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Aims In-stent restenosis is a complication after coronary stenting associated with morbidity and mortality. Here, we
sought to investigate the molecular processes underlying neointima formation and to identify new treatment and
prevention targets.

...................................................................................................................................................................................................
Methods
and results

Neointima formation was induced by wire injury in mouse femoral arteries. High-accuracy proteomic measurement
of single femoral arteries to a depth of about 5000 proteins revealed massive proteome remodelling, with more
than half of all proteins exhibiting expression differences between injured and non-injured vessels. We observed
major changes in the composition of the extracellular matrix and cell migration processes. Among the latter, we
identified the classical transient receptor potential channel 6 (TRPC6) to drive neointima formation. While Trpc6-/-

mice presented reduced neointima formation compared to wild-type mice (1.44 ± 0.39 vs. 2.16 ± 0.48, P = 0.01),
activating or repressing TRPC6 in human vascular smooth muscle cells resulted in increased [vehicle 156.9 ± 15.8
vs. 1-oleoyl-2-acetyl-sn-glycerol 179.1 ± 8.07 (103 pixels), P = 0.01] or decreased migratory capacity [vehicle
130.0 ± 26.1 vs. SAR7334 111.4 ± 38.0 (103 pixels), P = 0.04], respectively. In a cohort of individuals with angio-
graphic follow-up (n = 3068, males: 69.9%, age: 59 ± 11 years, follow-up 217.1 ± 156.4 days), homozygous carriers of
a common genetic variant associated with elevated TRPC6 expression were at increased risk of restenosis after cor-
onary stenting (adjusted odds ratio 1.49, 95% confidence interval 1.08–2.05; P = 0.01).

...................................................................................................................................................................................................
Conclusions Our study provides a proteomic atlas of the healthy and injured arterial wall that can be used to define novel fac-

tors for therapeutic targeting. We present TRPC6 as an actionable target to prevent neointima formation second-
ary to vascular injury and stent implantation.
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Introduction

Cardiovascular diseases, in particular atherosclerosis of coronary, ca-
rotid, or peripheral arteries, are the leading cause of death world-
wide.1 Restoration of blood flow often requires interventional

treatment including balloon angioplasty and stenting of coronary, ca-
rotid, or peripheral arteries.2 Such procedures frequently lead to for-
mation of sub-endothelial scars, known as neointima.3 Neointima
formation can become a critical disease itself, when it massively
reduces blood flow in the context of restenosis. Depending on the
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...................................................................................................................................................................................................

Translational perspective
In-stent restenosis is a complication after coronary stenting associated with morbidity and mortality. Using high-accuracy proteomic measure-
ment of single femoral arteries in mice after wire-induced injury, we identified the classical transient receptor potential channel 6 (TRPC6) as a
protein driving neointima formation. Inhibiting TRPC6 might be a promising strategy to prevent neointima formation secondary to vascular in-
jury and stent implantation.
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underlying pathology, location and type of intervention, the incidence
of restenosis ranges between 6% and 40%, which thereby becomes
the most relevant limitation of interventional treatment of athero-
sclerotic lesions. Importantly, restenosis also influences prognosis: in
comparison to patients not suffering from restenosis, patients with
restenosis display a higher mortality.4 Better therapeutic strategies to
prevent neointima formation are therefore of major clinical
importance.

While the proteome of atherosclerosis has been studied be-
fore,5–8 there are few proteomic studies of vascular injury9,10 and no
unbiased analysis following acute injury to mature neointima forma-
tion. To detect key drivers of vascular remodelling and to develop
new strategies for prevention and therapy of restenosis, we here set
out to study time-resolved proteomic changes in single femoral
arteries following vascular injury.

Methods

Wire-induced femoral artery injury
All animal studies were performed with permission of the government of
Upper Bavaria (55.2-1-54-2532-17-14) and according to international
guidelines. Trpc6-/- mice have been described previously.11 Wire injury
was performed in eight to 12 weeks old C57BL/6J (Jackson Laboratories,
Bar Habor, ME, USA), and Trpc6-/- as well as wild-type mice from the
same colony on a C57BL/6J background as described previously.12

Details are available in the Supplementary material online.

Histology and morphometry
Femoral arteries were embedded in paraffin. Two-micrometre serial
cross-sections were cut starting from the ligation as reference point using
a microtome (HM 340E, Thermo Fisher Scientific, Waltham, MA, USA).
Sections were mounted on microscope slides, deparaffinized and rehy-
drated in graded alcohol. Ten to 15 sections per femoral artery at 25mm
intervals were stained with haematoxylin and eosin and embedded in per-
tex (Medite Cancer Diagnostics, Chicago, IL, USA). Details are available
in the Supplementary material online.

Sample preparation for proteomic analysis
Snap-frozen femoral arteries from C57BL/6J were manually disrupted in
100mL lysis buffer (6 M GdmCl, 10 mM TCEP, 100 mM Tric-HCl, pH 8.5)
using a micro tissue grinder (Thermo Fisher Scientific, Waltham, MA,
USA). After the arteries were fully dissolved, samples were incubated for
10 min at 99�C and sonicated in a Bioruptor for 20 min at 30 s on/30 s off
cycles. Details are available in the Supplementary material online.

Liquid chromatography-tandem mass spec-

trometry analysis
Peptides were separated on a reverse phase column (50 cm length,
75lm inner diameter) packed in-house with ReproSil-Pur C18-AQ
1.9 lm resin (Dr Maisch GmbH, Ammerbuch, Germany). Reverse-phase
chromatography was performed with an EASY-nLC 1000 ultra-high pres-
sure system, coupled to a Q-Exactive HF Mass Spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). Details are available in the
Supplementary material online.

Computational mass spectrometry-data

analysis
Mass spectrometry (MS) raw files were analysed by the MaxQuant soft-
ware13 (version 1.5.3.54) and peak lists searched against the mouse
Uniprot FASTA database (UP000000589_10090.fasta and
UP000000589_10090_additional.fasta), and a common contaminants
database (247 entries) by the Andromeda search engine. Details are avail-
able in the Supplementary material online. All downstream bioinformatic
analyses were performed with Perseus14 (v. 1.6.0.2078) and R (v. 3.5.3).
Protein groups only identified by site false discovery rate (FDR), only
from peptides identified also in the reverse database, or belonging to the
potential contaminant list were excluded from the analyses. For principal
component analysis, analysis of variance and Student’s t-test, missing val-
ues were imputed with a width of 0.2 and a downshift of 1.8 over the total
matrix.

Cell culture
Human aortic smooth muscle cells (SMCs) were purchased from
PromoCell (Heidelberg, Germany) and cultured at 37�C in a humidified
5% CO2 atmosphere in the recommended cell culture medium
(PromoCell, Heidelberg, Germany). Details are available in the
Supplementary material online.

Cell migration assay
For in vitro scratch wound assays, cells were seeded in 24 well plates at a
density of 100 000 cells per well. After they had grown to confluence for
24 h the cell monolayer was scratched in the middle with a 200mL pipette
tip. In vitro wound reclosure was measured as Dt0–t1 (6 h), Dt0–t2 (8 h),
and Dt0–t3 (12 h) in pixels. Details are available in the Supplementary ma-
terial online.

Cell proliferation assays
Cell proliferation was assessed using of a colorimetric bromodeoxyuri-
dine (BrdU) enzyme-linked immunosorbent assay according to manufac-
turer’s protocol (Roche Applied Science, Penzberg, Germany) or the
BrdU cell proliferation assay kit according to the manufacturer’s instruc-
tions (Cell Signaling Technology, Danvers, MA, USA). Details are available
in the Supplementary material online.

Analysis of binary restenosis in humans
Available genotyping data from previous genome-wide association stud-
ies and subsequent analyses15,16 were used to correlate rs2513192 geno-
type and risk of binary restenosis. Rs2513192 genotype was available in
4247 individuals which were scheduled for routine follow-up angiography
after 6 months and 6028 lesions. Characteristics are depicted in
Supplementary material online, Table S3. Information on binary resten-
osis, defined as a diameter reduction of 50% or more, was available in
3068 (72.2%) individuals (one or more lesions with binary restenosis) and
4279 (71%) lesions. A logistic regression model with computation of
odds ratios (OR) and 95% confidence intervals (CI) was used to assess
the association of rs2513192 genotype with the primary endpoint binary
restenosis after adjustment for other covariates. Details are available in
the Supplementary material online.

Statistical analyses
Distribution of data was assessed using Kolmogorov–Smirnov test.
Unless otherwise stated, normally distributed data were analysed using
Student’s unpaired/paired t-test. Not normally distributed data were ana-
lysed with Mann–Whitney test. Categorical data were analysed using v2
test. P-values <0.05 were regarded significant. GraphPad Prism version

TRPC6 and in-stent restenosis 1775

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab140#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
8.0.1 for Mac OS X (GraphPad Software, La Jolla, CA, USA) was used.
Details are available in the Supplementary material online together with
the method used.

Results

Changes in the vascular proteome
secondary to vascular injury in mice
Vascular injury results in substantial tissue remodelling of blood
vessels and eventually leads to the formation of a neointima. To study
this process on the proteomic level, we induced vascular injury by
wirescratching of the left femoral artery of mice (n = 6 each) and
withdrew the vessels after three to 14 days (Figure 1A). We extracted
and lysed both injured and non-injured arteries, digested the contain-
ing proteins to peptides and measured them by high-resolution MS.
In total, we quantified 4836 proteins from three different timepoints
and six biological replicates per timepoint and condition
(Supplementary material online, Table S1). The reproducibility was
very high indicated by a median coefficient of variation (CV) <2% for
all conditions (Figure 1B). Notably, wire-scratched femoral arteries
had about 700–1100 quantified proteins more than non-injured
arteries at any timepoint, with averages of 4286 vs. 3349 proteins
per single blood vessel (Figure 1C). Principal component analysis
revealed a clear separation of non-injured and injured single arteries
in the first component (Figure 1D). Together, this reflected a strong
proteomic response which was very prominent already at three days
after vascular injury and partly driven by the infiltration of other cell
types with cell-specific protein sets (Supplementary material online,
Figure S1). Analysis of variance followed by unsupervised cluster ana-
lysis over all conditions supported this. Choosing a stringent cut-off
filter, 2918 proteins exhibited statistically significant changes in their
expression levels (FDR <0.01, s0 = 1) (Figure 1E). While the majority
(58%) of these were already up-regulated at Day 3 after injury
(Clusters V and VI), we also observed proteins with transient
(Cluster IV; 9%) or late regulation (Cluster III; 15%). In contrast,
18% of significantly changed proteins were down-regulated
upon injury—all of them already at Day 3 after injury (Clusters I
and II).

To better understand the processes involved in neointima forma-
tion, we next performed pairwise comparisons of injured and non-
injured vessels at each timepoint and pathway analyses on significantly
regulated proteins (FDR < 0.01, s0 = 1) (Figure 2A and B). Proteins
up-regulated in response to vascular injury were primarily involved
in pathways related to immune response, cell adhesion, cell
activation, extracellular matrix (ECM), proliferation, and migration
(Figure 2C and D, Supplementary material online, Table S2).
Remarkably, more than 70% of all proteins identified from the gene
ontology set ‘innate immune response’ were robustly up-regulated
at Day 7 after vascular injury (Figure 2C). Proteins relevant for coagu-
lation, cell proliferation, and cell migration displayed most differential
regulation at Day 3, indicating specific pathway activation at an early
stage after injury. The most prominent regulated set was glycopro-
teins, representing about 26%, 18%, and 23% of all up-regulated pro-
teins at Day 3, 7, and 14, respectively (Figure 2D). Together with the
large number of extracellular proteins, this provides strong evidence
for an extensive remodelling of the membrane and ECM

compartment. Interestingly, glycoproteins—in particular those
involved in cell–cell contacts—were the largest subgroup of signifi-
cantly down-regulated proteins upon vessel injury. This was most
prominent at Day 14, where 29% of all down-regulated proteins
reflected cell junction proteins.

A pathway analysis for the clusters defined in Figure 1D revealed a
similar picture. Cell junction proteins were highly enriched in Cluster
II (down-regulation from Day 3 on), while coagulation proteins were
most strongly enriched in Cluster IV (transient up-regulation at Day
3) (Supplementary material online, Figure S2).

Effects of vascular injury on the core
matrisome and matrisome-associated
components in mice
To follow ECM remodelling, we selected all significantly regulated
proteins that overlap with a previously defined list of core matrisome
proteins.17,18 Of these proteins, 42% were down-regulated, which is
a more than two-fold enrichment compared with all regulated pro-
teins (compare Figures 3A and 1E). Down-regulation of ECM core
proteins is therefore a specific property of tissue remodelling in re-
sponse to vascular injury at a global scale.

Laminins are major components of the basal lamina and mediate
important functions such as cell differentiation, migration, and
adhesion.19 Strikingly, five out of the six laminins were down-
regulated (Lama2, -a4, –a5, -b2, and -c1) starting at Day 3, with
about two-fold down-regulation at Day 7 and constant effect sizes
at Day 14 (Figure 3A and B). Only Lamb1 presented a different be-
haviour, with two-fold up-regulation at Day 14 (P < 0.00004).
Hence, in addition to an overall decrease of laminins in injured ves-
sels, there is a change in the laminin subunit composition, with a
four-fold increase in Lamb1 containing laminins relative to Lamb2
containing laminins in response to wire injury.

Similar to the components of the basement membrane, we also
observed changes in the collagen composition of the ECM (Figure 3A
and C). For instance, all collagen VI subtypes were significantly down-
regulated at Day 3. While the majority remained down-regulated
over the whole time course, Col6a5 and Col6a6 were up-regulated
at Day 14, indicating a switch in subunit composition also for
collagen VI.

Other changes of collagen expression involved a more than eight-
fold down-regulation of Col19a1 at Day 7 after wire injury (P < 10-6)
(Figure 3C). Although the molecular function of collagen XIX is un-
known, its expression has been linked to positive regulation of
muscle differentiation.20 Down-regulation might therefore activate
the proliferation phenotype of vascular SMCs. Col8a1 and Col14a1
were two-fold (P < 10-5) and >4-fold (P < 0.003) up-regulated at Day
14, respectively. While collagen VIII is known to promote neointima
formation upon vessel injury,21 the involvement of collagen XIV in
this process has not been described before.

Extracellular matrix remodelling involves the enzymatic activities
of different proteases, which are under tight control of protease
inhibitors.22 To understand the origin of changes in the ECM prote-
ome in response to vascular injury, we next focused on matrisome-
associated proteins that were significantly regulated in our time
course (Supplementary material online, Figure S3). Collagen VI is
known to be cleaved by matrix metalloproteases Mmp2 and Mmp923

1776 M. Wierer et al.
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.and in our dataset, both proteases were up-regulated in response to
vascular injury, yet with different timing. While Mmp9 was most
strongly up-regulated at Day 3 after injury (>16-fold, P < 10-5), ex-
pression of Mmp2 was not altered at this timepoint and started to in-
crease at Day 7 (Figure 3D). As the down-regulation of collagen VI
was most prominent from Day 3 on, it is likely linked to an increased
expression of Mmp9. Likewise, increased Mmp14 expression might
be causative for the degradation of laminins as one of the main
Mmp14 substrates.24

Regulation of migration factors during
neointima formation in mice
Migration of SMCs is a hallmark of neointima formation and we
therefore focused on proteins annotated for regulatory functions in
cell migration (Figure 4A and B). Comparing significantly changed pro-
teins at Days 3 and 14 after injury, we observed a large number of
migration factors to be constantly up-regulated compared with
sham-treated vessels (e.g. Ptprc, Myo1g). In contrast, we also
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identified factors specifically up-regulated at early (e.g. Itga2b, Spp1)
or late (e.g. Itga11, Fadd) timepoints (Figure 4B).

Other prominent surface markers, which altered their expression
in response to injury, included Cd34, Cd44, and Cd47 (Figure 4C).
Cd34 is a marker for vascular endothelial cells known for its capability
to block cell adhesion processes of particularly mast cells25,26 and in
our dataset, it is transiently down-regulated at Day 3 (four-fold,
P < 0.001). This down-regulation in response to injury has not been
reported previously, and might permit adhesion of cells. In contrast,
Cd44 supports the adhesion of activated lymphocytes to endothe-
lium and SMCs,27 and accordingly was up-regulated at all timepoints.
Up-regulation of Cd47 at Day 7 (P = 0.0017) and Day 14 (P = 0.0004)
likely modulates proinflammatory functions, mediated by interaction
with macrophage migration inhibitory factor.28

Among the least expressed proteins in our study were low abun-
dant migration factors that were specifically expressed after injury,
including Itga11, Elane, and the ion channel Trpc6, which regulates mi-
gration of breast cancer cell lines,29 transepithelial migration of leuko-
cytes,30 and chemotaxis of murine neutrophils31 (Figure 4D).

Trpc6 promotes neointima formation in
mice
We next set out to mine our dataset for new targets that could po-
tentially be exploited for pharmacological applications. We found a
single protein that fulfilled the following five pre-specified criteria: (i)
increased expression after vascular injury, (ii) transient expression
with highest levels in the early phase, (iii) low expression or non-
detectable in non-injured tissue, (iv) previous association with cell mi-
gration, and (v) available pharmacological inhibitor. This protein was
the classical Trpc6, a non-selective cation channel functional in the
plasma membrane of endothelial32 and arterial SMCs33 (as well as
neutrophils31,34) In particular, the low abundance in healthy vessels
and the up-regulation of Trpc6 protein levels at the earliest timepoint
(Figure 4D) prompted further investigation as we specifically wanted
to study targets that might initiate neointima formation.

To test whether Trpc6 is involved in neointima formation in vivo,
we performed wire injury in Trpc6-/- and wild-type mice (n = 7 each)
and analysed neointima formation after 28 days (Figure 5A). Trpc6-/-
mice displayed reduced neointima area compared with wild-type
mice [1.90± 0.71 vs. 2.82 ± 0.73 (104 mm2), P = 0.03) (Figure 5B),
whereas media area was comparable between the genotypes
[1.47 ± 0.55 vs. 1.52± 0.31 (104 mm2), P = 0.82) (Figure 5C). The
neointima-media ratio was also significantly reduced (1.44± 0.39 vs.
2.16± 0.48, P = 0.01) (Figure 5D). Collectively, these results provide
evidence for a role of Trpc6 in neointima formation in mice.

Trpc6 as a target in human vascular
smooth muscle cells
To investigate the influence of Trpc6 on SMCs, we analysed mi-
gration and proliferation of human aortic vascular SMCs in vitro.
The TRPC6 activator 1-oleoyl-2-acetyl-sn-glycerol (OAG) led
to an increase in in vitro wound reclosure compared with ve-
hicle treatment after 8 and 12 h [vehicle 69.1 ± 15.71 vs. OAG
93.1 ± 8.22 (103 pixels), P = 0.01 and vehicle 156.9 ± 15.8 vs.
OAG 179.1 ± 8.07 (103 pixels), P = 0.01, n = 5 each, respective-
ly] (Figure 6A). OAG also enhanced proliferation of human

aortic SMCs [vehicle 0.08 ± 0.09 vs. OAG 0.31 ± 0.2 (absorb-
ance units), P < 0.01, n = 8] (Figure 6B). On the contrary, the
TRPC6 inhibitor SAR7334 reduced vascular SMC migration
after 12 h [111.4 ± 38.0 vs. 130.0 ± 26.1 (103 pixels), P = 0.04,
n = 6) (Figure 6C). In line with these results, coating of cell cul-
ture dishes with SAR7334 reduced local migration of human
aortic SMC compared with control treatment [268.2 ± 105.6 vs.
359.2 ± 96.3 (103 pixels), P = 0.035, n = 5] (Figure 6D).

An expression single nucleotide
polymorphism at the TRPC6 locus is
linked to smooth muscle cell
proliferation and restenosis in humans
To investigate whether genetically determined TRPC6 expression
influences SMC migration, we queried the GTEx dataset35 and identi-
fied rs2513192 as a common expression single nucleotide poly-
morphism (eSNP) for TRPC6 in arteries (Figure 7A and B). The
rs2513192 genotype was also associated with proliferation of human
aortic SMCs in vitro after stimulation with platelet-derived growth fac-
tor (PDGF) with the A-allele linked to enhanced SMC proliferation
(Figure 7C).

To test whether genetically determined TRPC6 expression associ-
ates with restenosis after coronary stenting, we analysed its occur-
rence by standardized quantitative coronary analysis in 3068
individuals and 4279 lesions undergoing coronary stenting (Figure 7D).
Baseline and procedural characteristics are listed in Supplementary
material online, Table S3. Restenosis, defined as a diameter reduction
of more than 50%, occurred in 65 of 369 AA lesions compared with
498 of 3910 GG/AG lesions [17.6 vs. 12.7%, P = 0.01; OR 1.46 (95%
CI 1.08–1.95), P = 0.01] (Figure 7E) with a significant gene-dosage ef-
fect (GG 12.5 vs. AG 13.1 vs. AA 17.6%, P = 0.03). In a multivariate
analysis of patients that underwent coronary stenting (Supplementary
material online, Table S4), the AA genotype remained a predictor of
binary restenosis [ORadj 1.49 (95% CI 1.08–2.05), P = 0.01].
Clinically relevant restenosis occurred in 56 of 257 homozygous
carriers of the A-allele compared with 425 of 2811 heterozygous
or homozygous carriers of the G-allele [21.8 vs. 15.1%, P < 0.01;
OR 1.56 (95% CI 1.12–2.15), P = 0.01] (Figure 7F) also with a signifi-
cant gene-dosage effect [GG 14.3 vs. AG 16.2 vs. AA 21.8%,
P < 0.01]. Expectedly, restenosis occurred more often in patients
treated with bare-metal stents (Supplementary material online,
Table S5); there was, however, no significant interaction (P = 0.93)
between genotype and stent type with respect to this outcome
(Supplementary material online, Table S6).

Of note, the TRPC6 locus does not harbour variants associated
with coronary artery disease (CAD) (Supplementary material online,
Figure S4) and the investigated variant rs2513192 did not show an as-
sociation with CAD in the CARDIoGRAMplusC4D 1000 genome-
wide association study36 [OR 1.01 (95% CI 0.99–1.01), P = 0.57].

Discussion

Harmful vascular remodelling in patients after vascular interventions
may lead to restenosis and, consequently, morbidity and mortality.4

In this study, we investigated the proteomic alterations secondary to
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vascular injury to provide a publicly accessible resource that helps to
understand these pathophysiological processes at the proteomic
level and to identify novel targets for their prevention.

Human vascular tissues cannot easily be sampled in general and es-
pecially not during the onset of neointima formation. In contrast, the

mouse is an ideal organism to study effects of vascular injury in a
standardized manner. However, stent implantation and long-term
observation of vascular remodelling are not yet feasible in mice. We
were especially interested in early timepoints of neointima formation,
as factors driving its onset may also serve as efficient clinical drug
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targets. In single run, MS analyses of single femoral arteries,
we detected almost 5000 proteins, representing the deepest
proteomic investigation of vascular injury reported so far.
Remarkably, more than half of these proteins were up- or down-
regulated following vascular injury, indicating a drastic remodelling
of this tissue.

The most prominent proteomic changes related to the ECM,
cell migration, and immune response. Our time-resolved prote-
omic data allowed us to define proteins with early, late, or transi-
ent regulation in response to vascular injury. For example, while
proteoglycan proteins of the coagulation pathway were specifically
and transiently up-regulated at three days after injury, cartilage-
related ECM proteins Col12a1 and Acan were specifically up-
regulated at 14 days after injury. The unique up-regulation of
Lamb1 compared with other laminin subunits proposes a new
mechanistic role of this surface molecule in neointima formation,
which remains to be explored. Laminin-1 has been reported to
stimulate Mmp9 expression by activation of ERK signalling cas-
cades in different cell types.37,38 However, as in our dataset,
Lamb1 is up-regulated starting from Day 7, and Mmp9 is fully

up-regulated already at Day 3, a functional association via such
mechanism appears unlikely.

From our resource of proteins with altered expression in vascular
remodelling, we aimed at validating at least one molecular target to
prevent restenosis. We selected Trpc6 because the protein appeared
likely to play a role in the initiation of neointima formation and be-
cause it was predominantly up-regulated at Day 3 after vascular in-
jury. TRPC6 is a member of the family of classical or canonical
transient receptor potential channels. It has six transmembrane
domains and forms homotetramers or heterotetramers with other
members of the TRPC subfamily,39–41 acting as plasmalemmal ion
channels. It acts as a calcium-conducting, receptor-operated channel
with an ion permeability ratio (PCa2þ/PNaþ) of six.42–44 Following acti-
vation of phospholipase C by mechanical stress or agonists, the se-
cond messenger diacylglycerol is released and activates TRPC6-
mediated calcium entry.42 A physiological relevance for TRPC6 has
been described in neurons, tumours, immune, and blood cells as well
as the kidney (reviewed in45). In the heart, silencing of TRPC6 was
found to be anti-hypertrophic.46 In vascular SMCs, TRPC6 is acti-
vated by a1-adrenoreceptors47 and vasopressin,48 while PDGF is
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Figure 5 Neointima formation in Trpc6-/- mice. (A) Haematoxylin and eosin stain of femoral arteries 28 days after wire-induced vascular injury. (B–
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(n = 7 each, unpaired t-test). Data are mean and SD. WT, wild-type.
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..associated with an up-regulation of TRPC6 expression.49 Interestingly,
vasopressin has been shown to be up-regulated within hours after
pressure overload of the heart.50

Migration and proliferation of vascular SMCs are hallmarks of vas-
cular remodelling including neointima formation. While we did not
investigate effects on ECM remodelling secondary to modulating
TRPC6 activity, we here found that the TRPC6 activator OAG leads
to an increase of migration and proliferation. Therefore and in line
with recent reports,51 increased TRPC6 protein levels might be a
molecular correlate for initiation of SMC migration/proliferation and
neointima formation. We further coated tissue culture dishes with
the TRPC6 inhibitor SAR7334 and found that SMC migration was sig-
nificantly reduced in vitro, proposing a clinical application of SAR7334
for coating stents (Graphical abstract). To investigate a role for TRPC6
in neointima formation, we compared Trpc6-/- mice with wild-type
mice at 28 days after vascular injury. Trpc6-/- mice displayed reduced
neointima formation, while the media area was not changed. These
results are in line with reports that the inhibition of PDGF receptors
reduces neointima formation52 and that calcium entry via TRPC
channels might be involved in PDGF-mediated neointima forma-
tion.53,54 Of note, we cannot rule out any additional increased Trpc6

expression in other cell types, e.g. endothelial cells and fibroblasts, to
be involved in the mechanism.

To extend our findings from mice to humans,55,56 we turned to
genetic variants in humans. The TRPC6 locus does not harbour a sug-
gestive signal for CAD in recent genome-wide association studies.57

However, we identified a common eSNP for TRPC6 in tibial artery
and strikingly, found a genotype that is associated with highest TRPC6
mRNA levels and linked to increased PDGF-mediated proliferation
capacity.

Finally, we asked if TRPC6 may have a role in restenosis secondary
to coronary stenting. In a cohort including more than 4000 lesions in
patients undergoing percutaneous coronary intervention followed by
standardized assessment of restenosis, we found that genetically
determined enhanced expression of TRPC6 was associated with a
higher risk of restenosis. While knowledge of the genotype associ-
ated with higher TRPC6 expression may be useful in identifying
patients at increased risk, the main implication of this genetic finding
is—in addition to the mouse and in vitro data—that TRPC6 is a prom-
ising target in vascular injury and remodelling. Currently, inhibitors of
the mechanistic target of rapamycin (mTOR) such as sirolimus, zotar-
olimus, or everolimus are used routinely as coatings of drug-eluting
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Figure 6 TRPC6 as a novel target in vascular remodelling. (A) In vitro scratch wound assay of human aortic smooth muscle cells after stimulation
with 100mM OAG or vehicle, analysed after six, eight, and 12 h (n = 5 each, paired t-test). (B) Assessment of human aortic smooth muscle cell prolifer-
ation using BrdU enzyme-linked immunosorbent assay in the presence of 100mM OAG or vehicle (n = 8, paired t-test). (C) Scratch wound assay of
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migration assay of human aortic smooth muscle cell after coating with 100 nM SAR7335 or vehicle (n = 5, paired t-test). Data are mean and SD. h,
hours; OAG, 1-oleoyl-2-acetyl-sn-glycerol; SAR, SAR7334.
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Figure 7 Effect of TRPC6 genotype on smooth muscle cell migration and restenosis. (A) Location of rs2513192 at the TRPC6 locus. (B) Association
of the single nucleotide polymorphism rs2513192 with TRPC6 expression (https://gtexportal.org/home/, accessed on 13 November 2018).35 (C)
Association of rs2513192 genotype with human aortic smooth muscle cell proliferation after stimulation with platelet-derived growth factor in
n = 149 donors from the Systems Genetics Resource at the University of California, Los Angeles (https://systems.genetics.ucla.edu/). (D)
Measurement of restenosis by angiographic follow-up. (E, F) Risk of restenosis after coronary stenting in homozygous AA lesions (E) and patients (F)
compared with GG or AG lesions/patients (v2 test). Data are in per cent. chr, chromosome; kb, kilobases.
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..stents which has reduced the incidence of coronary restenosis com-
pared with earlier used bare-metal stents.58 These substances inhibit
PDGF/PDGF receptor-mediated signalling via phosphoinositide 3-
kinases.59 Notably, PDGF-induced activation of TRPC6 via phospho-
lipase C and diacylglycerol is independent of mTOR signalling.
Inhibition of TRPC6 after coronary intervention might therefore be
an alternative or complementary strategy to established mTOR in-
hibition and prevent restenosis.

In contrast to mTOR, TRPC6 is not essential for physiological
functions of the body and is only activated under pathophysiological
conditions such as focal segmental glomerulosclerosis, lung fibrosis,
ischaemia, and reperfusion injury of heart and lung.45 Inhibitors of
TRPC6 should therefore be much safer than current mTOR inhibi-
tors for prevention of neointima formation. TRPC6 inhibitors might
be applied either systematically or as coating on drug-eluting stents.
The role of TRPC6 in the initiation of neointima formation implied by
our data suggests that TRPC6 inhibition would mostly be beneficial in
the early phase after interventional treatment of blocked arteries.
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Supplementary material is available at European Heart Journal online.
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