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Abstract
Background: The lack of early diagnosis, progression markers and effective pharmacological treatment has dramatic
unfavourable effects on clinical outcomes in patients with peripheral artery disease (PAD). Addressing these issues will
require dissecting the molecular mechanisms underlying this disease. We sought to characterize the Notch signaling
and atherosclerosis relevant markers in lesions from femoral arteries of symptomatic PAD patients.
Methods: Plaque material from the common femoral, superficial femoral or popliteal arteries of 20 patients was
removed by directional atherectomy. RNA was obtained from 9 out of 20 samples and analysed by quantitative
reverse transcriptase-polymerase chain reaction (qRT-PCR).
Results: We detected expression of Notch ligands Delta-like 4 (Dll4) and Jagged1 (Jag1), of Notch target genes Hes1,
Hey1, Hey2, HeyL and of markers of plaque inflammation and stability such as vascular cell adhesion molecule 1
(VCAM1), smooth muscle 22 (SM22), cyclooxygenase 2 (COX2), Bcl2, CD68 and miRNAs 21-5p, 125a-5p, 126-5p,1465p, 155-5p, 424-5p. We found an “inflamed plaque” gene expression profile characterized by high Dll4 associated to
medium/high CD68, COX2, VCAM1, Hes1, miR126-5p, miR146a-5p, miR155-5p, miR424-5p and low Jag1, SM22, Bcl2,
Hey2, HeyL, miR125a-5p (2/9 patients) and a “stable plaque” profile characterized by high Jag1 associated to medium/
high Hey2, HeyL, SM22, Bcl2, miR125a and low Dll4, CD68, COX2, VCAM1, miR126-5p, miR146a-5p, miR155-5p,
miR424-5p (3/9 patients). The remaining patients (4/9) showed a plaque profile with intermediate characteristics.
Conclusions: This study reveals the existence of a gene signature associated to Notch activation by specific ligands
that could be predictive of PAD progression.
Keywords: Peripheral artery disease, Notch, Inflammation, Vascular smooth muscle cells, Macrophages, microRNA
Background
Most peripheral artery disease (PAD patients) are diagnosed at advanced stages of the disease when the arteries are already seriously compromised [1]. Beside medical
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treatment, current therapeutic approaches for symptomatic PAD consist of revascularization with angioplasty
and stenting, atherectomy or bypass grafting. However,
restenosis is a serious complication occurring in about
2/3 of the patients undergoing revascularization [2–4].
Thus, restenosis after endovascular treatment of atherosclerotic lesions remains a challenging clinical problem [4] and understanding factors that contribute to its
pathophysiology could help predicting occlusion recurrence and/or interfering with it.
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Atherosclerotic plaques are characterized by macrophage infiltration and abnormal proliferation of vascular smooth muscle cells (VSMCs) migrated from the
medial to the intimal layer. Under the action of proinflammatory cytokines released by infiltrating macrophages, intra-plaques VSMCs transdifferentiate from
a quiescent-contractile to a secretory-proliferative phenotype. This phenotype is characterized by expression
of vascular cells adhesion molecules and inflammatory
enzymes such as cyclooxygenase-2 (COX2), and contributes to the progression of atherosclerosis (reviewed in
[5]). Since plaques prone to rupture contain a lower proportion of VSMCs compared to stable plaques, VSMCs
survival is a major determinant of plaque stability [6]
and proliferation of VSMCs plays a major role in in-stent
restenosis [7].
The Notch signaling pathway is a major regulator of
VSMCs and macrophages functions [8, 9]. This pathway
is mediated by four transmembrane receptors (Notch1-4)
and five ligands (Delta like 1, 3, 4, Jagged 1, 2). Ligands
expressed on the surface of adjacent cells activate Notch
receptors, triggering two proteolytic cuts that generate the active form of the receptor, NotchIC. The latter
translocates to the nucleus where it binds transcriptional
factor CSL (CBF-1, Suppressor of Hairless and Lag-1)
thus promoting the transcription of Notch target genes.
Established Notch target genes belong to the Hes (hairy/
enhancer of split 1) and Hey (Hes-related proteins) families, involved in the transcription of downstream genes
that can either maintain cell in an uncommitted state or
induce differentiation [10, 11]. Different Notch receptors
have distinct sets of target genes [12]. Moreover, activation of Notch receptors by different ligands can trigger
different responses [13–17]. Jagged1 (Jag1)—mediated
Notch activation is required for the expression of contractility marker smooth muscle (SM) 22 in VSMCs
[18–21]. Activation of Notch1 and 3 prevents VSMCs
apoptosis [22] and it counteracts their trans-differentiation from a quiescent/contractile to a proliferative/secretory phenotype promoted by interleukin (IL) 1-β [23,
24]. Differently from VSMCs, activation of Notch signaling promotes inflammatory response in macrophages
[25] and leads to M1 (pro-inflammatory) rather than
M2 (anti-inflammatory) gene expression by activation
of NF-kappa B [26] and by reprogramming mitochondrial metabolism [27]. Delta-like ligand 4 (Dll4)-Notch3
signaling has been shown to mediate the response of
macrophages to pro-inflammatory stimuli [28, 29]. These
data suggest an involvement of the Notch signaling in
determining the development and evolution of plaques in
PAD patients.
In addition, several microRNAs (miRs) have been
identified which play a role in atherosclerosis (reviewed
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in [30]). Endothelial cells-secreted miR126-5p promotes
VSMCs turnover [31] and miR424/322 is involved in
restenosis in injured rat carotid arteries [32] and in
plaque rupture in mice [33]. miR21-5p and 146-5p promote VSMCs proliferation [34] and miR21-5p has been
associated to plaque instability [35, 36]. miR155-5p
plays a key role in atherogenic programming of macrophages to sustain and enhance vascular inflammation [37]. On the contrary, miR125a-5p has a protective
effect in atherosclerosis since it decreases the production of inflammatory cytokines in oxLDL (oxidized low
density lipoproteins) -stimulated monocyte-derived
macrophages [38] and promotes the anti-inflammatory
macrophage phenotype M2 [37]. Cross-talks between
some of these miRs (miR126a-5p, miR21-5p, miR155-5p)
and the Notch pathway have been described [34, 39–41].
The aim of this pilot study was the characterization of
Notch signaling in plaque material from atherosclerotic
lesions of PAD patients in relation to known markers of
inflammations and plaque stability. We focused on the
relative quantitation of mRNAs for Notch pathway components (Delta-like ligand 4, Jagged1 and target genes
Hes1, Hey1, 2, L) and for markers of inflammation and
VSMCs trans-differentiation and survival (CD68, COX2,
Bcl2, SM22, miRs21-5p, 125a-5p, 126-5p, 146-5p, 1555p, 424-5p). The relationship between these variables will
be discussed.

Methods
Subject selection and interventional procedure

Twenty patients with documented ischemic, symptomatic lower extremities artery disease referred to our
Institution with clinical indication for endovascular treatment were consecutively enrolled. Approval from the
Ethics Committee of Maria Cecilia Hospital-CotignolaRavenna and written informed consent from patients
were obtained according to the World Medical Association Declaration of Helsinki. Patients underwent a
complete clinical assessment, including 6-min walk test,
Doppler ultrasound examination and a pre-procedural
angiography. Target lesion consisted of a de novo, single solitary lesion with diameter stenosis greater than or
equal to 70% and cumulative lesion length greater than or
equal to 15 cm. A 6 and 12 month follow-up was planned.
Plaque material from the common femoral, superficial
femoral or popliteal arteries was removed by rotational
atherectomy followed by balloon dilatation. A 7-F sheath
(Avanti, Cordis; or Balkin, Cook, Bjaeverskov, Denmark)
that is compatible with a monorail-guided atherectomy
catheter (Silverhawk P4010 or P4011 debulking catheter,
FoxHollow) was used. The number of lesion passes was
left to the discretion of the interventionist. The material obtained was dissected in 50 mm segments [42]
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and pools of fragments representative of each pass were
freshly frozen in liquid nitrogen and stored at −80 °C or
formalin-fixed/paraffin embedded.
Histological and immunohistochemical analyses

5 μm sections were cut from formalin-fixed, paraffinembedded samples and stained with hematoxylin-eosin
and Masson’s trichrome according to routine histologic
protocols. Plaque material was characterized for cellularity, inflammatory cells, fibrous tissue, calcification
and lipids content, as previously described for coronary
arteries plaques [43]. Frozen tissues were embedded in
optimal cutting temperature compound (OCT) and cut
into 10 μm sections for immunohistochemical analysis.
Expression of macrophage marker CD68, smooth muscle
actin (α-SMA), Notch receptors 1, 3 and ligands Deltalike 4 (Dll4) and Jagged1 (Jag1) was assessed by immunohistochemistry using a commercially available kit and
following the manufacturer’s instruction (Vectastain
ABC kit, Vector Laboratories, Burlingame, CA, USA).
Primary antibodies were: rabbit anti-human Val1744cleaved Notch1 (Cell Signaling #2421, Danvers, MA,
USA, dilution 1:50), rabbit anti-human Notch1 (Santa
Cruz, sc-6014, clone C20, Santa Cruz, CA, USA, dilution
1:100), rabbit anti-human Notch3 (Abcam, ab23426 m,
Cambridge, UK, dilution 1:300), rabbit anti human
α-smooth muscle actin (Novus Biologicals, NB600-531,
Littleton, CO, USA, dilution 1:200), mouse anti-human
CD68 (Dako M0814, clone KP1, Glostrup, DK, dilution
1:100). Primary antibody incubation was performed at
room temperature for 1 h. Negative controls were sections to which only secondary antibody was added. Slides
were scanned by Aperio Scan-Scope Digital Slides Scanner (Leica Biosystems, Buffalo Grove, IL, USA) and the
percent of positive area was analyzed using ImageScope
v11.1.2.
Rat aortic smooth muscle cells isolation and culture

Rat aortic smooth muscle cells (RASMCs) were obtained
from the thoracic aortas of 2 month-old Winstar rats, as
described [44]. Experiments were performed in adherence with the Institutional Guidelines on the Use of
Laboratory Animals. Cells were grown at 37 °C with 5%
CO2 in DMEM containing 10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. To confirm the identity of isolated cells, immunofluorescent staining against
α-SM-actin was performed. Cells were fixed in methanol
and blocked in PBS 1X + 3% BSA and incubated with α
smooth muscle actin primary antibody (Novus Biologicals, NB600-531, Littleton, CO, USA, dilution 1:200) for
1 h at room temperature followed by immunoreaction
with FITC-conjugated goat anti-rabbit secondary antibody (Life Technologies, Carlsbad, CA, USA, dilution
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1:1000). Cells were also stained with VE-Cadherin antibody and then treated with Alexa Fluor 488-conjugated
rabbit anti-mouse IgG (Life Technologies, Carlsbad, CA,
USA, dilution 1:1000) to exclude endothelial cells contamination. Nuclei were stained with DAPI (Life Technologies, Carlsbad, CA, USA). Stained cells were analysed
by immunofluorescent microscope (40× objective).
Cholesterol loading of rat aortic smooth muscle cells

Cholesterol was delivered to subconfluent RASMCs
(passage number ≤5) by cholesterol: methyl-cyclodextrin complexes (Chol:MβCD, C4951; Sigma Aldrich,
Saint Louis, MO, USA). Cells were incubated with
different concentrations of Chol:MβCD (20, 50 and
100 μg/ml, based on cholesterol weight) in 0.2% BSA
for 72 h. After treatment, RASMCs were either lysed
for RNA isolation or stained with Oil Red O. For Oil
Red staining, RASMCs were fixed with 10% neutral
buffer formalin for 30 min, rinsed in 60% isopropanol
for 5 min and stained with freshly prepared Oil Red O
solution for 20 min. Nuclei were visualized by haematoxylin staining for 30 s. Images were captured with a
Nikon Digital Sight DS-2Mv camera coupled to a light
inverted microscope (Nikon Instruments Inc., Melville,
NY) (20× objective).
Quantitative RT‑PCR analysis of mRNA isolated
from plaque material

RNA was isolated by the Rneasy kit (Qiagen, Carlsbad,
CA, USA). RNA concentration and purity were determined by NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Due to the limited
amount or low cellularity of plaque material, we obtained
sufficient RNA for molecular analysis from 9 out of 18
patients. 80 ng of total RNA were reverse transcribed
using the SuperScriptTM III First-Strand Synthesis
SuperMix (Life Technologies, Carlsbad, CA, USA) and
amplified using the PerfeCTa SYBR Green SuperMix,
Rox (Quanta Biosciences, Gaithersburg, MD, USA) with
an initial 3 min incubation at 95 °C followed by 40 cycles
of amplification: 95 °C for 15 s and 60 °C for 1 min and
examined on a 7500 Fast Real-Time PCR system (Applied
Biosystems, Life Technologies, Carlsbad, CA, USA). The
sequences of primers used are shown in Additional file 1:
Table S1. mRNA levels were evaluated by using the ΔCt
method. ΔCt values were calculated using ribosomal
protein L13 mRNA (RPL13) as an internal reference,
and then the highest ΔCt value (the lowest expression
level of the target gene observed in patients) was used to
calculate ΔΔCt values [45] using the following formula:
ΔΔCTn = −(ΔCtn–ΔCtref) +1, where ΔCtref is the ΔCt of
the patient with the lowest expression level of the target
gene and ΔCtn is the ΔCt of patient # n.
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Quantitative RT‑PCR analysis of microRNA isolated
from plaque material

Total RNA was isolated by the MiRneasy FFPE kit (Qiagen, Carlsbad, CA, USA). RNA quantitation was assessed
on NanoDrop 2000 (Thermo Fisher Scientific, Waltham,
MA, USA). The miScript II RT Kit (Qiagen, Carlsbad,
CA, USA) was used to synthesize the cDNA. Then, the
miScript SYBR Green PCR Kit (Qiagen, Carlsbad, CA,
USA) combined with the miScript Primer Assays (Qiagen, Carlsbad, CA, USA) was used to determine the
relative expression levels of the mature miRs of interest:
mir21-5p, miR155-5p, miR125a-5p, miR126-5p, miR1465p, miR424-5p. miR levels were evaluated by using the
ΔCt method. ΔCt values were calculated using SNOD61
as an internal reference, and then the highest ΔCt value
(the lowest expression level of the target gene observed in
patients) was used to calculate ΔΔCt values [45] using the
following formula: ΔΔCTn = −(ΔCtn–ΔCtref) +1, where
ΔCtref is the ΔCt of the patient with the lowest expression
level of the target gene and ΔCtn is the ΔCt of patient # n.
Quantitative RT‑PCR analysis of mRNA isolated from rat
aortic smooth muscle cells

500 ng of total RNA isolated from RASMCs was reverse
transcribed and amplified as described above. The
sequences of primers used are shown in Additional file 1:
Table S1. Relative changes in gene expression were determined by the 2−ΔΔCt formula using RPL13 as reference
gene.
Statistical analysis

Hierarchical clustering was performed using the
Genepattern engine (http://genepattern.broadinstitute.
org) with pairwise single-linkage as clustering method;
column and row distance measures were calculated using
Spearman’s rank correlation. The gene and miRNA correlation matrix was generated using the XLSTAT software
(http://www.xlstat.com). The miRNA and mRNA levels
are expressed as mean ± SEM of at least three independent experiments. Differences between the mean were
determined by two-tailed Student’s t test and a P < 0.05
was considered to be statistically significant.

Results
Characterization of patients

The characteristics of the studied population and of the
target lesion are shown in Table 1. Most patients were
suffering from hypertension (16/20, 80%) and hypercholesterolemia (17/20, 85%). 14 patients (70%) were diabetic, and 13 patients (65%) were affected by coronary
artery disease. The localization of target lesions was heterogeneous: proximal superficial femoral artery (SFA),
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Table 1 Patient and lesion characteristics
Variables

Patients (n = 20)

Age mean (SD)

67.05 (8.49)

Male (%)

16 (80)

Diabetes (%)

14 (70)

Hypertension (%)

16 (80)

Hypercolesterolaemia (%)

17 (85)

CAD (%)

13 (65)

Below the knee disease (%)

6 (31.6)

Target lesion
Proximal SFA (%)

6 (30)

Middle SFA (%)

6 (30)

Distal SFA (%)

4 (20)

Popliteal 1° segment (%)
Total lesion length mean (mm) (SD)

4 (20)
40 (26.2)

SD standard deviation, CAD coronary artery disease, SFA superficial femoral
artery

middle SFA, distal SFA or popliteal 1° segment in 6 (30%),
6 (30%), 4 (20%) and 4 (20%) patients, respectively.
Characterization of plaque material to evaluate suitability
for molecular studies

Cellularity and inflammatory infiltrate contents were
scored based on the estimated percentage of positive
cells seen in the whole section [46]. Thus, plaques were
graded 1 (less than 10% positive cells, low cellularity), 2
(between 10 and 50%, medium cellularity) and 3 (more
than 50% positive cells, high cellularity) (Additional
file 1: Table S2). Cellularity of plaque material was low
in 3 (15%), medium in 8 (40%) and high in 9 samples
(45%). Representative staining of medium and high
levels of cellularity are shown in Fig. 1 a and b, respectively. Inflammatory cells, identified by their morphology, were present in variable amounts among patients:
low in 11 (55%), medium in 6 (30%) and high in 3 (15%)
samples. Medium and high levels of inflammatory cells
are shown in Fig. 1c and d, respectively. Using a similar
approach, fibrous tissue, calcification, lipids were scored
based on the estimated percentage area of tissue section that stained positive. Thus, plaques were graded 1
(less than 5%, low level), 2 (between 5 and 20%, medium
level) and 3 (above 20%, high level) (Additional file 1:
Table S2). In 1 patient (5%) dense fibrous tissue (Fig. 1e)
was present at low level, in other 3 (15%) at medium
level and in the remaining 16 (80%) at high level. The
majority of samples (13 patients, 65%) showed low levels of loose fibrous tissue (Fig. 1f ), whereas in 3 (15%)
and in 4 (20%) patients there was medium and high
fibrous tissue content, respectively. Only 3 (15%) and
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Fig. 1 Representative images of histological characteristic of patients’ plaque material. Medium (a) and high (b) cellularity, medium (c) and high
(d) inflammatory infiltrate, dense relatively acellular fibrous tissue (e), loose fibrous tissue (f), calcification (g) and lipids contents (h). Representative
images showing different level of expression of Notch receptors (cleaved Notch 1, Notch1, and Notch3) in plaque material. Isotype control is shown
in the red box (i). (Magnification ×4, bar size 100 µm)

1 (5%) plaques presented medium or high calcification
(Fig. 1g), respectively. Lipids content (Fig. 1h) was low
in 7 (35%), medium in 10 (50%) and high in 3 samples
(15%).
Based on the cellularity content, 18 out of 20 specimens were stained to assess the expression of Notch1
and Notch3 receptors in the plaque material to be used
for the RNA studies. For Notch1 and Notch3 detection,
two antibodies which recognize the carboxyl termini of
the proteins, thus binding to every form of receptor (precursor, transmembrane and intracellular form), were
used. We also used an antibody specific for the intracellular, active form of Notch1 (N1IC), cleaved at valine1744.
A similar antibody is not available to detect specifically
the active form of Notch3. Positivity to antibodies was
scored based on the estimated percentage area of tissue

section that stained positive. Thus, plaques were graded 0
(no staining), 1 (between 1 and 5%, low level), 2 (between
5 and 20%, medium level) and 3 (above 20%, high level)
(Additional file 1: Table S2). Representative images
are shown in Fig. 1i. Expression of Notch1 was low in
2 (11.1%), medium in 7 (38.9%) and high in 9 out of 18
tested patients (50%). N1IC staining was medium or high
in 3 (16.7%) and 4 (22.2%) patients, respectively. Low or
no staining for N1IC was detected in the remaining 11
patients (61.1%). Expression of Notch3 was medium/
high in all samples; in particular, in 3 patients (16.7%) was
medium and in the remaining 15 patients (83.3%) was
high. Positive cells for each Notch receptor tested and
for N1IC were constituted by a morphologically heterogenous population including cells with round or spindlelike morphologies.
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Based on these analyses, which revealed a high grade
of heterogeneity among the samples in positivity for
Notch receptors staining, it was determined that plaque
material obtained from 18 patients was suitable for RNA
studies.
Analysis of mRNAs and miRs identifies Notch
ligand‑specific gene expression profile in plaque material

Nine out of 18 samples gave an RNA yield that allowed
molecular analyses. In order to determine the extent and
mechanism of Notch receptors activation in plaques, we
measured the expression of ligands Dll4 and Jag1 and of
target genes Hes1, Hey1, Hey2 and HeyL by quantitative
RT-PCR (Fig. 2a, b). We also measured levels of COX2,
VCAM1, CD68, SM22, Bcl2 mRNAs (Fig. 2c) and of
atherosclerosis/inflammation -related miRs 21-5p, 125a5p, 126-5p, 146-5p, 155-5p and 424-5p, to compare the
inflammation and apoptosis levels among plaque material (Fig. 3).
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The results of correlations analyses among the expression levels of these mRNAs and miRs are reported in
Fig. 4a (correlation coefficients) and Additional file 1:
Table S3 (associated P values). We found that Dll4 correlated negatively with Hey2 (r = −0.767, P = 0.021)
whereas Jag1 correlated positively with Hey2 (r = 0.750,
P = 0.025) and HeyL (r = 0.917, P = 0.001). These data
suggest that, in our samples, Hey2 and HeyL are downstream of Jag1- but not of Dll4-activated Notch signaling. Dll4 correlated positively with COX2 (r = 0.833;
P = 0.008) and miR424-5p (r = 0.817; P = 0.011) (markers of inflammation and plaque instability) and negatively
with Bcl2 (r = −0.717; P = 0.037), SM22 (r = −0.817;
P = 0.011) and miR125-5p (r = −0.750; P = 0.025)
(markers of plaque stability). On the contrary, Jag1 correlated positively with SM22 (r = 0.900; P = 0.002) and
negatively with the marker of inflammation miR1555p (r = −0.867; P = 0.005). These results suggest that
Notch activation by Dll4, but not Jag1, is associated to an

Fig. 2 Expression of Notch pathway components and inflammatory markers in plaque material. Relative expression levels of Notch target genes (a)
and ligands (b) and of genes related to vascular smooth muscle cells transdifferentiation (c) in plaque material. Relative changes in mRNA expression levels were calculated according to the ΔΔCt method relative to the patient with the lowest expression level of the target gene (grey bar) as
described in Materials and Methods-Online. ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05, significantly different from the control (grey bar)
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Fig. 3 miRs expression levels in plaque material. Relative expression levels of mir21-5p, miR155-5p, miR125a-5p, miR424-5p, miR126-5p and
miR146-5p in plaque material. Relative changes in miRNA expression levels were calculated according to the ΔΔCt method relative to the patient
with the lowest expression level of the target gene (grey bar) as described in Materials and Methods-Online. ***P < 0.001, **P < 0.01 and *P < 0.05,
significantly different from the control (grey bar)

inflamed and unstable plaque phenotype, whereas Jag1mediated Notch activation leads to expression of markers
of plaque stability.
Stratification of PAD patients based on plaque gene
expression profile

Hierarchical clustering was performed to identify clusters of co-expressed genes and their distribution in the
studied patients. As shown in the heat map in Fig. 4b
this analysis showed the existence, in the plaque material, of two specific gene expression clusters associated

to Notch activation by a specific ligand: an “inflammatory cluster” characterized by high expression of Dll4,
CD68, COX2, VCAM1, miR126-5p, miR146-5p, miR1555p, miR424-5p and a “stability cluster” characterized by
high expression of Jag1, Hey2, HeyL, SM22, Bcl2 and
miR125a-5p. Patients characterized by high level of Dll4,
CD68, VCAM1, COX2 miR126-5p, miR146-5p, miR1555p and miR424-5p (“inflammatory” profile) showed low
levels of Jag1, Hey2, HeyL, SM22, Bcl2 and miR125a5p (patients 14 and 20), while other patients (patients
8, 23 and 25) showed an opposite pattern (“stability”
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Fig. 4 Spearman’s correlation analysis between the expression levels of all the mRNAs and miRNAs tested in plaque material. Spearman’s rank are
reported for each correlation. Values in bold are different from 0 with a significance level alpha = 0.05. Orange and green boxes highlight positive
and negative correlation, respectively (a). Heat map of hierarchical clustering of gene expression in plaque material from each patients. The columns
indicate patient numbers and the rows indicate the analysed genes. Upregulated genes are shown in red and downregulated genes are shown in
blue. The intensity of color is proportional to the relative mRNA and miR levels of transcription (b)

profile) characterized by low levels of Dll4, CD68, COX2,
VCAM1, miR126-5p, miR146-5p, miR155-5p, miR4245p and high levels of Jag1, Hey2, HeyL, SM22, Bcl2, and
miR125a-5p. Patients 12, 15, 16 and 19 presented mixed/
intermediate gene expression values.
To determine whether the predominance of macrophages or VSMCs contributed to the intra-plaque
Jag1- and Dll4-mediated Notch signaling signatures, we
performed immunostaining for Jag1, Dll4, SM22 and
CD68 on frozen sections of plaque material from patients
20 and 23, representative of the “inflamed” and “stable”
profiles, respectively. In agreement with the RNA studies, immunostaining showed higher expression of CD68
and Dll4, together with a lower expression of SM22 and

Jag1 in patient 20 compared to patient 23 (Fig. 5). In both
patients, CD68 and Dll4 staining was present in round,
macrophage-like cells, as well as in spindle-like cells
(Fig. 5). Similarly, we detected both round and elongated
spindle-like cells positive for SM22 and Jag1 (Fig. 5).
These experiments suggest that the observed gene
expression profile was determined by a heterogeneous
cells population expressing different levels of the genes of
interest rather than by the prevalence of macrophages or
VSMCs in the analyzed material.
Our in vivo findings were suggestive of a trans-differentiation of VSMCs into macrophage-like cells, which
could, at least partially, be mediated by a switch from
a Jag1- to Dll4-Notch activated signaling. To test this
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Fig. 5 Immunostaining for CD68, αSMA, Jag1 and Dll4 in patients with stable or inflammatory plaque profile. Representative images comparing
expression of CD68, αSMA, Jag1 and Dll4 in different cell types (spindle-like or round cells) in plaque material from patient 20 (stable plaque) and
patient 23 (inflamed) (magnification ×20, bar size 50 µm)

hypothesis we induced trans-differentiation of VSMCs to
macrophage-like cells by cholesterol loading as described
[47].
Effects of cholesterol loading on Notch signaling in rat
aortic smooth muscle cells

We determined the expression levels of Jag1, Dll4, Hes1,
Hey2, HeyL in rat aortic smooth muscle cells (RASMCs)
loaded with cholesterol. We first checked the purity of
our RASMCs culture by performing α-SM-actin and
VE-Cadherin stainings (Additional file 1: Figure S1) and
confirmed the presence of lipid droplets throughout the
cytosol of most cells incubated with increasing amounts
of cholesterol: methyl-cyclodextrin complexes (Chol:
MβCD) (Additional file 1: Figure S2). As expected, we
found down-regulation of HMG-CoA reductase (the
enzyme involved in the synthesis of cholesterol) and
SM22 mRNAs (0.33- and 0.35-fold, respectively) and

up-regulation of CD68 and MCP1 (monocyte chemotactic protein 1) (1.51- and 2.22-fold, respectively) in cells
exposed to 20 µg/ml of Chol:MβCD in comparison with
untreated cells. Differences in the expression of these
genes were maintained or increased in cells treated with
higher amounts of cholesterol (HMG-CoA reductase:
0.30- and 0.31-fold, CD68: 5.44- and 7.29-fold, MCP1:
4.6- and 5.11-fold and SM22: 0.15- and 0.07-fold, in the
presence of 50 and 100 µg/ml of Chol:MβCD, respectively) (Fig. 6a). Additionally, we found down-regulation
of Hey2 (0.45- and 0.29-fold) and Jag-1 (0.45- and 0.51fold) and up-regulation of Dll4 (3.82- and 3.02-fold) in
RASMCs treated with 50 and 100 µg/ml of Chol:MβCD,
respectively, in comparison with untreated cells (Fig. 6b).
These data show that the transdifferentiation of RASMCs
in macrophage-like cell induced by cholesterol loading
is paralleled by a shift from a Jag1- to a Dll4-mediated
Notch signaling.
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Fig. 6 mRNAs expression levels affected by cholesterol loading in rat aortic smooth muscle cells. Relative expression levels of HMGCR, CD68, SM22,
MCP-1 (a), Hey2, Hes1, Dll4 and Jag1 (b) in RASMCs treated with 20 (CHOL20), 50 (CHOL50) and 100 (CHOL100) μg/ml of cholesterol for 72 h. Relative changes in mRNA expression levels were calculated according to the ΔΔCt method. Results are expressed as mean ± SEM of three independent experiments, each performed in triplicate. ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05, significantly different from the control (CTRL)

Clinical Follow‑up

Three patients were lost to 6 months follow-up (patients
11, 14 and 18) and one patient was lost to 1 year followup (patient 12). At 6 months 10 patients were asymptomatic with no ischemic events (patients 2, 4, 5, 8, 13,
15,17,19, 22 and 25), 3 suffered from recurrence of claudication at the treated leg (patients 12, 16 and 22) and 3
from new symptoms at the other leg (patients 4, 12 and
20). In 3 patients a coronary event occurred (patients 10,
21 and 23). In one patient, an aneurism occurred at the
site of atherectomy, which was corrected by a targeted
procedure (patient 24) (Additional file 1: Table S4). At
1 year, symptoms recurred at the same leg in 3 patients
(patient 16, 20 and 22), 2 patients had a claudication
started at the contralateral leg (patients 2 and 4) and in
3 patients a coronary event occurred (patients 10, 13 and
20) (Additional file 1: Table S4). No patients died.

Discussion
In this study, we have found that PAD patients could be
stratified into three groups based on the type on Notch
signaling present in plaque material: a group characterized by high Jag1/Hey2/HeyL and low Dll4 (high-Jag1),
a group characterized by high Dll4, low Jag1/Hey2/
HeyL (high-Dll4) and a group with intermediate characteristics between the first two. These three groups of
patients showed specific gene expressions profiles. A
“stable” plaque profile, characterized by high SM22, Bcl2,

miR125a-5p, was associated to high-Jag1, an “inflammatory” plaque profile, characterized by high CD68,
VCAM1, COX2, miR155-5p, 126-5p, 146-5p, 424-5p,
associated to high-Dll4, and a “mixed” plaque profile
in the group with intermediate values. These observations reveal a possible role of Notch signaling in the
pathophysiology of PAD and suggest that ligand-specific
activation of this pathway could determine the plaque
characteristics and therefore progression of the disease.
Inflammatory cytokines-induced Dll4/Notch3 signaling leads to macrophages activation [28] whereas Jag1/
Notch1, 3 signaling promotes maturation of VSMCs
[18–21]. SM22 is a direct transcriptional target of Notch
in VSMCs [18] but Hey2 has also been involved in the
modulation of the differentiation of VSMCs [21]. Activation of Notch by Jag1 counteracts IL-1β-induced transdifferentiation of VSMCs from a quiescent/contractile to
a proliferative/secretory phenotype [24] by upregulation
of Hey1 and HeyL [23]. On the contrary, Dll4-mediated
Notch activation is not able to induce differentiation of
mesenchymal cells into VSMCs [48]. Taking these studies
into consideration, the existence of the different Notch
signaling profiles in our samples might be explained by
a prevalence of macrophages in the high-Dll4 group and
of VSMCs in the high-Jag1. Consistent with this hypothesis, we found a positive correlation between Dll4 and
CD68 and between Jag1 and SM22 mRNA levels. However, immunohistochemical analysis on plaque material
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from one high-Dll4 patient and one high-Jag1 patient
showed a heterogeneous cells population consisting of
spindle-like and round cells, both types expressing variable amount of Dll4, CD68, Jag1, SM22, Notch1 and
Notch3. This is consistent with capturing VSMCs at different stages of transdifferentiation into macrophage-like
cells. It is becoming widely recognized that intraplaque
cells identified as macrophages can derive from VSMCs
acquiring macrophage-like morphology and phagocytic
activity [49–53]. VSMCs expressing variable amounts
of both SM22 and CD68 have been identified in aortic
[51] and coronary [50] atherosclerotic plaques. From our
results, we hypothesize that Dll4 induction in VSMCs
and the switch from a Jag1-activated to a Dll4-activated
Notch signaling could be a marker or a causative factor
of VMSCs transdifferentiation in PAD plaques. We found
that COX2 and VCAM1 correlated positively with Dll4
and negatively with Jag1. Jag1/Notch inhibition has been
linked to COX2 induction in VSMCs [24] and Dll4-mediated Notch signaling in macrophages activates NF-k B
[28, 54], which, in turn, induces VCAM1 and COX2 transcription (http://www.bu.edu/nf-kb/gene-resources/target-genes/). We also found that Bcl2 correlated positively
with Jag1 and negatively with Dll4. It has been shown that
Notch activation in VSMCs is involved in transcriptional
induction of the Bcl2-family of protein [55] and survival
[22] but there is no evidence linking a specific Notch
ligand to the pro-survival activity of this pathway.
Consistent with a role for Notch in VSMCs transdifferentiation into macrophages-like cells, we found
that cholesterol loading of RASMCs led to reduction
of contractility and induction of inflammatory markers in association with reduced levels of Jag1 and Hey2
and increased levels of Dll4 mRNAs. Further studies
should determine the molecular mechanisms underlying
the cholesterol-induced Jag1–Dll4 switch and whether
this switch of ligands, alone or in synergism with other
factors (i.e. endothelium secreted-miR126, circulating
glucose levels, hemodynamics), plays a role in the transdifferentiation of VSMCs into macrophages-like cells.
We detected high levels of pro-inflammatory miR1265p, 146-5p, 155-5p and 424-5p and low level of antiinflammatory miR125a-5p in high-Dll4 patients. In
addition, our analysis showed a negative correlation
between Jag1 and miR155-5p suggesting that Jag1, but
not Dll4, could be the ligand involved in the Notch-mediated downregulation of miR155-5p [41]. We found that
Dll4 positively correlated with miR424-5p, consistent
with a study showing that hypoxic conditions, also present in plaques, lead to increased miR424-5p which stabilizes hypoxia-inducible factor-2 α (HIF-2α) [56], required
for Dll4 expression [57]. In our study, Dll4 was also negatively correlated with miR125a: interestingly, miR125a

Page 11 of 14

downregulates Lunatic Fringe, a glycosylation enzyme
which determines the selective response of Notch receptors to different ligands [58].
Our study suggests the existence of a Jag1-activated
Notch signaling, associated to quiescence/contractility of
VSMCs intra-plaque and low levels of inflammation, and
a Dll4-activated Notch signaling associated to markers of
inflammation, which could be involved in the progression of the disease. Consistently, Delta-like ligands have
been shown to activate small mother against decapentaplegic (SMAD) signaling [59] which has been linked to
restenosis of superficial femoral artery [60]. The existence
of an “inflamed” or “stable” plaque signature has been
reported by a microarray-based study of 101 PAD specimens and the Notch target gene Hey2 was included in
the “stable” signature [61]. Microarray analysis on lasermicrodissected samples of atheroma containing a prevalence of macrophages or VSMCs led the authors to link
the “inflamed” phenotype to the predominance of macrophagic component and “stable” phenotype to a prevalence of VSMCs [61]. There are several other examples of
specific phenotypes associated to a specific combination
of Notch ligands and receptors. Jag1 and Dll4 have opposite effects on sprouting angiogenesis [13] and differential effects of Jag1 and Dll1,4 have been described on T
cells proliferation [15] and the regulation of T cell effector functions in autoimmunity [14]. Furthermore, there is
evidence of differential regulation of osteoclastogenesis
by Notch2/Dll1 and Notch1/Jagged1 axes [16].
Clinical follow-up showed that patients with a “stable”
plaque profile (Jag1-activated Notch) were all asymptomatic at 6- and 12-months, whereas patients with an
“inflamed” (Dll4-activated Notch) or “mixed” (with high
Dll4/COX2 or high COX2) profile presented symptoms
to the treated or to the other leg (Additional file 1: Table
S4). If confirmed in a larger set of patients, our findings,
linking a specific Notch signaling to plaque phenotype,
could have clinical relevance. To this end it is important
to mention that soluble Dll4-mediated Notch signaling
blockade interferes with atherosclerosis progression in an
animal model of metabolic syndrome [54] and that antibodies antagonizing Dll4-Notch signaling, are already
under clinical investigation in the oncology setting [62].
We also found that the expression of several intra-plaque
miRNAs is associated to Jag1 or Dll4 levels. Circulating
miRNAs are being investigated as possible biomarkers
for early detection and progression of PAD [63]. Since
miR126-5p is secreted by endothelial cells [31], the high
levels of miRNA126-5p observed in the “inflammatory”
plaques could be mirrored in the serum levels of this
miRNA. Further studies are needed to investigate this
possibility and to assess the clinical utility of the circulating level of miR126-5p.
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Conclusions
The Notch pathway plays a role in atherosclerosis but
its involvement in the progression of PAD has not been
investigated. We report that plaque material from PAD
patients is characterized by “stable plaque “ or “inflamed
plaque” gene expression profiles associated to Notch
activation by ligand Jagged 1 or Delta like 4, respectively.
Clinical follow up suggests that Delta like 4 ligand-associated signature could have unfavourable effects on the
progression of the disease. Our data, if confirmed in a
larger study, could be translationally relevant since pharmacological Dll4 inhibitors have been developed and are
entering clinical trials for solid tumors.
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