial and smooth muscle specific genes (eNOS

and SM22 respectively) (Figure 1).

2.4 Microarray procedures

Total RNA from 12 samples (each containing 70ng of RNA from 2 mice for treatment group) was
hybridized on Agilent Whole Mouse Gene Expression Microarray (#G4122F, 60K transcripts,
Agilent Technologies, Palo Alto, CA, USA). One-color gene expression was performed according to
the manufacturer’s procedure. Briefly, labeled cRNA was synthesized from total RNA using the Low
RNA Input Linear Amplification Kit (Agilent Technologies, Palo Alto, CA, USA) in the presence of
cyanine 3-CTP (Perkin-Elmer Life Sciences, Boston, MA, USA). Hybridizations were performed at
65°C for 17 hours in a rotating oven. Images at Sum resolution were generated by Agilent scanner
and the Feature Extraction 10.5 software (Agilent Technologies, Palo Alto, CA, USA) was used to
obtain the microarray raw data. Data transformation was applied to set all the negative raw values at
1.0 followed by a quantile normalization. A filter on low gene expression was used to keep only the

probes expressed (Detected) in at least one sample (n=36,013).

2.5 Microarray data analysis and bioinformatics

Unsupervised principal component analysis (PCA) was performed to assess sample similarity and to
determine the contribution of age and treatment to global gene expression changes [10K expressed
probes, (Qlucore software, Qlucore, Lund, Sweden)]. Differentially expressed genes (DEG) were
selected as having a > 1.5-fold expression difference between treated and untreated groups with a p-
value < 0.01 at moderated t-test (False Discovery Rate, FDR, 7%). Hierarchical clustering was
performed with GeneSpring Clustering tool (Agilent Technologies, Palo Alto, CA, USA) using the
list of DEG and the Pearson centered correlation as a measure of similarity between samples.
Correlations between continuous variables were tested by Pearson analysis. The Database for

Annotation, Visualization and Integrated Discovery (DAVID) [19] was used to perform Gene



Ontology (GO) functional and Kyoto Encyclopedia of Genes and Genomes (KEGG) and Biocarta

pathways enrichment analyses (threshold p-value < 0.1 and enrichment gene count > 2).

2.6 Reverse Transcription and Real Time PCR

Total RNA from 6 samples (each containing 70ng of RNA from 2 mice for treatment group) was
reverse transcribed in a volume of 25ul using 250 units of SuperScript III reverse transcriptase and
50ng of random hexamers. 2ul of the cDNA mixture were used for real-time gPCR. Real-time g°PCR
reactions (final volume of 25ul) were performed on an Applied Biosystems 7500 Fast Real-Time
PCR System using PerfeCta SYBR Green SuperMix with ROX kit (Quanta Biosciences,
Gaithersburg MD, USA) according to the manufacturer’s protocol. Changes in gene expression were
calculated by the 2724t formula using Rpl13a as reference gene. The following primers were used:
RPL13: forward 5’-AGCCCAGGGTGCTTTGCGG-3”, reverse 5’-
GCGCCATGGCTGCCTCCTATAC-3’; SM22: forward: 5’-GGGCGGCAGAGGGGTGACAT-3’,
reverse: 5’-TGAGGCAGAGAAGGCTTGGTCGT-37; NPPC: forward 5’-
ACACCACCGAAGGTCCCG-3’, reverse: 5’-TCGGTCTCCCTTGAGATTGG-3’; OLR1: forward
5’-TGCAAACTTTTCAGGTCCTTGT-3’, reverse: 5’-AACTGGCCACCCAAAGATTG-3’; eNOS:
forward: 5°-TTCCCCGCCTAGTCCTCGCC-3’, reverse: 5’-CCGGGGGTCCTGGCTGAGAG-3’.
Results were expressed as mean + SEM. Differences between groups were analyzed by unpaired t-

test, p-value < 0.05 was considered significant.

2.8 Western blotting

Immediately after euthanasia, the mouse aorta was perfused with saline solution then excised, cleaned
of fat and fibrous material in a Petri dish containing ice cold saline solution. Segments of aortic arch
were pooled (n=6 per treatment group) and immersed in 0.5 ml of RIPA buffer (0.05% sodium
deoxycholate was freshly added) containing 10 pg/ml of aprotinin, 10 pg/ml of leupeptin, 10 pg/ml
of pepstatin A, 1 mM PMSF, and 1 mM sodium orthovanadate. Samples were homogenized by

Dounce homogenizer on ice for 30 min. Protein concentration was quantified by by Pierce BCA
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Protein Assay Kit (Thermo Scientific, Wilmington, DE). Immunoblotting was performed as described
in [20,21], using the following primary antibodies: rabbit anti-OLR-1 (Abcam, Cambridge, UK,
1:1000, Cat. ab60178), rat anti-VE-cadherin (BD Pharmigen, San Diego, CA, USA, 1:500, Cat.
555289) and rabbit anti-a-smooth muscle actin (a-SMA) (Novus Biologicals, Littleton, CO, USA,

1:500, Cat. NB600).

2.9 En-face analysis of VE-cadherin and Hes5 staining in the endothelium of the lesser

curvature of the aortic arch

Immediately after mouse euthanasia, the aorta was perfused with saline solution and fixed for 10
minutes with 4% paraformaldehyde. Aorta was then excised, cleaned of fat and fibrous material in a
Petri dish containing ice cold saline solution. Segments of aortic arch corresponding to lesser
curvature (described in [22]) were immersed in 1 ml of blocking buffer (PBS 1X, 0.1% Triton X-100,
2% BSA) and left rocking at room temperature for 1.5 hours. Primary antibody incubation (rat anti-
VE-cadherin, BD Pharmigen, San Diego, CA, USA, 1:100, Cat. 555289; rabbit anti-Hes5, Santa Cruz
Biotechnology, Santa Cruz, CA, USA, 1:100, Cat. sc-25395) was performed overnight at 4°C. After
washing the aortic segments three times in washing buffer (PBS 1X, 0.1% Triton X-100), secondary
antibody, previously diluted in blocking buffer, was added and incubated for 1.5 hours at 4°C. The
secondary antibody used were Alexa Fluor 546 Goat Anti-Rat 1gG (Life Technologies, CA, USA,
1:500, Cat. A11081) and Alexa Fluor 633 Goat Anti-Rabbit IgG (Life Technologies, CA, USA,
1:500, Cat. A21070). After washing three times, aortic specimens were placed on a glass slide with
the intima side up and, before covering samples with a coverslip, a drop of mounting media was
applied directly to fluorescently labeled tissue samples (ProLong Antifade Reagents, Life
Technologies, CA, USA). Five images of the endothelial monolayer were obtained using a Zeiss LSM
510 confocal microscope (Zeiss, Jena, Germany, 40x magnification). Lack of VE-cadherin staining
was the criteria used to identify the areas with damaged endothelium. Hes5 protein levels and the

damaged endothelium area were calculated by using Image J software (Image J analysis software -
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http://imagej.nih.goVv/ij/). Results were expressed as mean £ SEM. Differences between groups were

analyzed by unpaired t-test and p<0.05 was considered significant.

2.10 Plaque size analysis in section of aortic root

Hearts of 25 weeks old ApoE -/- mice, following 19 weeks treatment with ivabradine (30 mg/kg/day,
started at 6 weeks of age) or vehicle, were snap-frozen and samples were cut on a Leica (Wetzlar,
Germany) cryostat into 10um sections, starting at the apex until was reached the aortic valve area. At
least four consecutive sections were fixed in Baker’s fixative, stained in Oil Red O and
hematoxylin/eosin solution and mounted on glass slides. Images were acquired by Aperio microscope
(Leica, Wetzlar, Germany). Percentage of cross-sectional aortic valve area occupied by plaque was
quantified by using Image J software (Image J analysis software - http://imagej.nih.gov/ij/). Results
were expressed as mean + SEM. Differences between groups were analyzed by unpaired t-test and

p<0.05 was considered significant.

2.11 Serum analysis

Blood samples were collected from mice tail. Serum was prepared and stored at -80C. A
commercially available ELISA kit was used to measure levels of HDL and LDL/VLDL cholesterol
(Cat. Ab 65390, Applied Biosystems, Waltham, MA, USA). Results were expressed as mean = SEM.

Differences between groups were analyzed by unpaired t-test and p<0.05 was considered significant.
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3. Results

3.1 Heart rate, body weight and lipid levels

We chose to start the treatment in 6 week-old ApoE -/- mice as this age corresponds to the early stage
atherosclerosis development, i.e. before monocyte adhesion [23]. For microarray analysis, treatment
was administered for 2 and 4 weeks and HR reduction was confirmed for each mouse in both
treatments groups (data not shown). HR decreased from 751.5 + 4.8 bpm to 604 + 12.7 bpm (19.6%)
after 2 weeks treatment (p < 0.0001) and to 550 £ 15 bpm (27%) after 4 weeks (p < 0.0001) (Figure
2). The dose of 30 mg/kg/day of ivabradine was chosen as in preliminary dose finding experiments,
it ensured a reduction of HR in the desired range of 13-23% [6,14]. Similar HR reduction was obtained
in 6 week-old ApoE -/- mice, treated with ivabradine for 4 weeks, used for protein levels assessment,
and 19 weeks, used for endothelium function assessment (data not shown). Ivabradine had not effect
on body weight after 2 and 4 weeks treatment (Figure 3A) and on serum levels of LDL/VLDL (110.6
+ 18 mg/dl and 140 + 19 mg/dl, control vs. 4 weeks treatment group) and HDL (44 + 23 mg/dl and
40 £ 20 mg/dl, control vs. 4 weeks treatment group) (Figure 3B). Lastly, during the 19 weeks of
ivabradine treatment there was no statistically significant differences in body weight between

untreated and treated animals (data not shown).

3.2 ldentification of differentially expressed genes in endothelium

The gene expression profile of treated or placebo mice was analyzed after 2 or 4 weeks treatment in
8 and 10 week-old ApoE-/- mice, respectively. Unsupervised PCA showed that most of the variation
in gene expression was due to ivabradine treatment and it was independent of treatment duration and
age of the mice (Figure 4). Based on the PCA results, a list of differentially expressed genes (DEG)

was obtained by comparing the gene expression profile between the pool of treated (2- or 4- weeks
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treatment, 2T and 4T, respectively) and untreated mice (2NT and 4NT). The treatment altered the
expression of 930 transcripts, 630 were up-regulated and 300 down-regulated (p-value cut-off: 0.01,
fold change > 1.5). Among the modulated sequences we identified 73 uncharacterized expressed
sequence tags (ESTs), 61 Riken cDNA sequences and 314 long intergenic non-coding RNAs
(lincRNA). Figure 5 shows that the heatmap of hierarchical clustering of gene expression in samples
from untreated and ivabradine-treated mice. To exclude that the differences in gene expression
between groups were due to a different content of vascular smooth muscle cell (VSMCs) mRNA, we
performed a clustering analyses for selected VSMCs-specific genes (Acta2, Tagln and Cnnl). These
analyses showed that treated and untreated groups were not separated when the specific VSMCs
transcripts were considered (Figure 6A). In addition, the three VSMCs-specific gene expression
values co-correlated (Tagln, Cnnl, R? = 0.93, p<0.0001 and Cnnl, Acta2, R?>= 0.902, p<0.0001)
(Figure 6B and C), while there was no significant correlation between the expression levels of
ivabradine-modulated transcripts and VSMCs-specific transcripts (i.e. Rasgrf2, Cnnl, R? = 0.0119)

(Figure 6D).

Therefore, the analysis strongly suggests that the differences in gene expression profile between

treated and untreated mice cannot be explained by the different contribution of VSMCs transcripts.

3.3 Gene Ontology (GO) functional and pathway enrichment analysis of differentially expressed

genes

A total of 140 GO biological processes were enriched by ivabradine treatment. The most significantly
biological process affected were those related to sterol metabolism (p=0.000097), cholesterol
metabolic process (p=0.00034), epithelial cells differentiation (p=0.00053) and epithelium
development (p=0.00063) (Table 1). The KEGGS and BIOCARTA pathways affected by treatment
are shown in Table 2. The MAPK signalling pathway and the steroid biosynthesis (p=0.0013 and

p=0.0032, respectively), as well as the Notch signalling pathway (p=0.009) were among the most
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significantly regulated. Tables 3 and 4 show individual genes belonging to the above cited pathways

and the fold-changes in their expression following ivabradine treatment.

3.4 lvabradine modulates expression of genes regulating ECs functions and inflammation

To understand the possible functional significance of the genes affected by the treatment in the
atherosclerotic process, we performed a literature search which showed that an elevated number of
genes linked to ECs dysfunctions and/or inflammation are present among the DEG (Table 5). More
specifically, ivabradine downregulated the expression of pro-inflammatory (Calca, Calcbh, Tnfsf,
Hasl, Tslp, Ptgs2, Wnt7A) and pro-apoptotic (Serpinb5, Olrl) genes, whereas anti-inflammatory
(Ersl, Ers2, Ffar3) and anti-apototic genes (Park2, Pax2, Dadl) were upregulated. Furthermore,
genes associated to increased endothelium permeability (Prkca, Ldlrl, Adamts7, Adamts8) were
downregulated, whereas genes involved in endothelium repair (Hes5, Terc) were induced by
treatment. Nppc and Pdzk1, both coding for proteins secreted by the endothelium to limit damages
induced by inflammatory conditions, were among the genes more affected by ivabradine treatment.
Quantitative RT-PCR confirmed the down-regulation of Olr1 and Nppc following 4 weeks treatment
with ivabradine (Figure 7A and 7B). Additionally, Western Blot analysis showed that ivabradine
treatment also downregulated OLR-1 protein (Figure 7C).

The analysis of the genes involved in cholesterol metabolic process which resulted to be modulated
by ivabradine showed downregulation of the low density lipoprotein receptor gene (LdIr) and of
several other genes involved in cholesterol metabolism (Hmgcs1, Nsdhl, Cyp51, Ch25h, Sc4mol) and
upregulation of Hnf1A and Cyp46al, which are involved in the regulation of HDL cholesterol levels
and cholesterol degradation (Table 6). The genes reported in Table 6, are also involved in
atherosclerosis onset and progression. For instance, Ldlr, downregulated by ivabradine treatment,
induces uptake of LDL in endothelial cells leading to alteration of lipid dynamic in cell membrane
and increased monocytes adherence [24]. Ch25h, downregulated by the treatment, plays a role in

inflammation, in addition to the more established role in the regulation of cholesterol homeostasis
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[25]. This gene encodes for an enzyme which catalyzes the formation of 25-hydroxycholesterol from
cholesterol, which stimulates macrophage foam cell formation in Apoe -/- mice [26]. Sc4mol, Cyp51,
Hmgcsl and Ldlr are target of SREBP1 (sterol regulatory element- binding proteins), a family of
transcription factors transiently induced by laminar flow but continuously unpregulated under
disturbed flow. Their downregulation could be an indication of ivabradine-mediated modulation of
shear stress and reduced disturbed flow [27—-29]. Finally, Lepr (upregulated by ivabradine treatment)
seems to confer protection against atherosclerosis, since mice defective in all leptin receptor signaling
pathways develop severe obesity, hypercholesterolemia, and increased atherosclerosis [30].

Pubmed search also showed that many genes involved in inflammation and endothelial dysfunction,
which resulted to be downregulated by ivabradine, are targets of the nuclear factor-kappaB (NF-xB)
(Table 7) and angiotensin 1l (Angll) signalling pathways (Table 8). Surprisingly, ivabradine modified
the expression of these genes but not the expression of genes coding for NF-kB transcription factors
(Rela, Relb, Nfkb1, Nfkb2) and for angiotensin Il receptor 1 (Agtrl) or angiotensin | converting
enzyme (Ace). Interestingly, Table 9 shows that several genes known to be shear stress-regulated

were affected by treatment [31].

3.5 Ivabradine induces Notch signalling, reduces atherosclerotic lesion formation in the aortic

root and limits endothelial damage in ApoE -/- mice aortic arch

Confocal microscopy-aided en face analysis of the VE-cadherin staining in the lesser curvature of
aortic arch showed a difference in the percentage of area characterized by damaged endothelium in
favour of treated mice (91.74 + 4.084 % vs. 28.98 + 7.279 %, untreated and treated, respectively,
p<0.0001) (Figure 8A). We also performed en face analysis of HES5 expression levels in the areas
of the endothelium of untreated mice still partially intact (about 10 % of the analysed area). The
analysis showed that treatment induced HES5, a marker of Notch signalling activation, in the
endothelium of the lesser curvature (4.1x10%+ 0.3x10° AFU vs. 6.2x10%+ 0.6x10° AFU, untreated and

treated, respectively, p<0.05) (Figure 8B). Oil Red O staining of sections of aortic root showed that

14



the atherosclerotic plaque area was reduced by 44 % in the aortic root of ivabradine-treated ApoE -/-
mice compared with untreated ApoE -/- mice (18.81 £ 0.6 % vs. 10.48 £ 0.97 %, untreated and treated,

respectively, p<0.0001) (Figure 9).

4. Discussion

The main finding of this study is that early HR reduction with ivabradine induces an atheroprotective

gene expression profile in the aortic arch endothelium of ApoE -/- mice fed a low fat diet.

The atheroprotective milieu induced by ivabradine consists in an enhancement of anti-apoptotic, anti-
inflammatory and pro-endothelium repair genes with a concomitant decrease of expression of genes
that increase endothelium permeability and favor inflammation and apoptosis. These effects of early
treatment are linked with maintenance of endothelial integrity and reduction in plague area in the
aortic root, detected at a later stage (after 19 weeks). These results are in agreement with those of
other authors which have shown a reduction of lesions in the aorta of older and dyslipidemic mice

treated with ivabradine [6].

Our data also show, for the first time, that early treatment with ivabradine upregulated Hes5, Notch1,
Mamll, Rbp-jk, suggestive of the activation of the Notch signalling pathway. This hypothesis is
reinforced by the downregulation induced by ivabradine of Jagged2, coding for a Notch ligand. The
Notch ligand Jaggedl (a member of the Jagged/Serrate family to which belongs Jagged?2) is a weaker
activator of endothelial Notch signalling in comparison to Delta-like ligand 4 [32]. The reduction of
Jagged?2 by ivabradine could lead to increased Delta-like ligand 4 mediated-signalling and, therefore,
to activation of the Notch pathway. Changes in expression levels of Nanog and TIx2, Notch target
genes in breast cancer [33] and neuronal cells [34] respectively, are also suggestive of an activation
of Notch pathway by ivabradine treatment. Also consistent with the activation of Notch signalling,
Hes5 protein was found upregulated in the endothelium of the lower aortic arch of ApoE -/- treated

with ivabradine for 19 weeks.
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During the last 10 years, the role of Notch in the endothelium has been actively investigated. Except
for two studies showing a proatherosclerotic role of Notch [35,36], there is growing evidence for a
protective role of this pathway in the endothelium [37—41]. To this end, it is relevant that laminar
shear stress-modulated transcription of genes belonging to the Notch pathway has been found in ECs
cultures [42,43] and in the aorta of the mouse [40,41,44], where Notch signalling is uniquely
positioned to attenuate the calcific response to turbulent shear stress within the aortic valves by
preventing the expression of mediators of inflammation and osteogenic markers leading to aortic
calcification [41]. The role of Notch as mechanosensor in arteries has been recently confirmed by a
study showing that Notchl activation by shear stress directly regulates vascular barrier function and
it is indispensable for the maintenance of junctional integrity, and suppression of proliferation,
induced by laminar shear stress [45,46]. Oppositely to laminar shear stress, dyslipidemia reduces
Notchl in the endothelium leading to increased hypercholesterolemia-induced atherosclerosis in the

descending aorta [46].

In dyslipidemic mice, expression of Hesb mediates the proliferation of cells required to repair the
endothelium damaged by dyslipidemia [40]. Additionally, Notchl activation in ECs, interferes with
NF-xB activity by blocking the transcription of miR155 [39,47] and by inhibiting ERK1/2 activation
[48]. Taken all together these data suggest that activation of the Notch pathway, possibly through
inhibition of ERK/NF-kB signalling, could be responsible for the beneficial effects of ivabradine on
the endothelium in aortic arch of ApoE-deficient mice. The late increase of Hes5 protein level

concomitant to the endothelial protection that we found is supportive of the hypothesis.

The hypothesis of a Notch-mediated inhibition of the NF-xB pathway is interesting. This pathway is
“primed” for over-activation in atheroprone regions and this “priming” is induced by disturbed/low
shear stress which causes an increase in the expression of NF-«B components [49]. Our analyses show
that early ivabradine treatment did not alter the expression of NF-kB components, but clearly reduced

the expression of several pro-inflammatory genes known to be activated by NF-«xB, as demonstrated
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by decreased Olrl gene and protein expression levels. It is possible that HR reduction with ivabradine
reduces NF-kB activity acting by other mechanisms than downregulation of transcription of its
components. Similarly, our data suggest that ivabradine counteracts Angll-signalling. This is not new,
as Custodis et al., showed that in ApoE -/- mice fed a high cholesterol diet, treatment with ivabradine
for 6 weeks, starting at 12 weeks of age, reduces the expression of the AT-1 receptor in the vascular
wall [14]. We did not observe similar changes in Agtrl expression; this discrepancy, likely due to the
difference in diet and treatment duration, suggests, once again, that in early stages, HR reduction with
ivabradine modulates other genes involved in the activation of the Angll-pathway. Ang 1l signalling
is activated by dyslipidemic conditions and it requires ERK1/2-mediated activation of NF-«xB to
induce its downstream genes [50,51]. In agreement with other studies [6], and similarly to other anti-
atherosclerotic agents, like modified pullulan [52], ivabradine did not alter the serum lipid levels,
neither we observed changes in the expression of Ace, but, we did observe a downregulation of genes
belonging to the MAPK pathway such as Prkca, Rras2, Map3k8 and Mras which, if confirmed by
studies on protein levels, may suggest that ivabradine may antagonize both Angll and NF-xB
signalling by interfering with the phosphorylation cascade which leads to ERK1/2 activation [50,51].
Thus, it is possible that early administration of ivabradine results in an intriguing interaction between
Notch activation and antagonization of Angll and NF-xB pro-atherosclerotic signaling (Figure 10).

There is not conclusive evidence on how ivabradine protects the vasculature. Unlike cardiac-specific
B-blockers [8,10,53], like nebivolol which increases vascular nitric oxide production [54], there is no
evidence of a direct effect of ivabradine on endothelium [6,10]. Several studies show that ivabradine
doesn’t affect diastolic function, cardiac output, or blood pressure both in ApoE -/- and WT mice [7—
9]. It is worth mentioning that in other animal models, i.e. L-NAME-induced hypertensive rats,
ivabradine, besides lowering HR, is also able to reduce systolic blood pressure [55]. Custodis et al.
reported that HR reduction with ivabradine improves aortic distensibility and circumferential cyclic
strain in ApoE mice, which might, in turn, modify shear stress pattern [14]. More recently, it has been

shown that treatment of low-density lipoprotein receptor (LDLr)—deficient mice with ivabradine
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alters local mechanical conditions and improves shear stress conditions in the aorta, without changes
in blood pressure, leading to the reduction of the expression of inflammatory marker [7]. In this study,
we did not investigate the mechanism underlying the effects of ivabradine on the gene expression in
the endothelium. In support with studies suggesting an effect mediated by shear stress alteration, we
report that the expression of many shear stress-regulated genes, including Notch1, was modified by

treatment.

The recent clinical trial SIGNIFY (Study Assessing the Morbidity—Mortality Benefits of the If
Inhibitor lvabradine in Patients with Coronary Artery Disease) in patients with CAD and preserved
left ventricular function, specifically tested the hypothesis that HR reduction with ivabradine reduces
the progression of coronary atherosclerosis and prevents myocardial infarction and cardiovascular
death. Contrary to the previous data in patients with left ventricular dysfunction and heart failure
showing a clear beneficial outcome from ivabradine treatment [56], and contrary to our experimental
findings, in SIGNIFY study ivabradine failed to improve patients’ outcome [57]. Obviously, it is
difficult, if at all possible, to extrapolate experimental into clinical data but it could be that in CAD
patients enrolled in SIGNIFY study, treatment with ivabradine was applied too late, when
atherosclerotic plaques were already developed as this was an entry criteria to the trial. Interestingly,
recent data on patients with microvascular angina in whom atherosclerosis of the major coronary

artery was excluded, ivabradine improved endothelial function and coronary reserve [58—60].

5. Conclusion

In conclusion, we report that ivabradine treatment, initiated before plaque formation, induces an
atheroprotective gene expression profile and it reduces endothelial damage in the aortic arch of ApoE

-/- mice. Potential mechanisms involve activation of Notch pathway and inhibition of ERK/NF-«kB.
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Table 1: GO functional enrichment analysis of DEGs (top ten)

GO biological process Count p-value Fold Enrichment

sterol metabolic process 9 0.000097 6.2
cholesterol metabolic process 8 0.00034 6

epithelial cell differentiation 10 0.00053 4.3
epithelium development 15 0.00063 2.9
developmental maturation 9 0.00064 4.7
reproductive structure development 10 0.00079 4.1
steroid metabolic process 11 0.00095 3.6
reproductive developmental process 14 0.0015 2.8
prostate gland morphogenesis 5 0.0015 9.8
tissue morphogenesis 13 0.0019 2.9

Notes: Count: the number of DEGs involved in the enriched biological process (>2). p-value < 0.1.

Table 2: The enriched KEGG and Biocarta pathways for DEGs

Category Term Count P-value
KEGG_PATHWAY Notch signalling pathway 5 0.009
KEGG_PATHWAY MAPK signalling pathway 11 0.013
KEGG_PATHWAY Steroid biosynthesis 3 0.032

BIOCARTA Segmentation Clock 3 0.047
BIOCARTA Downregllllated of MTA-3 in ER- 3 0.047
negative Breast Tumors
BIOCARTA Presenilin acqon 1n.Notch and 3 0.054
Wnt signalling
KEGG_PATHWAY Basal cell carcinoma 4 0.064
KEGG_PATHWAY Tight junction 6 0.075
KEGG_PATHWAY Melanogenesis 5 0.086

Note: Count: the number of DEGs involved in the pathways (>2). p-value < 0.1. Abbreviations:

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 3: Genes of the MAPK signalling pathway regulated by ivabradine

Gene Name Gene Symbol p-value FC (Abs) Regulation

Calcium channel, voltage-

dependent, gamma subunit 7 kel Ui 2 up
interleukin 1 receptor, type II [11r2 0.007 2.50 down
mitogen-activated protein :

kinase 8 interacting protein 2 apkelee e LS up
muscle and microspikes RAS Mras 0.0064 2.11 down
Mitogen-activated protein

kinase kinase Kkinase 14 i EIELSE 0.0013 L.70 up
dual specificity phosphatase 14 Dusp14 0.009 1.64 down
B el (e, Rras2 0.0024 1.59 down
oncogene homolog 2

calcium channel, voltage- .

dependent, alpha 11 subunit Cacnali 0.0084 1.55 4P
RAS protein-specific guanine

nucleotide-releasing factor 2 S 0.0009 52 up
mitogen-activated protein Map3k8 0.0030 1.52 down
kinase kinase kinase 8

protein Kinase C, alpha Prkca 0.0046 1.52 down

Note: Regulation: Type of modulation following ivabradine treatment. p-value < 0.1. Abbreviations:
FC (Abs), absolute fold-change.

Table 4: Genes of the Notch signalling pathway regulated by ivabradine

Gene Name Gene Symbol p-value FC(Abs) Regulation
hairy and enhancer of split 5 (Drosophila) Hes5 0.0077 3.34 up
jagged 2 Jag2 0.0028 2.21 down
Notch gene homolog 1 (Drosophila) Notch1 0.0037 1.59 up

Fecomblnatlon.mgnal bmdm_g protein for Rbp-jk 0.0045 153 up
immunoglobulin kappa J region
mastermind like 3 (Drosophila) Maml3 0.0091 1.52 up

Note: Regulation: Type of modulation following ivabradine treatment. p-value < 0.1. Abbreviations:
FC (Abs), absolute fold-change.
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Table 5: Genes associated to endothelium dysfunctions and inflammation regulated by

ivabradine.
Gene FC . .
Gene Name Symbol (Abs) p-value Regulation Function Ref(s)
. . . Marker
Ty IR GIEplitie Nppc 5.73 0.0018 Jown oncethalba Dm0
type C d ]
amage
. Marker of
PDZ domain Pdzkl 5.0 0.0002 down  endothelial Lo
containing 1 d [64]
amage
wingless-related Marker of
MMTYV integration site Wnt7a 5.17 0.0079 down . . [65]
7A inflammation
serine (or cysteine)
peptidase inhibitor, Serpinb5 5.02 0.0013 down Pro-apoptotic [66]
clade B, member 5
a disintegrin-like and
metallopeptidase with Increases
thrombospondin type Adamts8 4.67 0.0068 down e sl [67]
1 motif, 8
gap junction protein, . Pro-
beta 3 Gjb3 4.40 0.0065 down inflammatory [68]
calcitonin-related Pro-
polypeptide, beta Lalgs Sidté 0.0047 e inflammatory 12
calcitonin/calcitonin- Pro-
related polypeptide, Calca 3.49 0.0012 down : [70]
inflammatory
alpha
solute carrier family 6
BT S Slc6ad  3.42 0.0002 down ., orO [71]
transporter, inflammatory
serotonin), member 4
hairy and enhancer of Endothelium
split 5 (Drosophila) Hes5 3.34 0.0077 up integrity [40]
oxidized low density
lipoprotein (lectin- Olr1 3.19 0.0036 down Pro-apoptotic [72]
like) receptor 1
a disintegrin-like and
metallopeptidase with Increases
thrombospondin type Adamts7 2.75 0.0042 down permeability [73]
1motif, 7
paired box gene 2 Pax2 2.44 0.0005 up Anti-apoptotic ~ [74]
tumor necrosis factor Pro-
(ligand) superfamily, Tnfsf18 2.25 0.0092 down : [75]
inflammatory
member 18
hyaluronan synthase 1 Has1 2.23 0.0063 down . Pro- [76]
inflammatory
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low density

. . Ldlr

lipoprotein receptor
thymic stromal Ts]
lymphopoietin p
estrogen receptor 1
(alpha) Esrl
aTP-binding cassette,
sub-family B (MDR Abcbla
TAP), memeber 1A
prostaglandin-
endoperoxide Ptgs2
synthase 2
telomerase RNA

Terc
component
cholesterol 25- Ch25h
hydroxylase
CD55 antigen Cd55
:f)’ree fatty acid receptor Ffar3
estrogen receptor 2

Esr2
(B)
paraxonase 2 Pon2
parkinson disease
(autosomal recessive, Park2
juvenile) 2, parkin
protein Kinase C, a Prkca

2.14

1.99

1.97

1.93

1.91

1.87

1.82

1.77

1.61

1.55

1.55

1.52

1.52

0.0052

0.0026

0.0048

0.0028

0.0060

0.0066

0.0021

0.0092

0.0034

0.0097

0.0021

0.0052

0.0047

down

down

up

down

down

up

down

down

up

up

up

up

down

Increases
permeability
Pro-
inflammatory
Anti-
inflammatory

Cholesterol
efflux

Pro-
inflammatory

Endothelium
integrity
Pro-
inflammatory
Pro-
inflammatory
Anti-
inflammatory
Anti-
inflammatory
Anti-
inflammatory

Anti-
apoptotic

Increases
permeability

[27]
[77]

[78]

[79]

[80]

[81]
[26]
[82]
[83]
[78]

[84]

[85]

[86]

Note: Regulation: Type of modulation following ivabradine treatment. p-value < 0.01; FC(Abs) >

1.5. Abbreviations: FC (Abs), absolute fold-change; ref(s), references.

Table 6: Genes of the cholesterol metabolic process affected by ivabradine.

F . .

Gene Name Symbol p-value (Abs) Regulation  Function Ref(s)
similar to Hmgcs1 protein; 3- Cholesterol
hydroxy-3-methylglutaryl- Hmgces1l 0.0004  3.29 down : : [87]

biosynthesis

Coenzyme A synthase 1

: Cholesterol

cytochrome P450, family 51 Cyp51 0.0034  2.27 down biosynthesis [88]

low density lipoprotein 00052 214 down Cholesterql 27]

receptor homeostasis
Regulator of

HDL-

HNF1 homeobox A Hnfla 0.0093  2.08 up [89]
cholesterol
metabolism

. Cholesterol
leptin receptor 0.0083 1.96 up metabolism [90]
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NAD(P) dependent steroid Cholesterol

dehydrogenase-like Nsdhl 0.0054  1.94 down biosynthesis [°1]
cytochrome P450, family 46, Cholesterol
subfamily a, polypeptide 1 Cyp46al  0.0094  1.87 up homeostasis [92]
cholesterol 25-hydroxylase Ch25h  0.0022 1.82 down Choleste.rol [93]
metabolism
sterol-C4-methyl oxidase-like Sc4mol 0.0072 1.62  down  opolesterol =g
biosynthesis

Note: Regulation: Type of modulation following ivabradine treatment. p-value < 0.01; FC(Abs) >

1.5. Abbreviations: FC (Abs), absolute fold-change; ref(s), references.

Table 7: Genes target of Nf-kB regulated by ivabradine.

Gene name Gene FC Ivabradine NF-xB Ref(s)
Symbol (abs) Regulation Regulation
[971[9
PDZ domain containing 1 Pdzk1 5.20 down up* 41[93][
92]

Wlngless-related MMTYV integration Wnt7a 518 down up [95]
site 7A
Serine (or cysteine) peptidase :
inhibitor, clade B, member 5 Sl SIE o] up [%6]
Gap junction protein, beta 3 Gjb3 4.40 down up* [97]
Calcitonin-related polypeptide, beta Calcb 3.58 down up [98]
Solute carrier family 6
(neurotransmitter transporter, Slc6a4 3.42 down up* [99]
serotonin), member 4
Oxidized low density lipoprotein " [100]
(lectin-like) receptor 1 e 3.20 . up
Interleukin 11 111 2.83 down up* [101]
A disintegrin-like and
metallopeptidase with Adamts7  2.74 down up [102]
thrombospondin type 1 motif, 7
Hyaluronan synthase1l Has1 2.23 down up [103]
Prostaglandin-endoperoxide
e Ptgs2 1.91 down up [104]
CD55 antigen Cd55 1.77 down up [105]

Notes: Regulation: Type of modulation following ivabradine treatment. p-value < 0.01; FC(Abs) >
1.5; * indicated that the gene has an NF-kB site in the promoter but has not clearly been shown to be
controlled by NF-«xB; or the gene expression is associated with increased NF-«xB activity but has not
been shown to be a target directly. Abbreviations: FC (Abs), absolute fold-change; Nf-kB, Nuclear

Factor-kappa B; ref(s), references.
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Table 8: Angiotensin Il pathway related genes modulated by ivabradine

Ivabradine Angiotensin II

Gene Name Gene Symbol FC (abs) Regulation Regulation Ref(s)
;‘-cell leukemia, homeobox TIx2 709 down iz [106]
oxidized low density
lipoprotein (lectin-like) Olr1l 3.20 down up [107]
receptor 1
low density lipoprotein

Ldlr 2.14 down up [108]

receptor
muscle and microspikes Mras 211 down up [109]
RAS
thymic stromal
e Tslp 2.00 down up [110]
prostaglandin-
endoperoxide synthase 2 Ptgs2 191 down 4P [111]
regulator of G-protein
signalling 4 Rgs4 1.83 up down* [112]
phosphodiesterase 3A,
cgmp inhibited Pde3a 1.60 up down [113]
regulator of calcineurin 1 Rcanl 1.53 down up [114]

Notes: Regulation: Type of modulation following ivabradine treatment. p-value < 0.01; FC(Abs) >

1.5; Abbreviations: FC (Abs), absolute fold-change; Angll, Angiotensin II; ref(s), references.

*indicates that the gene is a regulator of the Angll pathway.

Table 9: Shear stress sensitive genes modulated by ivabradine

Gene Name Gene Symbol FC (Abs) p-value Regulation Ref(s)
natriuretic peptide type C Nppc 5.73 0.0018 down [115]
gap junction protein, beta 3 Gjb3 4.40 0.0065 down [116]
ox1d1_zeq low density lipoprotein Olrl 319 0.0036 down [117]
(lectin-like) receptor 1
a disintegrin-like and
metallopeptidase with Adamts7 2.75 0.0042 down [73]
thrombospondin type 1motif, 7
jagged 2 Jag2 2.22 0.0028 down [118]
low density lipoprotein receptor LdIr 2.14 0.0052 down [27]
muscle and microspikes RAS Mras 211 0.0064 down [119]
ATP-binding cassette, sub-family
B (MDR TAP), memeber 1A Abcbla 1.93 0.0028 down [120]
prostaglandin-endoperoxide Ptgs2 191 0.0060 down [121]
synthase 2
Zegulator of G-protein signalling Rgs4 183 0.0089 up [122]
mitogen-activated protein
kinase kinasekinase 14 Map3k14 1.70 0.0013 up [123]
dual specificity phosphatase 14 Dusp14 1.64 0.0090 down [124]
sterol-C4-methyl oxidase-like Sc4mol 1.61 0.0072 down [125]
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Notch gene homolog 1 Notch1 1.59
related RAS viral (r-ras) Rras? 159
oncogene homolog 2

protein kinase C, alpha Prkca 1.52
mitogen-activated protein

kinase kinasekinase 8 LBl —

0.0037
0.0024
0.0046
0.0030

up
down
down

down

[42]
[124]
[126]
[127]

Note: Regulation: Type of modulation following ivabradine treatment. p-value < 0.01; FC(Abs) >

1.5. Abbreviations: FC (Abs), absolute fold-change; ref(s), references.
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Figure 1. Enrichment of endothelial specific markers in RNA extracted by using the “flushing”

technique.
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Enrichment of endothelial specific markers in RNA extracted by using the “flushing technique”.
Enrichment in eNOS and SM22 mRNA levels is shown by the difference in the relative Ct numbers
between the RNA extracted from whole aortic arch (W-AORTA, n=3) and RNA extracted by the
“flushing” technique (E-AORTA, n=3). Differences between groups were analyzed by unpaired t-
test and p<0.05 was considered significant (**** p < 0.0001).

Figure 2. Heart rate reduction induced by ivabradine treatment
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Heart rate (BPM) in ApoE -/- mice before and after two or four weeks of ivabradine treatment. Results
are expressed as mean = SEM. Differences between groups were analyzed by one-way ANOVA

followed by Dunnett’s test and p<0.05 was considered significant (**** p-value < 0.0001).
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Figure 3. lvabradine treatment does not alter lipid profile and body weight of ApoE -/- mice
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Serum levels of (A) LDL/VLDL and (B) HDL in ApoE -/- mice before and after four weeks of

ivabradine treatment. Results are expressed as mean + SEM. Differences between treatment groups
were analyzed by unpaired t-test and p<0.05 was considered significant. (C) Effect of ivabradine

treatment on body weight in ApoE -/- mice. Differences between treated and untreated mice, in each

age group, were analyzed by unpaired t-test and p<0.05 was considered significant.
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Figure 4. Unsupervised principal components analysis

1 (50 %) ‘ : o A

2 (11 %)

Unsupervised principal components analysis (10K expressed sequences). Principal component
analysis (PCA) plot was derived from transcriptome microarray data of treated and placebo mice,
analyzed after 2 and 4 weeks of ivabradine treatment in 8 and 10 week-old ApoE-/- mice. The PCA
axis reflect values derived from orthogonal linear combination of the variables in the data set [128].
The percentage of variance accounted by each principal component is reported in the x-, y- and z-
axes labels. As shown, the clustering of samples depended mainly on presence/absence of ivabradine
treatment (blue spheres for treated mice and yellow spheres for untreated mice), rather than age or
treatment duration. Blue and yellow spheres indicate treated and untreated mice, respectively. Circle

and triangles indicate 2- and 4-week treatment, respectively.
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Figure 5. Heatmap of hierarchical clustering of gene expression in samples from untreated and

ivabradine-treated mice
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Heatmap of untreated and ivabradine- treated mice (each group contains mice treated for 2 and 4
weeks) obtained using 930 differentially expressed genes. The represented genes (rows) and the
experimental groups (columns) were sorted out by hierarchical clustering. High- and low- expression
is referred to the treated group.
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Figure 6. Clustering analyses for selected VSMCs-specific genes
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(A) Heatmap Acta2, Tagln and Cnnl genes in samples from mice treated with ivabradine for 2 and 4
weeks or untreated. The random distribution of treated and untreated groups is highlighted in red box.
(T: treated; NT: untreated); (B) Correlation analysis between expression levels of two ivabradine-
modulated genes (Rasgrf2;Prkca); (C) Correlation analysis between expression levels of two VSMCs
transcripts genes (Tagln;Cnnl); (D) Correlation analysis between expression levels of one of the
ivabradine-modulated gene (Rasgrf2) and a VSMCs transcript (Cnnl). (2 T and 4 T, 2 week- 4 week
treatment; 2 NT and 4 NT, control groups).
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Figure 7. lvabradine-mediated down-regulation of Olrl and Nppc in 10 week-old ApoE-/- mice
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gRT-PCR analysis of Olrl (A) and Nppc (B) expression in 10 week-old ApoE-/- mice, following 4
weeks of treatment with ivabradine (30 mg/kg/day in drinking water — n=6) or no treatment (n=6).
Relative changes in mRNA expression levels were calculated according to the 224t method using
RPL13 as reference gene. Results are expressed as mean = SEM (n=3, each sample is a pool of two
ApoE -/- mice aortic arch ECs enriched-RNA). Differences between groups were analyzed by
unpaired t-test and p<0.05 was considered significant (**** p < 0.0001). T: treated; NT: untreated.
(C) Western Blot analysis of OLR-1 in 10 week-old ApoE-/- mice, following 4 weeks of treatment
with ivabradine (30 mg/kg/day in drinking water —n=6, 4T) or no treatment (n=6, 4NT). VE-Cadherin

and o-SMA were used for equal protein loading.
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Figure 8. Notch signalling modulation and endothelial damage reduction by ivabradine

treatment in ApoE -/- mice aortic arch
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(A) Representative staining for VE-Cadherin (red) in 25 week-old ApoE-/- mice aortic arch lesser
curvature, following (2) 19 weeks of treatment with ivabradine (30 mg/kg/day in drinking water) or
(1) no treatment (40X magnification). (3) Difference in area with endothelium damages between
untreated (n=8) and treated (n=8) mice. Results are expressed as mean £ SEM. Differences between
groups were analyzed by unpaired t-test and p<0.05 was considered significant (*** p < 0.001). (B)
Representative staining for VE-Cadherin (red) and Hes5 (green) in 25 week-old ApoE-/- mice aortic
arch lesser curvature, following (2) 19 weeks of treatment with ivabradine (30 mg/kg/day in drinking
water) or (1) no treatment (40X magnification). (3) Difference in Hes5 protein level between
untreated (n=8) and treated (n=8) mice. Results are expressed as mean + SEM. Differences between

groups were analyzed by unpaired t-test and p<0.05 was considered significant (* p < 0.05).
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Figure 9. Plaque area reduction in aortic root by ivabradine treatment in ApoE -/- mice aortic

arch
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Hematoxylin and Oil Red staining in 25 weeks old ApoE -/- mice aortic valves following treatment
with (1) vehicle or (2) ivabradine (30 mg/kg/day, started at 6 weeks of age). Both groups were fed
standard diet. (3) Difference in % aortic root plaque area between untreated (n=4) and treated (n=4)
mice. Results are expressed as mean = SEM. Differences between groups were analyzed by unpaired

t-test and p<0.05 was considered significant (***** p < 0.0001).
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Figure 10. Proposed model for ivabradine-mediated atheroprotection in the endothelium of

ApOE -/- mice lower aortic arch
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Angll/ERK1/2-mediated activation of NF-xB induces transcription of pro-atherosclerotic
downstream genes (highlighted in red). Ivabradine treatment, leads to Notch activation which in turn
interferes with NF-kB activity by inhibiting ERK1/2 activation
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